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Summary of the present Ph. D. thesis

Real knowledge is to know the extend of one’s ignorance.

Confucius

This Ph. D. thesis aims at improving our understanding of the evolution of quiescent galaxies since
z ∼ 1, with the ultimate goal of providing a general picture for the formation and evolution of these objects
along the history of the Universe. Making use of data from the ALHAMBRA survey and the SED-fitting
code MUFFIT, developed as part of this work, this thesis is novel at facing for the first time an extensive,
observational study that comprises the time evolution of the number density of quiescent galaxies, as well
as their masses, stellar populations (ages, metallicities and extinctions) and sizes, to ultimately build up a
phenomenological evolutionary model based on the merger, "frosting" and "progenitor bias" scenarios that
tries to reconcile the observed trends in the above parameters.

The stellar population parameters of quiescent galaxies are obtained by the novel and generic code
MUFFIT. This code was created and fully developed by us, and it is specifically designed to analyse the
stellar content of galaxies with available multi-filter data. MUFFIT performs an error-weighted χ2-test,
for comparing the multi-filter fluxes of galaxies with the synthetic photometry of mixtures of two SSPs,
to provide the most likely range of stellar population parameters: ages, metallicities, extinctions, redshifts,
and stellar masses, and uncertainties. To improve the diagnostic reliability, MUFFIT identifies and removes
from the analysis those bands that are significantly affected by emission lines.

For the construction of a reliable sample of quiescent galaxies, we combine the efficiency of the empiric
colour-colour UV J-diagrams and the extinctions retrieved via MUFFIT, to built a dust-corrected UV J-
diagram of intrinsic colours clean of dusty star-forming galaxies. Moreover, we carry out a one-by-one
visual inspection to remove those sources whose photometry can be compromised and spurious detections,
as well as a removal of contaminating cool stars. The stellar mass completeness is obtained by a novel
methodology based on stellar mass functions, yielding a final sample of 8 547 galaxies at 0.1 ≤ z ≤ 1.1 with
a photo-z accuracy of σNMAD = 0.006, which constitutes the reference sample of quiescent galaxies for this
work.

Through the stellar population parameters of quiescent galaxies retrieved by MUFFIT using ALHAM-
BRA data, we build, for the first time, the analytic probability distribution functions of mass-weighted age,
metallicity, and extinction for accurately studying the evolution of the quiescent galaxy population at differ-
ent stellar mass bins. These distributions were statistically corrected of uncertainty effects by a maximum
likelihood estimator method specifically performed for this aim. Mainly, quiescent galaxies show older
ages at larger cosmic times, solar and super-solar metallicities predominantly, and low extinction values
(AV ∼ 0.2). As expected, there is a tight relation between the stellar mass of quiescent galaxies and their
ages and metallicities. The more massive the quiescent galaxy is, the older and more metal-rich it is. We find
evidences to support that the evolution of quiescent galaxies differs respect a passive evolution, and that the
median mass-weighted metallicity exhibits a decrease of 0.1–0.2 dex since z ∼ 0.6–1.0. All the qualitative
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results were confirmed using two different sets of SSP models (Bruzual & Charlot, 2003; Vazdekis et al.,
2016, BC03 and EMILES respectively) and alternative assumptions for the star formation history.

A novel phenomenological model is developed for discerning the impact of mergers, "frosting" (on-
going star formation), and the "progenitor" bias (new quenched galaxies) on the evolution of massive
(log10 M? > 11.2) quiescent galaxies from z = 1 to z = 0.2. Contributions from mergers are based on
observational constraints from photometric and spectroscopic cosmological surveys, whereas the assump-
tion of "frosting" is accounted by a straightforward star formation efficiency (τf). The "progenitor" bias is
included through various assumptions. Our results point out that "frosting" is an indispensable mechanism
for explaining the evolution of quiescent galaxies, that along with mergers and the "progenitor" bias are able
to simultaneously affect the number density and the stellar populations of massive quiescent galaxies since
z ∼ 1. For the first time and through the phenomenological model, we greatly reconcile the evolution with
redshift of both the observed stellar populations (ages and metallicities) and number densities of massive
quiescent galaxies with the predictions expected for a scenario in which mergers, "frosting" (with efficiency
τf = 0.02–0.08 Gyr−1), and the "progenitor" bias are involved.

We also explore whether there exist correlations between the size of quiescent galaxies and their stellar
population parameters. For this aim, we select all the quiescent galaxies from ALHAMBRA with reliable
sizes in HST fields. By hundreds of galaxies with stellar population parameters, we discern that there are
correlations between the stellar content of quiescent galaxies and their sizes at a fixed stellar mass range.
In this sense, the more compact the quiescent galaxy, the older, more rich in metals, and lower SFR/sSFR
values exhibits. In addition, there are hints pointing out that there exists a slight correlation with extinction.
From these results, some scenarios (e. g. "puffing-up" scenario) for explaining the growth in size of quiescent
galaxies are discarded.

Using a compilation of 379 massive (stellar mass M? &1011 M�) spheroid-like galaxies from the NIR
Palomar/DEEP2 survey, we found that the probability of finding companions around the host galaxy is
independent of its size at a given mass, as the companions are not located preferentially around the more
compact or extensive massive spheroid-like galaxies.

In view of these results, mergers, "frosting", and the "progenitor" bias are suitable mechanisms to re-
produce the observed evolution of quiescent galaxies since z ∼ 1. In addition, we find evidences that would
support that the formation and evolution of the stellar populations of quiescent galaxies relate to the stellar
mass, but also with the stellar mass density of the galaxy.



Resumen de la tesis doctoral

Real knowledge is to know the extend of one’s ignorance.

Confucius

En esta tesis doctoral buscamos ampliar nuestro conocimiento en torno a la evolución de las galaxias
quiescentees desde z ∼ 1, con el objetivo final de dar una visión global de la formación y evolución de estos
objetos a lo largo de la historia del Universo. Haciendo uso de los datos procedentes del cartografiado AL-
HAMBRA y del código de ajuste espectral (SED-fitting) MUFFIT, desarrollado como parte de este trabajo,
esta tesis lleva a cabo por primera vez un extenso estudio observacional que recoje la evolución temporal y
la densidad numérica de las galaxias quiescentes, así como sus masas, poblaciones estelares (edades, metal-
icidades y extinciones), para finalmente construir un modelo fenomenológico evolutivo basado en fusiones
de galaxias, "frosting" (remanentes de formación estelar), y el "progenitor" bias, tratando de reconciliar las
tendencias observacionales para estos parámetros.

La obtención de las poblaciones estelares de galaxias quiescentes se lleva a cabo por el código MUFFIT,
el cuál se ha desarrollado en este trabajo. Este código nace con el objetivo específico de analizar el contenido
estelar de galaxias procedentes de cartografiados multifiltro. MUFFIT lleva a cabo un test de χ2 pesado con
errores para comparar los flujos de las galaxias con la fotometría sintética de mezclas de dos modelos SSP, y
así obtener sus parámetros poblacionales: edad, metalicidad, extinción, desplazamiento al rojo, masa estelar
y sus incertidumbres. Para mejorar el diagnóstico, MUFFIT identifica y retira del análisis aquellas bandas
afectadas significativamente por líneas de emisión.

Para la obtención de la muestra de galaxias quiescentes, se combina la eficiencia de los diagramas color-
color tipo UV J y las extinciones obtenidas por MUFFIT, para construir un diagrama UV J corregido de
extinción libre de galaxias con formación estelar y enrojecidas por polvo. Para aumentar la pureza de la
muestra de galaxias quiescentes, se realizó una inspección visual para eliminar las detecciones espúreas o
con fotometría errónea, y un análisis para la eliminación de estrellas frías. Para la completitud en masa,
se desarrolló un método basado en funciones de masa, dando lugar a una muestra final de 8 547 galaxias
quiescentes a 0.1 ≤ z ≤ 1.1 con una precisión de desplazamientos al rojo fotométricos en torno a σNMAD =

0.006.
Gracias a las poblaciones estelares de las galaxias quiescentes obtenidas por medio de MUFFIT y de los

datos de ALHAMBRA, hemos construido por primera vez las funciones de probabilidad de edad y metali-
cidad pesada en masa y extinción, para estudiar de una forma más precisa la evolución de la población qui-
escente, así como sus correlaciones con la masa estelar. Estas distribuciones fueron corregidas estadística-
mente de incertidumbres mediante un método de maximización de la "likelihood" específicamente diseñado
para este caso. Las galaxias quiescentes muestran edades más viejas en épocas más recientes y metalicidades
solares y subsolares predominantemente, junto con extinciones bajas (AV ∼ 0.2). Como se esperaba, existe
una estrecha relación entre las masa estelar y la edad y metalicidad de las galaxias quiescentes: cuanto más
masiva es la galaxias, más vieja y metálica es. También, podemos afirmar que encontramos que las galaxias
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quiescentes no evolucionan pasivamente desde z ∼ 1: la evolución de la edad no corresponde a la esperada
en un escenario pasivo puro y la mediana de la metalicidad experimenta un descenso de 0.1–0.2 dex desde
z ∼ 0.6–1.0. Estos resultados son confirmados cualitativamente para dos conjuntos de modelos SSP (Bruzual
& Charlot, 2003; Vazdekis et al., 2016, BC03 y EMILES respectivamente), y para diferentes historias de
formación estelar.

Desarrollamos un modelo fenomenológico para esclarecer cuál es el papel desempeñado por las fusiones
de galaxias (mergers), "frosting" (remanentes de formación estelar) y el "progenitor" bias (nuevas incorpo-
raciones en la población quiescente) en la evolución de las galaxias quiescentes masivas (log10 M? > 11.2)
desde z = 1 hasta z = 0.2. La contribución de los mergers está restringida a medidas observacionales de
otros trabajos, mientras que el "frosting" es incorporado por medio de un factor de eficiencia de formación
estelar (τf). Para el "progenitor" bias se utilizan varias aproximaciones para su inclusión. Como resultado
encontramos que el "frosting" es totalmente necesario para reproducir la evolución de las galaxias quies-
centes masivas, que junto con mergers y "progenitor" bias son capaces de reproducir la evolución de esta
población de galaxias masivas desde z ∼ 1. Por primera vez y a través de este modelo fenomenológico,
somos capaces de reconciliar la evolución observada de las poblaciones estelares y las densidades numéri-
cas de las galaxias quiescentes masivas con las predicciones estimadas para un escenario de evolución en el
que las fusiones de galaxias, "frosting" y "progenitor" bias están involucrados.

También se explora la posible existencia de correlaciones entre los tamaños de las galaxias quiescentes
y sus poblaciones estelares. Para este objetivo, se seleccionan todas las galaxias quiescentes en nuestra
muestra con medidas de tamaños o radios efectivos en campos HST. Por medio de unos cientos de gala-
xias, obtenemos que existen correlaciones entre el tamaño de la galaxia quiescente y sus poblaciones a una
masa fija, en el sentido que: las galaxias quiescentes más compactas a una masa dada son más viejas, más
metálicas y presentan SFR/sSFR menores que las más extensas. También existe una ligera correlación con
la extinción. Estos resultados descartarían que ciertos mecanismos como el "puffing up" pueden contribuir
al crecimiento en tamaño de esta población.

Usando una recopilación de 379 galaxias esferoidales con masa estelar M? &1011 M� del cartografiado
NIR Palomar/DEEP2, encontramos que la probabilidad de hallar galaxias compañero en torno a estas gala-
xias esferoidales masivas es independiente del tamaño de los esferoides masivos para una masa fija, ya que
estos compañeros no se encuentran preferentemente en torno a las galaxias más compactas o más extensas.

A la vista de estos resultados, escenarios que involucran fusiones, "frosting", y el "progenitor bias" son
capaces de reproducir la evolución observada para las galaxias quiescentes. Además, encontramos eviden-
cias que apoyarían que la masa estelar desempeña un papel en la evolución y formación de las galaxias, pero
que donde la densidad de masa estelar (o tamaño) de la galaxia también puede jugar un papel.
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Introduction

–Timon?
–Yeah?

–Ever wonder what those sparkling dots are up there?
–Pumbaa, I don’t wonder, I know.

–Oh? What are they?
–They’re fireflies. Fireflies that got stuck up

in that big bluish-black thing.
–Oh, gee. I always thought they were balls of

gas burning billions of miles away.
–Pumbaa, with you, everything’s gas.

Dialogue from the film "The Lion King" (1994, Walt Disney studios)

Since man started to observe the sky with telescopes, there were a set of sources that differs from typical
point stars: the spiral nebulae. These sources triggered a large debate about their nature, that nowadays is
known as the "Great Debate". This debate was hold on 6 April 1920 by Harlow Shapley and Heber Curtis
for discerning whether spiral nebulae lay on the outskirts of the Milky Way (MW) or they were huge stellar
systems further than the limits of our galaxy. At present, the answer is easy, but in the early 1900s most of
the astronomers accepted that the MW was a unique and lonely system in the Universe. On 1923 at Mount
Wilson Observatory (California), Edwin Hubble broke the discussion estimating the distance to the galaxy
M31, one of the spiral nebulae, after finding a Cepheid variable (called V1). This fact altered the course of
modern astronomy, and it can be considered the origin of extragalactic astronomy.

1.1 Classification of galaxies

Edwin Hubble himself realised the first attempt for classifying galaxies through morphological features of
galaxies: the tuning-fork diagram (Hubble, 1926, 1936, presented as a diagram shaped like the letter Y, see
also Fig. 1.1). This diagram classifies galaxies in different nebular types depending on the presence or not
of spiral arms. Thus, nebular types without spiral arms were called ellipticals (denoted as E), and they span
from globular bodies (E0) to elongated spheroids (E7) depending of the projected ellipticity (from 0 to 7).
On the other hand, the sequence of nebulae with spiral arms, denoted as S, is double: one contains normal
spiral galaxies (S), whereas the other one is composed of barred spirals (SB). Each of the spiral sequences
was subdivided in three types "a", "b", and "c" depending of the shape of the spiral arms. Actually, the
tuning-fork diagram was originally proposed as an evolutionary sequence of galaxies, in which galaxies
recently formed presented a E0 like shape evolving towards S and SB types. After decades of study, we
found out that the evolutionary sequence proposed by Edwin Hubble largely differs from the reality, but this
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Figure 1.1: The tuning-fork diagram, further details in text. Picture taken from Hubble (1936).

classification is still extensively used today for splitting galaxies in different types owing to the correlation
between colour and morphology.

Besides morphological criteria, there are more modern classifications of galaxies that involve galaxy
colours or other physical properties, that at the same time, they are tightly related to the intrinsic properties
of their stellar content. These diagrams present a common feature: galaxies exhibit an empirical bimodality
in their distributions of properties, that is, we can distinguish two main types of galaxies in the Universe.
This conciliates with the original idea of Hubble, in which two types of galaxies are enough for describing
the kind of galaxies populating the Universe, where the main difference is the presence of efficient star
formation processes or not: (i) galaxies with predominant red colours, usually called red sequence, passive,
quiescent and even sometimes "dead" galaxies; with typical elliptic morphologies or early-type galaxies; (ii)
and the blue ones, also referred as star-forming, blue-cloud, or main sequence galaxies; usually with spiral
morphologies or late-type galaxies.

One of the most extended diagrams for disentangling different types of galaxies involves rest-frame
colours and absolute magnitudes (Bell et al., 2004; Baldry et al., 2004; Brown et al., 2007). These diagrams,
usually referred as colour–magnitude diagrams (CMD), present a bimodal distribution of galaxies. As men-
tioned above, there is a numerous population of galaxies with U − V blue colours lying on the CMD lower
parts (the so-called blue cloud) with typical young stellar populations. Whereas in the red part of the CMD,
there is a dominant population of massive galaxies, called red-sequence galaxies, with predominant older
and more evolved stellar populations. In between, some authors defend that there is a third sub-population
of galaxies, the green valley, with a significant overdensity of active galactic nuclei (AGN, Nandra et al.,
2007; Bundy et al., 2008; Georgakakis et al., 2008; Silverman et al., 2008; Hickox et al., 2009; Schawinski
et al., 2009), that some authors interpret as a mechanism to produce a transition of galaxies from the blue-
cloud to the red-sequence (e. g. Faber et al., 2007; Schawinski et al., 2007). Although, there are evidences to
support that galaxies belonging to the green valley are mainly reddened-by-dust star-forming galaxies (Bell
et al., 2005; Cowie & Barger, 2008; Brammer et al., 2009; Cardamone et al., 2010). During the last decade,
the rest-frame colour–colour diagrams, specially the UV J diagram, has become one of the most extended
methods for separating these two kinds of galaxies (e. g. Daddi et al., 2004; Williams et al., 2009; Arnouts
et al., 2013). The advantage of these diagrams is that they use two colours (one in the blue part of the SED,
e. g. U − V or NUV − r; the other one in the red part, e. g. V − J or r − K), that reduce the contamination
of dusty star-forming galaxies in the passive or quiescent sample with predominant red colours and low
star formation (e. g. Williams et al., 2009; Arnouts et al., 2013; Ilbert et al., 2013; Moresco et al., 2013).
The efficiency of these colour–colour diagrams resides in that galaxies empirically present a more separated
loci between red and blue populations than typical colour–magnitude diagrams, in which both populations
appear overlapped partially (Wyder et al., 2007; Cowie & Barger, 2008; Brammer et al., 2009). Despite
the UV J diagrams demonstrated to be a reliable method to split quiescent from star-forming galaxies, these
diagrams present a level of contamination in the selection of quiescent galaxies that depends on redshift and
stellar mass (Williams et al., 2009; Moresco et al., 2013), for which the number of star-forming outliers may
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reach 30 % at certain redshift and mass regime, or at least a 15 % after imposing a more restrictive U − V
colour limit than the one defined originally (Moresco et al., 2013).

Alternative methods for splitting galaxies comprise colours and stellar masses (Peng et al., 2010), but
these are quasi-equivalent to the colour magnitude diagrams, as absolute magnitudes or luminosities are
tightly linked to stellar mass. Therefore, colour-stellar mass diagrams present similar non-negligible con-
taminations of dusty star-forming galaxies in the red part, as they are not able to distinguish the influence of
dust. Moustakas et al. (2013) introduced star formation rates (SFR), along with stellar masses, as a criterion
for separating both quiescent and star-forming galaxies. This diagram has the disadvantage that it is nec-
essary a previous estimation of the mentioned stellar population parameters, which in many cases are not
available or they could be calculated with great difficulty. In some cases, SFR and specific star formation
rates (SSFR, defined as SFR/M?) can be also used as an additional (or the unique criterion) for selecting
passive or quiescent galaxies (e. g. Ilbert et al., 2010; Pozzetti et al., 2010; Domínguez Sánchez et al., 2011,
2016).

1.2 Galaxy formation and evolution

In spite of the great advances of the modern astronomy along the last centuries, there is no a clear consensus
about the precise scenario where galaxies were assembled. Traditionally, many authors tried to favours
different formation scenarios basing their results on the galaxy morphology and its evolution. On the other
hand, studies about the evolution of the stellar populations of galaxies can shed light on this topic as well.
Complementing both morphological and stellar content results can also reveal some hints regarding the
evolution and assembly of galaxies (e. g. by the spatially distribution of stellar populations or line-strength
gradients, evolution of colour gradients, or by correlations with the size of the galaxy Ferreras et al., 2005;
Sánchez-Blázquez et al., 2007; Ferreras et al., 2009; Shankar & Bernardi, 2009; La Barbera et al., 2011;
Sánchez et al., 2012; González Delgado et al., 2014b; Belli et al., 2015; Bundy et al., 2015; González
Delgado et al., 2015; McDermid et al., 2015; Martín-Navarro et al., 2015a; Williams et al., 2016; Gargiulo
et al., 2016; Goddard et al., 2017), as the assembly of the internal structures of galaxies is related with
the star formation processes in them. Nevertheless, both morphological and stellar population changes can
occur in different time scales (e. g. Poggianti et al., 1999; Fasano et al., 2000).

1.2.1 Historical scenarios of galaxy formation

Historically, we distinguish two (still) competing scenarios of formation for early-type galaxies.

• Monolithic collapse (Larson, 1969, 1974a; Kodama & Arimoto, 1997; Chiosi & Carraro, 2002; Ro-
mano et al., 2002; Kaviraj et al., 2005). This scenario assumes that all the parts of early-type galaxies
were formed at very high redshift and at the same time, during an intense episode of star formation
through the collapse of a cloud of primordial gas. Within this scenario, there are two theories that
differs in the treatment of the mechanisms involved during the collapse of gas: (i) Dissipative-less
(stellar dynamical) collapse (Gott, 1973, 1975; Aarseth & Binney, 1978; McGlynn, 1984), in this the-
ory the collapse of gas during the initial formation epoch was rapid enough as to suffer a subsequent
violent relaxation. Thereby, the initial angular momentum of gas would be the responsible of the
rotation curves and isophotes of early-type galaxies, although this theory does not explain metallicity
gradients for instance. (ii) Dissipative (monolithic) collapse (Larson, 1969, 1974a,b, 1975; Carlberg,
1984a,b; Arimoto & Yoshii, 1987), these models are like the dissipative-less ones but also including
a colliding scenario of gas clouds, galactic winds, dissipation of the gas energy, star formation, en-
richment of metals, or supernova explosions. In this scenario the stars do not experiment significant
displacements to the inner parts of the early-type galaxies, unlike the gas enriched in metals by mas-
sive stars, which is dissipated towards the inner regions. However, this scenario does not support the
morphological variation of massive galaxies (Buitrago et al., 2013).
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• Hierarchical merging (Davis et al., 1985; White et al., 1987; Kauffmann et al., 1993; Somerville & Pri-
mack, 1999; Cole et al., 2000; Hatton et al., 2003; Khochfar & Burkert, 2003; De Lucia et al., 2006).
In this scenario, galaxies are supposed to be formed by a continuous merging of smaller structures
(e. g. globular clusters), that then merge with even larger systems until assembling massive galax-
ies. According to the Cold Dark Matter cosmology and merger fractions (see e. g. López-Sanjuan
et al., 2013), the merger rates increase at higher redshifts, supporting a hierarchical scenario. Obser-
vations at high redshift show that there are a larger percentage of disturbed and interacting galaxies
(e. g. Glazebrook et al., 1995; Abraham et al., 1996), which agrees with this scenario. The presence
of shells around early-type galaxies at low redshifts is also a hint to favour this hypothesis. How-
ever, the presence of massive passive galaxies at high redshifts (Papovich et al., 2006; Arnouts et al.,
2007; Conselice et al., 2011; Domínguez Sánchez et al., 2011; Ilbert et al., 2013) is usually used for
supporting the idea of an anti-hierarchical scenario.

In late-type or disk galaxies is also discussed the secular evolution (e. g. Sheth et al., 2005; Debattista
et al., 2006; Martinez-Valpuesta et al., 2006), which it is though that is negligible in early-type galaxies.
Secular evolution is usually defined as a slow and steady dynamical evolution owing to either internal pro-
cesses (e. g. interactions with spiral arms, galactic winds, bars, etc.) or environment (e. g. gas accretion,
galaxy harassment or high-speed "fly-bys",etc.). For instance, under the secular evolution scenario bars in
spiral galaxies can perturb and extend the outskirts of the bulge, or to explain the creation of stars in spiral
arms. In addition, satellite galaxies can drastically modify its morphology or even inducing star formation
by galaxy harassment.

1.2.2 The cessation of star formation

Quenching is a relevant stage during the life of a galaxy, as after quenching, a galaxy suffers a quick red-
dening by ageing, experimenting a transition from the sequence of star-forming galaxies to the sequence of
passive/quiescent galaxies. Nowadays, it is still matter of debate many of the aspects that involves quench-
ing, such as the trigger of quenching, the influence of environment, or typical quenching timescales. In
fact, it is far from clear which is the primary responsible mechanism of quenching or the cessation of star
formation (Faber et al., 2007; Peng et al., 2010; Ilbert et al., 2013; Peng et al., 2015). Several mechanisms
have been proposed as candidates for explaining the shutting down of star formation, but we distinguish
two main categories or families (see Peng et al., 2015): sudden removal of gas and "strangulation". Both
categories are based on a common framework in which galaxies are subject to gas inflows and there is a
continuous star formation, increasing the mass of the galaxy and the metal content of the ISM. Under this
assumption, the inflows of gas partially diluted the metallicity of the ISM, that is, the enrichment in metals
of the ISM via stellar evolution and winds is delayed by gas inflows.

In the sudden gas removal scenario, the mechanism triggering quenching removes the reserves of gas in
the affected galaxy, as well as the inflows of gas. This process is more violent than "strangulation" and the
star formation is suddenly ceased. Thereby, quiescent galaxies affected by sudden gas removal present the
same stellar mass and metallicity than its progenitor. We distinguish two types of sudden gas removal:

• Outflows (e. g. Di Matteo et al., 2008; Hopkins et al., 2006; Maiolino et al., 2012; Diamond-Stanic
et al., 2012; Cicone et al., 2014). Some of the mechanisms proposed are feedback processes (AGN
or super massive black holes) or the expulsion of gas by strong winds. In particular, AGN feedbacks
is one of the most debated mechanisms for shutting down star formation (Silk & Rees, 1998; Dekel
& Birnboim, 2006; Nandra et al., 2007; Bundy et al., 2008), as there exist a remarkable presence of
AGNs in galaxies with host-galaxy colours between the passive and star-forming galaxy populations,
in the so-called green valley, (Nandra et al., 2007; Bundy et al., 2008; Georgakakis et al., 2008; Sil-
verman et al., 2008; Hickox et al., 2009; Schawinski et al., 2009). Even AGN feedback is a good
candidate for preventing the gas cooling and new star forming processes (Croton et al., 2006; Bower
et al., 2006). As quiescent galaxies were already present at z ∼ 3, presence of AGN driven outflows
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must be at epochs close to the reionization epoch and it must extend along the whole galaxy to ef-
ficiently expel the gas (Maiolino et al., 2012). Other mechanisms as mergers of gas-rich galaxies
provide inflows of gas producing strong starbursts and feeding supermassive black holes, whose feed-
backs expel the gas from the galaxy (Hopkins et al., 2006). Diamond-Stanic et al. (2012) found a star
forming galaxy presenting outflows only driven by both radiation (massive stars) and ram pressures
(super novae), and stellar winds without the presence of AGNs.

• Stripping (Gunn & Gott, 1972; Abadi et al., 1999; Quilis et al., 2000). Satellite galaxies falling into a
massive halo or in a rich cluster can be strongly affected by ram pressure stripping, which efficiently
removes and truncates the diffuse gas in the galaxy. Some studies predicts that in poorer clusters this
mechanism is not efficient enough for removing all the gas, and ram pressure stripping is insufficient
itself for quenching star formation. Although it may morphologically transforms spiral galaxies into
lenticular galaxies (Abadi et al., 1999).

Regarding "strangulation" (Larson et al., 1980; Balogh et al., 2000; Kereš et al., 2005; Dekel & Birn-
boim, 2006; Peng et al., 2015), this category implies a quenching process less severe than the proposed
in the sudden gas removal scenario. Once the inflow of gas is over, whatever was the responsible mech-
anism, the galaxy continues forming stars by the available gas in the galaxy. As the inflow of gas diluted
the metal content of the ISM, subsequent population of stars will be more rich in metals increasing both
the stellar mass and metallicity of the galaxy (see Peng et al., 2015). "Strangulation" would also explain
the morphological transformation of disk systems to lenticular galaxies (Larson et al., 1980), after losing
the gas-rich envelop and consuming the remaining gas by star formation. Under this scenario, passive and
star-forming galaxies would exhibit systematics differences between typical ages and metallicities of both
populations. Peng et al. (2015) showed that there is a systematic shift of 4 Gyr between the ages of passive
and star-forming galaxies at the nearby Universe. In addition, there were systematics differences between
metallicities, which are more remarkable at decreasing redshift, but compatible under a "strangulation" sce-
nario for stellar masses of log10 M? < 11. In addition, by the use of a closed box model, Peng et al. (2015)
estimated that since the inflow of gas is stopped, galaxies expend 4 Gyr until reaching the passive population
via "strangulation", which matches with the ages differences between quiescent and star-forming galaxies,
favouring "strangulation" as the main scenario for explaining quenching mechanisms.

There are also evidences for supporting that quenching mechanisms differ depending of the stellar
mass of the galaxy (Peng et al., 2010; Ilbert et al., 2013). Massive galaxies would suffer a more efficient
quenching, referred as "mass quenching", at redshift 1 < z < 3 when they experienced a steep increase
in number. This will also explain the maximum density of the stellar mass function of quiescent galaxies
at log10 M? ∼ 10.8, supporting that the quenching mechanism for ceasing star formation is more efficient
at log10 M? & 10.8 (Ilbert et al., 2013). However, less-massive quiescent galaxies would suffer a differ-
ent quenching mechanism that is more related to environment, or "quenching environment", because there
are evidences for supporting that low-mass quiescent galaxies appear in high density environments (see
Peng et al., 2010; Gabor & Davé, 2012; Scoville et al., 2013). The quenching of low mass systems must
be present at z . 1, when the stellar mass function of quiescent galaxies becomes flatter. Moreover, this
flattening would involve a little fraction of star forming galaxies (∼ 1–10 %, see Bezanson et al., 2012),
supporting the "environmental" quenching as this conciliates with the number of quiescent galaxies in dense
environments.

1.2.3 Evolution and formation of quiescent galaxies

As mentioned above, galaxies tend to present bimodal distributions of red and blue galaxies (e. g. Bell et al.,
2004; Baldry et al., 2004; Williams et al., 2009; Ilbert et al., 2010; Peng et al., 2010; Arnouts et al., 2013;
Moresco et al., 2013; Fritz et al., 2014), where red galaxies present more evolved stellar populations with
lower star formation levels, for which they are usually referred as passive or quiescent. The formation and
evolution of the so-called quiescent/passive galaxies is still today a challenge, as these galaxies started to
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form stars at very early epochs, to later shut down their star formation by a mechanism that is still today
matter of debate (see Sect. 1.2.2). Amongst the topics involving quiescent galaxies, there are two lines
of study in which many authors are devoting a great deal of effort: the evolution of the stellar content of
quiescent galaxies and the growth in size of quiescent galaxies.

1.2.3.1 The stellar content of quiescent galaxies

Many authors tried to established the evolution or star formation history of galaxies from the study of
their local stellar populations. This methodology is usually referred as "archaeological" approach or fossil
record methods, and it has been extensively used for determining the stellar content of galaxies through
their integrated properties or by their spatially-resolved stellar populations (e. g. Cid Fernandes et al., 2005;
Gallazzi et al., 2005; Thomas et al., 2005; Ferré-Mateu et al., 2013; Trujillo et al., 2014; Belli et al., 2015;
McDermid et al., 2015; González Delgado et al., 2015; Citro et al., 2016; Zheng et al., 2016; Goddard
et al., 2017). These predictions are based on the SED reconstruction of galaxies, as well as spectral indices
sensitive to stellar population parameters (such as age, metallicity, α enhancement, IMF, etc.), usually using
stellar population models with different SFH or including burst of various durations. Alternatively, the
comparison between the stellar populations of similar samples at higher and nearby redshifts, "look-back"
studies, provides complementary constraints in order to explain how galaxies evolved from the past until
building-up their present stellar content (e. g. Schiavon et al., 2006; Sánchez-Blázquez et al., 2009; Choi
et al., 2014; Gallazzi et al., 2014; Fagioli et al., 2016; Gargiulo et al., 2016; Siudek et al., 2016). Whilst the
"look-back" studies constitute a direct comparison of the galaxy evolution, any interpretation of the results
is limited by the "progenitor" bias (van Dokkum & Franx, 2001). In fact, recent studies point out that there
is an increasing number of quiescent galaxies since z ∼ 3 (e. g. Drory et al., 2009; Pozzetti et al., 2010;
Ilbert et al., 2010; Cassata et al., 2011; Davidzon et al., 2013; Ilbert et al., 2013; Moustakas et al., 2013;
Moresco et al., 2013; Tomczak et al., 2014) that support an scenario in which quiescent galaxies are largely
affected by the "progenitor" bias. Other recent results advocate for a reduction in the number of massive
star-forming galaxies (Bell et al., 2007; Davidzon et al., 2013; Ilbert et al., 2013; Moustakas et al., 2013),
which also explains the observational growth in size of massive quiescent galaxies (e. g. Shankar & Bernardi,
2009; Belli et al., 2015; Fagioli et al., 2016; Gargiulo et al., 2016; McDermid et al., 2015; Williams et al.,
2016) and the scatter in the red sequence (Harker et al., 2006; Ruhland et al., 2009).

Some of these quiescent galaxies are really old (with ages slightly below ∼ 1 Gyr respect the age of the
Universe) and they should suffer very efficient process of star formation, and a subsequently fast quenching,
because the sequence of quiescent galaxies is already in place at z ∼ 3 (Whitaker et al., 2011; Ilbert et al.,
2013). Some authors have dedicated large efforts in study their evolution in a long period of time, amongst
others, through the study of their SFR or sSFR (Papovich et al., 2006; Martin et al., 2007; Zheng et al.,
2007; Pérez-González et al., 2008; Damen et al., 2009), studying the evolution of their number density with
cosmic time (Ilbert et al., 2010; Pozzetti et al., 2010; Ilbert et al., 2013), or attempting to reconstruct their
star formation history with fossil record methods (Heavens et al., 2004; Thomas et al., 2005; Jimenez et al.,
2007; McDermid et al., 2015, see Fig. 1.2 to illustrate). Overall, there is a good agreement in that, these
galaxies present a strong dependence in their evolution with the stellar mass (largely studied in the local
Universe, e. g. Kauffmann et al., 2003; Gallazzi et al., 2005; Thomas et al., 2005; Sánchez-Blázquez et al.,
2006a; Jimenez et al., 2007; Panter et al., 2008; González Delgado et al., 2014a; Peng et al., 2015) and more
slight with environment (e. g. Thomas et al., 2005; Rogers et al., 2010; La Barbera et al., 2014; McDermid
et al., 2015), being the more massive galaxies formed at earlier epochs and presenting a more efficient and
quicker process of star formation, usually called "downsizing" scenario (Cowie et al., 1996). Additionally,
the more massive the quiescent galaxy, the more metal rich is (Gallazzi et al., 2005, 2014; González Delgado
et al., 2014a; Peng et al., 2015).

Mergers are an efficient mechanism for the creation of spheroid-like galaxies by the merging of gas-
rich disks (Toomre, 1977; Schweizer & Seitzer, 1992; Barnes & Hernquist, 1996), as well as to modify
colours of galaxies. In addition, many authors suggest that massive early-type galaxies were assembled by
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Figure 1.2: Cartoon of the star formation history (SFH) of early-type galaxies as a function of the stellar
mass and environment (see labels). Picture taken from Thomas et al. (2005).

major mergers, in which a temporary quasar activity can be also present (Benson et al., 2003; Croton et al.,
2006; Somerville et al., 2008; Hopkins et al., 2008b, 2009c; van der Wel et al., 2009; López-Sanjuan et al.,
2013). Some results agree with an scenario in which the bulk of stars, specially in massive galaxies, were
built up to z ∼ 1, and then these galaxies have suffered numerous merger events in a hierarchical context
(Bundy et al., 2007; White et al., 2007; Wake et al., 2008; Skelton et al., 2012; Ferreras et al., 2014), which
can alter their stellar content. One of the limitations to explore the influence of mergers is that the time
scale of a merger is dependent of the properties of the progenitor galaxies, as well as the orbit (Lotz et al.,
2010a,b), although recent cosmological simulations (e. g. Springel et al., 2005; Kitzbichler & White, 2008)
are facilitating these issues. In the early attempt by Skelton et al. (2012), authors showed that the presence
of mergers reconstruct better the evolution of the RS than a passive evolution of galaxies in the RS. In the
same work, the evolution of both mass and luminosity functions since z ∼ 1 are better reproduced when
mergers are included in their model of evolution. The predictions rather agree when wet mergers and the
"progenitor" bias are also accounted (see also Faber et al., 2007), specially the predictions on their color-
magnitude evolution. Furthermore, recent studies based on the radial stellar population profiles in early-type
galaxies (González Delgado et al., 2014b, 2015; Wilkinson et al., 2015; Goddard et al., 2017; Zheng et al.,
2016) show flat age and shallow negative metallicity radial profiles, which agree with an assembly of these
galaxies via major mergers (using smoothed particle hydrodynamics or SPH and cosmological simulations
Kobayashi, 2004; Hirschmann et al., 2015). Nevertheless, the common presence of mergers, specially in
the quiescent population (López-Sanjuan et al., 2012), are not properly treated for studying the impact that
have this mechanism on the stellar population parameters or on their integrated properties, such age and
metallicity. Generally, the impact of mergers is only mentioned for the interpretation of the results, as
an external contribution (rather when the rest of mechanism cannot explain the evolution of galaxies), but
without estimating its impact on the results.
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1.2.3.2 Evolution in size of quiescent galaxies

During the last decade, many authors found out evidences for a continuous and generalised increase in size
of both spheroidal-like/quiescent and late-type/star-forming galaxies with cosmic time (e. g. Trujillo et al.,
2004; Daddi et al., 2005; McIntosh et al., 2005; Trujillo et al., 2006a; Toft et al., 2007; Trujillo et al., 2007;
Zirm et al., 2007; Buitrago et al., 2008; van Dokkum et al., 2008; Damjanov et al., 2011; Newman et al.,
2012; van der Wel et al., 2014, see also Fig. 1.3). In particular, since z ∼ 2 (z ∼ 1) spheroidal-like/quiescent
galaxies have rapidly increased in size a factor of ∼ 4 (1.5–2) up to the current days. The main mechanism
responsible of this fast growth is not clear yet.

First attempts for disentangling how galaxies grow in size proposed that the influence of AGNs can
play a role. This scenario, usually referred as the "puffing-up" scenario (Fan et al., 2008, 2010; Damjanov
et al., 2009), proposed that AGNs or quasar feedbacks would produce a removal of cold gas from the inner
regions of the galaxy, that would redistribute the stellar populations of the inner regions in a time scale of
∼ 2 Gyr. Although it is a plausible mechanism, this would imply that: (i) less compact quiescent galaxies
would present older ages in the local Universe; and (ii) the dispersion of the stellar mass-size relation would
increase (Fan et al., 2010) with cosmic time. Previous studies (e. g. Cenarro & Trujillo, 2009; Shankar
& Bernardi, 2009; Trujillo et al., 2009, 2011; McDermid et al., 2015; Gargiulo et al., 2016) obtained that
observations differ from the predictions of this scenario.

Alternatively, mergers were proposed as an efficient mechanism for producing a generalised growth in
size (Naab et al., 2009). In this scenario, galaxies firstly formed their compact and dense cores, which are
proposed to be the so called red nuggets observed at at z > 2 (Damjanov et al., 2009). These systems could
be the result of mergers between gas-rich disks (which yields compact starbursts of small radii, Hopkins
et al., 2008a) or of the accretion of cold streams (which forms compact massive bulges and suppresses star
formation Kereš et al., 2005; Dekel et al., 2009). Once the core is assembled, a continuous fall of pieces
at lower redshifts via mergers (with ex-situ stellar populations) would populate the surroundings of these
dense cores via an "inside-out" formation scenario (e. g. de la Rosa et al., 2016). This scenario would be
mainly driven by minor mergers on parabolic orbits (Khochfar & Burkert, 2006a; Khochfar & Silk, 2006b;
Bezanson et al., 2009; Hopkins et al., 2009b; Naab et al., 2009; Trujillo et al., 2011), because the number
of major mergers is not large enough as to reproduce the evolution in size observed since z ∼ 1 (Bundy
et al., 2009; de Ravel et al., 2009; López-Sanjuan et al., 2010, 2012). Díaz-García et al. (2013) shows
that mergers do not involve necessarily smaller galaxies, and therefore, under this scenario the growth in
size via mergers must be generalised for all galaxies in the stellar mass–size plane. If this is the case, the
number of compact galaxies will reduce towards larger cosmic times (Cassata et al., 2013; Quilis & Trujillo,
2013; Trujillo et al., 2014; van der Wel et al., 2014), despite other studies show that the number of compact
galaxies remain almost constant (Saracco et al., 2010; Damjanov et al., 2014, 2015; Gargiulo et al., 2016)
or experiment only a slight decrease in number (Valentinuzzi et al., 2010; Poggianti et al., 2013). A reliable
estimation of the evolution in number of compact (massive) galaxies along redshift is therefore needed to
discard or favour the merger scenario as the responsible mechanism for the growth in size of quiescent or
spheroidal-like galaxies.

In the last years, the "progenitor" bias scenario is gaining force in this topic. It proposes that the first
galaxies formed in the earliest epochs of the Universe were also the densest ones, as they resided in denser
halos. Consequently, galaxy sizes would reflect the density of the Universe at the epoch in which they were
formed. At the same time, they would evolve and quench their star-formation processes earlier. Any galaxy
formed at later epochs will therefore be larger, evolving later on until they reach enough stellar mass as
to do not support more star forming processes. This would imply that less dense quiescent galaxies (less
compact or extended) are also younger, as they reach a state of quenching in later epochs (Valentinuzzi et al.,
2010; Carollo et al., 2013; Belli et al., 2015). At the same time, this would imply that the number density
of compact galaxies would be constant, or at least this would suffer mild and increasing modifications with
cosmic time. Under this scenario, we would expect a correlation between the size of a galaxy and their
stellar content age, where denser galaxies exhibit older ages (Shankar & Bernardi, 2009; Poggianti et al.,
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Figure 1.3: Stellar mass (X–axis) versus size (Y–axis) distribution for disc-like (top panels) and spheroid-
like (bottom panels) galaxies. Picture taken from Trujillo et al. (2007).
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2013; Fagioli et al., 2016; Gargiulo et al., 2016; Williams et al., 2016) or large quiescent galaxies will reach
the red sequence later than their compact counterparts (Belli et al., 2015).

1.3 Tracing the stellar content of galaxies

Nowadays, the set of analysis techniques is tightly linked to the type of data used for retrieving the stel-
lar population parameters (also the spectral type of the source, e. g. emission line galaxies). Mainly, we
distinguish two main methodologies that stand out respect the rest of them: photo-spectral fitting and line
absorption features. Nevertheless, the determination of the stellar populations of galaxies has suffered con-
tinuous changes along the last decades. These changes do not only affect the methodologies for retrieving
the different parameters involved in the star formation history of galaxies, but also in the set of models
or "chronometers" used for calibrating these parameters in an homogeneous scale of values, such as age,
metallicity, abundances of α-elements, etc. These techniques, along with the models used during the process
of analysis, have become indispensable for studying the stellar content of galaxies, tracing their evolutive
pathways since they started to form their first populations of stars at high redshift. In fact, techniques and
models are the key ingredients for the determination of the stellar content in any galactic source. Any result
is strictly linked to both aspects, and an adequate integration of both elements is essential for the success
of any research. Despite the strong efforts and advances achieved in this topic during the last decades, it
still remains as one of the most challenging and promising ways to understand galaxy evolution. Both tech-
niques and models are still being modified and improved, implementing the most recent results and the most
modern techniques (e. g. by the use of empirical stellar libraries in larger spectral ranges or implementing
statistical methods for supporting the results and uncertainties).

1.3.1 Methodologies for determining stellar population parameters

In the 1960s, pioneer studies for retrieving stellar population parameters of extragalactic sources involved
photometric data through non-so primitive wide and narrow filters (Baum, 1959; Tifft, 1963; Wood, 1966;
McClure & van den Bergh, 1968; Faber, 1973). These studies supposed a great challenge for the epoch,
as they comprised integrated stellar populations and rudimentary stellar population models. Despite these
drawbacks, they achieved the goal of retrieving ages and metallicities of some nearby early-type galaxies
only using photometry. This kind of analysis was the origin of the modern photo-spectral fitting, although
it was gradually displaced by techniques based on more specific features (Faber, 1973; Pritchet, 1977). The
increment of spectral resolution via photometers (resolution ranging from 15 Å to 50 Å) were key to move
the bulk of stellar population studies of extragalactic sources from photometry to spectroscopy. These more
specific features, defined in narrow spectral ranges, demonstrated to be sensitive to certain stellar parameters,
e. g. metallicity.

The arrival of absorption line-strength indices to study the stellar content of galaxies (Burstein et al.,
1984; Faber et al., 1985) brought a significant breakthrough in the field. On this front, it is worth noting
the Lick system of indices (Gorgas et al., 1993; Worthey et al., 1994b), which for the past decades has been
the standard for most spectroscopic studies in stellar populations in the optical (e. g. Trager et al., 1998;
Jørgensen, 1999; Kuntschner et al., 2001; Thomas et al., 2005; Bernardi et al., 2006; Sánchez-Blázquez
et al., 2006b; Gorgas et al., 2007). This system allows us to measure the spectral features of a source, star
or galaxy, through the definition of three fluxes. These fluxes are determined in three spectral ranges or
bandpass: the central bandpass comprising the parameter-sensitive feature (e. g. metallicity or the age for a
galactic case); and the continuum bandpass composed of two fluxes defined at the contiguous spectral range
of the stellar population parameter feature, used for defining a continuum or reference level. By construction,
line-strength indices involve narrow spectral ranges and the influence of extinction is therefore negligible,
making it an effective method for determining stellar population parameters in which extinction is present
(specially in galaxies or integrated stellar populations). Line-strength indices are very sensitive to stellar
population parameters (e. g. ages, metallicities, IMF, or [α/Fe]), but they also present degeneracies amongst
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stellar population parameters (Worthey, 1994a). To solve this problem, the use of index-index diagrams
(e. g. Balmer lines for age; whereas for metallicity, the traced ones by elements such as Fe , Mg , Ti , C ,
Ca , and Na ), the fine-tuning of the bandpass of sensitive features, as well as the fitting to multiple indices
were key to diminish the bias introduced by degeneracies (typically between age and metallicity, but also
with other stellar population parameters as [α/Fe]; e. g. Vazdekis & Arimoto, 1999b; Proctor et al., 2004;
Thomas et al., 2003; Gallazzi et al., 2005; Cervantes & Vazdekis, 2009). In spite of all these considerations,
there are still discrepancies between the ages and metallicities when different sets of line-strength indices
are used for deriving the stellar population parameters (e. g. age estimations varies when Hδ is used instead
of either Hγ or Hβ), even when the same set of SSP models is used. This is usually attributed to the use of
SSP models for calibrating indices, as galaxies experienced more complex star formation histories than the
predicted by a SSP model. This implies that, for instance, age and metallicity indices are the combination
of the fluxes of different star formation episodes, where the contribution of young populations have a larger
impact on the blue indices than in the red ones (see e. g. Schiavon et al., 2004; Serra & Trager, 2007; Rogers
et al., 2010).

1.3.2 Stellar population synthesis models: a brief look

Stellar population synthesis models allow us to interpret the integrated flux coming from extragalactic
sources, converting them into stellar population properties (e. g. ages, metallicities, mass-to-light ratios,
redshifts). Stellar population synthesis models are as essential as the methodologies performed for retriev-
ing stellar population parameters. If models are not built properly, any parameter derived from them will be
invalid. For this reason, several efforts were carried out for developing the stellar population models that we
enjoy today. Historically, we can distinguish three types of stellar population synthesis models: empirical
synthesis models, evolutionary synthesis models, and chemo-evolutionary population synthesis models.

Empirical synthesis models were mainly involved in very early works for deriving the stellar populations
of galaxies, as they were designed for reproducing the colours of galaxies. These models followed a set
of recipes for mixing the flux contributions of stars, in order to reproduce the colours and magnitudes of
galaxies. Whilst the main feature of empirical models is that they include very few physical constraints, they
were used successfully in the past (Spinrad & Taylor, 1971; Faber, 1972; O’Connell, 1976, 1980; Pickles,
1985).

On the other hand, evolutionary synthesis models were initially performed by Tinsley (1968, 1972);
Searle et al. (1973); Tinsley & Gunn (1976); Tinsley (1978); Whitford (1978); Gunn et al. (1981). These
work were the origin of the modern stellar population models, which involved numerous constraints for
reproducing the light coming from a stellar population after modelling its evolution. One of the main char-
acteristics of evolutionary synthesis models is the use of isochrones (also called stellar evolutionary tracks)
or Hertzsprung–Russell (HR) diagrams. Since these early work, stellar population models have suffered
numerous improvements and modifications concerning their main ingredients (e. g. Aragon et al., 1987;
Guiderdoni & Rocca-Volmerange, 1987; Peletier & Valentijn, 1989; Bruzual & Charlot, 2003; González
Delgado et al., 2005; Coelho et al., 2007; Schiavon, 2007; Maraston et al., 2009; Vazdekis et al., 2012;
Röck et al., 2015; Vazdekis et al., 2015, 2016). The goal of these models is to reproduce the integrated
light of a galaxy by a unique spectrum, which contains many contributions from stars with different ages,
metallicities, α-element abundances, etc. The most modern stellar population models provide single stel-
lar populations (SSP), that assumes that a population of stars is originated at the same time with the same
metallicity. For a SSP model, the flux at wavelength λ with age t and metallicity [M/H] is expressed as,

S λ(t, [M/H]) =

∫ mup

mlow

S λ(m, t, [M/H]) N(m, t) dm , (1.1)

where mlow and mup are the lower and upper limits of the mass range of stars respectively; S λ(m, t, [M/H])
is the flux at λ of a star of mass m, age t and metallicity [M/H]; and N(m, t) the number of these stars. All
the modern SSP models or the evolutionary synthesis models include as basic ingredients:
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i) Stellar libraries. This can be considered as the main ingredient of any evolutionary synthesis or SSP
model. This consists of a collection or set of stellar spectra, whose range in stellar types, spectral
resolution, spectral range, and flux calibration determine the quality of the SSP models. Stellar li-
braries must cover wide ranges of stellar parameters, i. e. effective temperature, Teff; gravity, log g;
and metallicity [M/H]. These libraries can be theoretical or empirical (e. g. Pickles, 1998; Lejeune
et al., 1998; Cenarro et al., 2001a,b; Prugniel & Soubiran, 2001; Westera et al., 2002; Le Borgne et al.,
2003; Valdes et al., 2004; Coelho et al., 2005; Martins et al., 2005; Sánchez-Blázquez et al., 2006c;
Cenarro et al., 2007). Although empirical stellar libraries are more trustworthy than the theoretical
stellar libraries, they are limited to the observational values of the involved stars. Therefore, when
used empirical stellar libraries, an interpolation amongst the stellar spectra is usually necessary.

ii) Isochrones of stars. Isochrones are the element that provides the evolutionary aspect to the mod-
els. Isochrones provide the distribution of stars on a HR diagram for a given age and composition
(metallicity). For this reason, they must contain all the stellar parameters (temperature and gravity,
the metallicity is fixed for each isochrone) at any age along the isochrone, as well as the initial mass
and the mass at the moment of interest. Since the original HR diagram carried out in the beginning
of the 20th century, isochrones have experimented significant modifications to cover wider ranges of
age and star masses (at least spanning ranges of 0.005–17 Gyr, and masses from 0.5 M� to 70 M�),
to carry out more reliable predictions and to cover all the evolutionary stellar stages (from the zero
age main sequence or ZAMS to the white dwarf stage), where for later phases such as the asymptotic
giant branch, or AGB, and post-AGB this is specially tricky, see e. g. Alongi et al. (1993); Bressan
et al. (1993); Bertelli et al. (1994); Fagotto et al. (1994a,b,c); Girardi et al. (1996, 2000); Lejeune &
Schaerer (2001); Yi et al. (2003); Pietrinferni et al. (2004); Marigo et al. (2008)

iii) Initial mass functions (IMF). The initial mass function describes the initial distribution of masses of a
population of stars. This function can be also empirical or theoretical (e. g. Salpeter, 1955; Vazdekis
et al., 1996; Kroupa, 2001; Chabrier, 2003). By definition, the IMF is related with the relative number
of stars belonging to an instant burst of star formation or SSP, that is, it is related to N(m, t) (see
Eq. 1.1). Following Vazdekis et al. (1996), the IMF can be formally included as

N(m, t) =
Φ(m)

m
MG δm , (1.2)

where Φ(m) is the IMF, and MG the mass of the galaxy or region.

In addition, SSP models can be used as building blocks for the composition of more complex models, in
which different generations of stars with different metallicities can appear at different epochs. The construc-
tion of composite stellar populations from SSP models can be driven using different analytical functions for
the SFH, such as: exponentially declining (the most extended one and usually referred as τ-models), single
bursts of a τ duration, linearly declining, or delayed exponentially declining SFHs. The inclusion of com-
posite stellar populations will open the possibility for exploring other interesting topics, as the formation
timescales (duration of the main star formation episodes that built the bulk of stars). The abundance of
α-elements (mainly Mg , Ne , and O ; but also N , Na , Si , S , and C ) is also a problem during the deter-
mination of reliable synthesis models, as the "lockstep" hyphotesis (the rate of elements in stars changes in
the same proportion than in the sun) is compromised by the measurements of abundances during the last 20
years (Edvardsson et al., 1993; Tolstoy et al., 2009). It is though that these α-overabundances are related
with an enrichment of the ISM mostly driven by SN-type II (massive stars) as opposed to SN-type Ia, which
are efficient enriching the interstellar medium with these elements (see also Thomas et al., 1999; Pipino &
Matteucci, 2004; Thomas et al., 2005; de La Rosa et al., 2011). Modern synthesis models are also including
different abundances for the α-elements (see e. g. Thomas et al., 2003; Coelho et al., 2007; Vazdekis et al.,
2015), which would imply an inclusion of stellar libraries including different α-element abundances or to
estimate how a stellar library changes with different abundances.
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Figure 1.4: Parametrization of the reddening by dust (Y–axis) as a function of wavelength (X–axis). Picture
taken from Fitzpatrick (1999).

Finally, the chemo-evolutionary models (e. g. Arimoto & Yoshii, 1986, 1987; Matteucci & Tornambe,
1987; Tosi, 1988; Casuso, 1991; Theis et al., 1992; Bressan et al., 1994; Vazdekis et al., 1996) are evolution-
ary synthesis models in which the chemical enrichment of the gas of the galaxy is also taken into account.
Consequently, for the derivation of these models, there are involved various isochrones of different metal-
licities. Notice that a more complex enrichment of the interstellar medium can include different α-element
abundances, rather than the total metallicity of the isochrone ([M/H]).

In addition, the interstellar medium (ISM) of galaxies is supposed to be partly populated by elements
produced and ejected out during the life of stars. Part of these elements are reprocessed constituting dust
grains that are the main source of extinction in the ISM (Draine, 2003a,b). Dust grains scatter the light and
absorb ultraviolet (UV) and optical photons, whose energy is re-radiated at infrared (IR) wavelengths. Flux
at the UV regime is more affected by extinction than at redder wavelengths, introducing a colour term in the
continuum of the sources affected by extinction. This can also affect the colours of stellar populations, and
therefore, when an analysis is based on colours their effects can be remarkable, specially in the cases of high
extinction. There exist numerous parametrizations in the literature of dust reddening effects or extinction
(e.g. Prevot et al., 1984; Massa, 1987; Mathis, 1990; Cardelli et al., 1989; Calzetti et al., 2000; Charlot &
Fall, 2000; O’Donnell, 1994; Fitzpatrick, 1999), that can be easily computed in typical rest-frame spectral
ranges (from λλ 1 000–1 200Å to λλ 2–3 µm). Extinction effects can be easily introduced in synthesis stellar
population models, which will reinforce any stellar population predictions in which colours are involved,
e. g. colour diagrams or photo-spectral fitting techniques of galaxies. Extinctions are typically parametrized
by the total absorption in magnitudes at V (AV ) and the ratio of total to selective absorption at V (RV , see
Fig. 1.4 for the parametrization by Fitzpatrick, 1999). The latter varies between 2.2 and 5.8 depending
on the environmental characteristics of the diffuse ISM, whose reference value in almost the totality of
extragalactic studies is RV = 3.1, which is the mean value in the diffuse ISM of the MW (Cardelli et al.,
1989; Schlafly & Finkbeiner, 2011).

1.3.3 Large scale multi-filter surveys

At present, there is an increasing number of modern and future multi-filter surveys (see references in Díaz-
García et al., 2015, or Sect. 6.1), including a vast volume of high-quality multi-filter data. These kinds
of surveys are composed of several top-hat and/or broad-band filters that mainly cover the optical range,
although sometimes the near-infrared (NIR) is also included. This allows to sample all the sources of the
imaged sky in a very wide spectral range with multiple bands, that is, the spectral energy distribution (SED)
of galaxies and stars are sampled with a spectral resolution equal to the width of each band (low-resolution
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spectrum or photo-spectrum, see Hickson et al., 1994). The potential data of this kind of surveys are opening
new pathways for exploring many topics in Astronomy and Cosmology, as well as they are promoting the
development of new analysis techniques (e. g. including Bayesian methods) and the fine-tuning of others
such as SED-fitting techniques. In fact, multi-filter surveys are already demonstrating to be an excellent set
of data to study stellar populations of galaxies at intermediate and high-redshift (e. g. Mathis et al., 2006;
Koleva et al., 2008; Ilbert et al., 2010; Walcher et al., 2011; Hernán-Caballero et al., 2013; Oteo et al.,
2013; Ferreras et al., 2014; Moustakas et al., 2013; Marchesini et al., 2014; Cava et al., 2015; Díaz-García
et al., 2015; Ruiz-Lara et al., 2015; Viironen et al., 2015; Domínguez Sánchez et al., 2016; Gargiulo et al.,
2016), which largely contributes to advance in our understanding of galaxy evolution. Even though the data
from multi-filter surveys suffer from the lack of high spectral resolution, they present a set of interesting
advantages that can motivate future studies about stellar populations only using this kind of data:

i) There is no sampling bias. The galaxy samples of multi-filter surveys do not suffer from selection
criteria other than the photometric depth in the detection band of the survey, because all the objects in
the field of view are observed.

ii) Great photometric calibration. The SED of galaxies observed in multi-filter surveys does not suffer
from the typical uncertainties in the flux calibration that lead to systematic colour terms, since the
photometric calibration of each individual band is independent of the rest.

iii) The photometric depth. With similar telescopes, the depth of multi-filter surveys is usually much
greater than for spectroscopic surveys, since direct imaging is much more efficient than spectroscopy.
The state-of-the-art multi-filter surveys can easily reach galaxies at intermediate redshifts (z ∼ 1–2),
allowing us to set milestones on the evolution of galaxies.

iv) Multi-filter surveys provide spatially resolved photo-spectra. Multi-filter surveys allow to perform
2D stellar population studies in galaxies whose apparent sizes are not dominated by the point spread
function (PSF) of the system.

v) Photometry is not affected by aperture bias. Unlike spectroscopic studies using fibers, the photometric
apertures defined in these surveys are not fixed to constant values, that is, dynamical apertures are
defined using more deep images for detection purposes in order to retrieve the fluxes of galaxies.

1.4 Goals of this work

This thesis aims at improving our understanding of the evolution of quiescent galaxies since z ∼ 1, with the
ultimate goal of providing a general picture for the formation and evolution of these objects along the history
of the Universe. Making use of data from the Advanced Large Homogeneous Area Medium-Band Redshift
Astronomical (ALHAMBRA) survey, this Ph. D. thesis is novel at facing for the first time an extensive,
observational study that comprises the time evolution of the number density of quiescent galaxies, as well
as their masses, stellar populations (ages, metallicities and extinctions) and sizes, to ultimately build up a
phenomenological evolutionary model based on the merger, "frosting" and "progenitor bias" scenarios that
tries to reconcile the observed trends in the above parameters.

There are a lot of objectives that should be properly accounted for in order to achieve our aims. These
ones are listed below:

• Reliable determination of stellar population parameters via SED-fitting and only using data
from large scale multi-filter surveys. In particular, the code MUFFIT, developed as part of this
work, is devoted for determining the stellar population parameters using any photometric dataset.
Although we exclusively use the ALHAMBRA data throughout this work for determining stellar
populations of galaxies, we planned to span all the methodologies to other multi-filter surveys. It



1.4. Goals of this work 15

is noteworthy that the ALHAMBRA dataset is an excellent test bench for the performing of these
techniques. Once the large-scale surveys J-PLUS (Cenarro et al., in prep.) and J-PAS (Benítez et al.,
2014) start the observations, all the methodologies performed under the ALHAMBRA dataset will be
directly applied on these fruitful surveys.

• Extraction of a pure sample of quiescent galaxies. There exist several diagnostic diagrams to select
samples of quiescent galaxies (see Sect. 1.1), some of them with interesting advantages with respect
to others. The combination of optimal diagnostic diagrams with the stellar population determina-
tions for each galaxy in the parent dataset can provide a reliable sample of quiescent galaxies, where
typical sources of contamination (e. g. reddened-by-dust star forming galaxies) may be successfully
mitigated.

• Evolution of the stellar population parameters of quiescent galaxies with redshift. In particu-
lar, we aim to determine the evolution of ages, metallicities, and extinctions of quiescent galaxies
via SED-fitting, through their distributions of values at different redshifts and stellar masses. The
evolution of these parameters will be key to trace how these galaxies have evolved up to present days.

• Quantifying and discerning the likely mechanisms affecting the evolution of quiescent galaxies.
Once galaxies quench star formation, its evolution is suitable to other mechanisms less representative
than starbursts or efficient star formation. Other effects, such as the proper ones of a hierarchical
merging, are suitable candidates to drive the evolution of galaxies that do not experiment a significant
star formation.

• Correlations between size and the stellar content of quiescent galaxies and implications for their
growth in size. During the past and present decade, many efforts were performed for quoting the
responsible mechanisms of the increase in size of galaxies. Owing to the large set of quiescent galaxies
that we can retrieve from ALHAMBRA and it is wide range in redshift, we are able to explore the
mechanisms driving the increase in size of galaxies through the study of the stellar content of quiescent
galaxies.

On the basis of all the above pieces of information, in many case unique and unprecedented due to the
amount and type of data, as well as to the analysis techniques, this work is ultimately expected to shed light
on a global view on the formation and evolution of red sequence galaxies, being this overall consistent with
all the observables in play.

Notice the both Chapter 2 and Chapter 6 were actually published in referred journals under references
Díaz-García et al. 2015, A&A, 582A, 14D and Díaz-García et al. 2013, MNRAS, 433, 60D respectively.
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2
MUFFIT: a MUlti-Filter FITting code for stellar population

diagnostics

A pessimist sees the difficulty in every opportunity; an optimist sees the
opportunity in every difficulty.

Winston Churchill

This chapter has been published as
Díaz-García et al. 2015, A&A, 582A, 14D

Introducción al artículo

A lo largo de este artículo se presenta una de las partes más largas y difíciles de desarrollar, y al mismo
tiempo indispensables, para alcanzar los objetivos de esta tesis doctoral: el código genérico MUFFIT. Éste
ha sido cuidadosamente y específicamente desarrollado con el objetivo de extraer los parámetros de las
poblaciones estelares de galaxias mediantes datos fotométricos de cartografiados multifiltro (fotoespectros).
Al mismo tiempo, se comprueba su fiabilidad y viabilidad con galaxias reales procedentes del cartografiado
ALHAMBRA y con simulaciones, con un resultado satisfactorio en todos los casos. A pesar de existir
múltiples herramientas disponibles para la comunidad científica para llevar a cabo ajustes de fotoespectros,
SED-fitting, éstos carecían de los detalles técnicos para cubrir todas las necesidades para llevar a cabo
el análisis de poblaciones estelares con el nivel de detalle necesario para este tipo de estudios. Entre las
características más llamativas de MUFFIT podemos destacar:

i) La libertad de incluir diferentes modelos de poblaciones simples (SSP) para llevar a cabo el SED-
fitting de galaxias. Modelos que han sido cuidadosamente elaborados con múltiples restricciones
físicas para predecir de la forma más fiable la evolución de una población estelar, determinando pará-
metros que pueden ser interpretados físicamente como edad y metalicidad. Esto marca una diferencia
respecto otros códigos que simplemente incluyen conjuntos de modelos que, o bien, han sido calcula-
dos empíricamente y que por tanto sus parámetros de poblaciones estelares son de difícil calibración
o interpretación; o bien, modelos que han sido seleccionados con el único objetivo de determinar
otros parámetros que difieren de las edades y metalicidades que describen una población estelar (por
ejemplo, desplazamientos al rojo o masas estelares).

ii) MUFFIT ha sido diseñado para lidiar con todo tipo de cartografiados multi-filtro, incluyendo J-PAS y
J-PLUS que incluyen multitud de filtros lo suficientemente estrechos (FWHM ∼ 125 Å) como para
ser sensibles a líneas de emisión. Esto supone un reto para otro tipo de códigos debido a la presencia
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de líneas emisión, las cuales pueden perjudicar drásticamente los ajustes a modelos, como los SSP
(que habitualmente no las incluyen y cuya contribución es de difícil estimación).

iii) MUFFIT ha sido analizado y calibrado detalladamente para lidiar con datos fotométricos de la forma
más precisa posible, comparando con otros estudios de la literatura (incluyendo estudios espec-
troscópicos).

MUFFIT está basado en un test de χ2 pesado con errores, donde se comparan los flujos de las diferentes
bandas de la galaxia con la fotometría sintética de modelos mezcla de dos poblaciones estelares simples,
a diferentes desplazamientos al rojo y con diferentes extinciones, para obtener el rango probable de sus
parámetros de poblaciones estelares (mayormente edad y metalicidad), extinción, desplazamiento al rojo y
masa estelar. Para mejorar la fiabilidad del análisis, MUFFIT identifica y descarta del proceso de análisis
aquellas bandas con indicios de contener lineas de emisión de intensidad significativa. Los parámetros
finales junto con sus incertidumbres son derivados a partir de una metodología Monte Carlo, usando las
incertidumbres de la fotometría de cada banda.

A lo largo de este trabajo se concluye que MUFFIT es un código preciso y fiable para derivar los paráme-
tros de las poblaciones estelares de las galaxias de ALHAMBRA. Es más, hacemos un análisis exhaustivo
y detallado de todos los problemas que pueden acarrear este tipo de análisis, detallando en todo momento la
capacidad para determinar particularmente edad, metalicidad y extinción, y de forma complementaria, masa
estelar y desplazamientos al rojo fotométricos. Parte de estas conclusiones son obtenidas a partir de simu-
laciones que incluyen diferentes valores de señal-ruido, las cuales también demuestran que estos tipos de
análisis basados en los colores del continuo son lo suficientemente sensibles a este conjunto de parámetros
estelares. Al mismo tiempo, podemos cuantificar los tipos de incertidumbres intrínsecos a esta metodología,
así como los tipos de degeneraciones que podemos esperar entre los parámetros involucrados. Por otro
lado, complementamos estas pruebas para comprobar la fiabilidad de MUFFIT utilizando galaxias reales
de ALHAMBRA. Utilizando predicciones de desplazamientos al rojo fotométricos como datos de entrada,
MUFFIT es capaz de mejorar la precisión de éstos en un ∼ 10–20 %. Además, MUFFIT es capaz de detectar
emisiones nebulares en galaxias y suministrar predicciones físicas de su intensidad. Las medidas de masa
estelar calculadas por MUFFIT muestran un acuerdo excelente con los valores dados por COSMOS y SDSS
para casos en común. También obtenemos que los mapas de edad–metalicidad para una muestra de galaxias
de tipo temprano a z ≤ 0.22 están en acuerdo con las obtenidas en diagnósticos espectroscópicos de SDSS.
La comparación uno a uno entre desplazamientos al rojo, edades, metalicidades y masas estelares, derivadas
con espectroscopía en SDSS y por MUFFIT en ALHAMBRA, muestran un buen acuerdo cualitativo entre
todas ellas, reforzando así el potencial de los cartografiados multifiltro cuando son analizados con las téc-
nicas de análisis apropiadas, como MUFFIT, para llevar a cabo estudios de poblaciones estelares de forma
correcta.

Lamentablemente, las técnicas y metologías de este tipo han sido pobremente explotadas en cartografia-
dos multifiltro. Habitualmente no van más allá de tareas como determinar desplazamientos al rojo fotométri-
cos o masas estelares, mientras que para edades y metalicidades son injustamente despreciados porque en
muchos casos no han sido calibrados debidamente. En ciertos casos también han sido utilizadas como un so-
porte para corroborar los propios resultados espectroscópicos, centrados en zonas del espectro más sensibles
a ciertos parámetros poblacionales como edad (e. g. Fagioli et al., 2016; Gargiulo et al., 2016). Es más, los
resultados demuestran que las incertidumbres típicas con las que se recuperan los valores de metalicidad en
cartografiados tipo ALHAMBRA pueden llegar a ser más fiables que ciertas estimaciones de metalicidades
espectroscópicas, y que además reforzamos mediante la estadística del gran número de galaxias con los que
cuentan los cartografiados multifiltro.
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Stellar populations of galaxies in the ALHAMBRA survey up to z ∼ 1:
I. MUFFIT a MUlti-Filter FITting code for stellar population diagnostics

Díaz-García et al. 2015, A&A, 582A, 14D

ABSTRACT: We present MUFFIT, a new generic code optimized to retrieve the main stellar population
parameters of galaxies in photometric multi-filter surveys, and check its reliability and feasibility with
real galaxy data from the ALHAMBRA survey.

Making use of an error-weighted χ2-test, we compare the multi-filter fluxes of galaxies with the
synthetic photometry of mixtures of two single stellar populations at different redshifts and extinctions,
to provide the most likely range of stellar population parameters (mainly ages and metallicities), extinc-
tions, redshifts, and stellar masses. To improve the diagnostic reliability, MUFFIT identifies and removes
from the analysis those bands that are significantly affected by emission lines. The final parameters and
their uncertainties are derived by a Monte Carlo method, using the individual photometric uncertainties
in each band. Finally, we discuss the accuracies, degeneracies, and reliability of MUFFIT using both
simulated and real galaxies from ALHAMBRA, comparing with results from the literature.

MUFFIT is a precise and reliable code to derive stellar population parameters of galaxies in AL-
HAMBRA. Using the results from photometric-redshift codes as input, MUFFIT improves the photometric-
redshift accuracy by ∼ 10–20 %. MUFFIT also detects nebular emissions in galaxies, providing physical
information about their strengths. The stellar masses derived from MUFFIT show excellent agreement
with the COSMOS and SDSS values. In addition, the retrieved age–metallicity locus for a sample of
z ≤ 0.22 early-type galaxies in ALHAMBRA at different stellar mass bins are in very good agreement
with the ones from SDSS spectroscopic diagnostics. Moreover, a one-to-one comparison between the
redshifts, ages, metallicities, and stellar masses derived spectroscopically for SDSS and by MUFFIT for
ALHAMBRA reveals good qualitative agreements in all the parameters, hence reinforcing the strengths
of multi-filter galaxy data and optimized analysis techniques, like MUFFIT, to conduct reliable stellar
population studies.

2.1 Introduction

Studying the stellar content of galaxies is crucial to understanding their star formation histories (SFH),
which in turn provides us with valuable information about the possible evolutive paths from their formation
at high redshift down to the present time. Despite the strong efforts and advances achieved in this topic
during the past decades, it still remains as one of the most challenging and promising ways to understand
galaxy evolution.

Early attempts to study the stellar content of early-type galaxies were based on colours from wide and
narrow band photometry (Baum, 1959; Tifft, 1963; Wood, 1966; McClure & van den Bergh, 1968; Faber,
1973) and on empirical synthesis of the populations using the observed colours of nearby early-types as
basis. These early methods can be considered as the pioneers of the current photo-spectral fitting techniques,
which are the main topic of the present paper. The above methods were gradually displaced by techniques
based in more specific features (Faber, 1973; Pritchet, 1977) that were defined in narrow spectral ranges.

The arrival of absorption line-strength indices to study the stellar content of galaxies (Burstein et al.,
1984; Faber et al., 1985) brought a significant breakthrough in the field. On this front, it is worth noting
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the Lick system of indices (Gorgas et al., 1993; Worthey et al., 1994b), which for the past decades has been
the standard for most spectroscopic studies in stellar populations in the optical (e. g. Trager et al., 1998;
Jørgensen, 1999; Kuntschner et al., 2001; Thomas et al., 2005; Bernardi et al., 2006; Sánchez-Blázquez
et al., 2006b; Gorgas et al., 2007). The combination of a certain number of absorption lines mainly sensitive
to age, such as the Balmer lines, or to the metallicity, as traced by certain elements such as Fe , Mg , Ti ,
C , Ca , and Na Were proven to be an efficient way to break the well known degeneracy between these two
parameters, at least to some extent (Worthey, 1994a). The way to measure these features is delicately chosen
to be very sensitive to a parameter of interest, focusing its study on narrow spectral ranges. By construction,
line-strength indices are quite insensitive to the influence of extinction, and by fine-tuning their definition or
combining the sensitivities of different indices, some of them may end up being almost independent of other
parameters, such as metallicity (Vazdekis & Arimoto, 1999b; Cervantes & Vazdekis, 2009) and α-element
overabundances (Thomas et al., 2003).

In the past fifteen years, the development of stellar libraries in spectral ranges other than the optical has
driven the definition of new indices that allowed this kind of study to be extended to other regions with
unexplored sensitivities (Cenarro et al., 2002; Mármol-Queraltó et al., 2008). In addition, the index system
of reference in the optical spectral range has been revisited and improved (see e. g. Vazdekis et al., 2010)
thanks to the availability of much better stellar libraries at much better spectral resolution.

It was with the arrival of improved stellar libraries, such as CaT (Cenarro et al., 2001a,b), ELODIE
(Prugniel & Soubiran, 2001), STELIB (Le Borgne et al., 2003), INDO-US (Valdes et al., 2004), Martins
et al. (2005), and MILES (Sánchez-Blázquez et al., 2006c; Cenarro et al., 2007), and the consequent evolu-
tionary stellar population synthesis models (e. g. Bruzual & Charlot, 2003; Vazdekis et al., 2003; González
Delgado et al., 2005; Maraston et al., 2009; Vazdekis et al., 2010; Conroy & van Dokkum, 2012; Vazdekis
et al., 2012), that fitting techniques over the full spectral energy distribution of galaxies appeared as an alter-
native to line-strength indices. SED-fitting can also be used to derive several physical properties of galaxies
(Mathis et al., 2006; Koleva et al., 2008; Coelho et al., 2009; Walcher et al., 2011; Liu et al., 2013). In fact,
there is a growing number of public codes specifically devoted to carrying out SED-fitting with different
procedures, such as hyperz (Bolzonella et al., 2000), LE PHARE (Arnouts et al., 2002; Ilbert et al., 2006),
STARLIGHT (Cid Fernandes et al., 2005), STECKMAP (Ocvirk et al., 2006), VESPA (Tojeiro et al., 2007),
ULYSS (Koleva et al., 2009), FAST (Kriek et al., 2009), and SEDfit (Sawicki, 2012).

Nowadays, there is an increasing number of present and future multi-filter surveys, including COMBO-
17 (Wolf et al., 2003), MUSYC (Gawiser et al., 2006), COSMOS (Scoville et al., 2007), ALHAMBRA
(Moles et al., 2008), CLASH (Postman et al., 2012), SHARDS (Pérez-González et al., 2013), J-PAS (Benítez
et al., 2014), and J-PLUS (Cenarro et al., in prep.), each of them with a vast volume of high-quality multi-
filter data. These kinds of surveys pursue diverse goals with a common feature: sampling the SEDs of
galaxies using top-hat and/or broad-band filters that mainly cover the optical range. Owing to this configu-
ration, the retrieved SEDs are half-way between classical photometry and spectroscopy, because in practice
they are like a low-resolution spectrum whose resolution depends on the filter system (e. g. R ∼ 20 for
ALHAMBRA; R ∼ 50 for J-PAS).

Although multi-filter observing techniques suffer from the lack of high spectral resolution, their advan-
tages over standard spectroscopy are worth noting: (i) the galaxy samples of multi-filter surveys do not
suffer from selection criteria other than the photometric depth in the detection band of the survey, because
all the objects in the field of view are observed. For a fixed observational time and similar telescopes,
this leads to much larger galaxy samples than in multi-object spectroscopy, where achieving multiplexities
greater than ∼ 1000 is a challenge at present. (ii) Unlike standard spectroscopy, the SED of galaxies ob-
served in multi-filter surveys does not suffer from the typical uncertainties in the flux calibration that lead
to systematic colour terms, since the photometric calibration of each individual band is independent of the
rest. This advantage is crucial, because it is the overall continuum of the stellar population that in most cases
dominates the diagnostic with SED-fitting techniques. (iii) With similar telescopes, the depth of multi-filter
surveys is usually much greater than for spectroscopic survey, since direct imaging is much more efficient
than spectroscopy. (iv) Multi-filter surveys provide spatially resolved photo-spectra, similar to an integral
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field unit (IFU), allowing us to perform 2D stellar population studies in galaxies whose apparent sizes are
not dominated by the PSF of the system.

It is therefore clear that multi-filter surveys open a profitable way to advance in our understanding of
galaxy evolution by providing complete and homogeneous sets of galaxy SEDs down to a certain magnitude
depth. Although there are several SED-fitting codes available, to cope with the calibration particularities of
multi-filter surveys (see e. g. Molino et al., 2014), and given the vast amount of high-quality photometric
data already available in the literature and still to come in the next years, in this paper we present MUF-
FIT (MUlti-Filter FITting for stellar population diagnostics), a code specifically designed for analysing the
stellar content of galaxies with available multi-filter data.

This paper mainly aims to describe the code and its functionalities, set the accuracy and typical uncer-
tainties in the retrieved stellar population parameters, and demonstrate its reliability compared with already
existing stellar population results in the literature. MUFFIT was developed within the framework of the
ALHAMBRA survey (see Sect. 2.2), so even though the code is generic and can be easily employed for
any kind of photometric system, many sections in this paper are specific to the ALHAMBRA dataset. This
allows us to show the code’s performance on real galaxy data, which is ultimately the best sanity check for
any stellar population code. Even though in this paper we use galaxy data from ALHAMBRA, it is not our
intention to scientifically exploit the dataset here. In subsequent papers in this series, we will provide and
exploit the stellar population parameters retrieved for the whole galaxy sample in the ALHAMBRA survey.

This paper is organized as follows. Section 2.2 presents a quick overview of the ALHAMBRA survey,
that is, the photometric dataset employed to develop the present work. In Sect. 2.3, we summarise the
main technical aspects of our code, MUFFIT, as well as the processes for obtaining photometric colour
predictions from models of SSP and the MW extinction corrections. We show the accuracy and reliability of
the stellar population parameters retrieved with our code, together with the uncertainties and degeneracies
expected for ALHAMBRA data in Sec. 2.4. Section 2.5 presents a comparison study of the results retrieved
from ALHAMBRA galaxy data using MUFFIT with previous studies, including spectroscopic ones and
data from the literature, thereby testing the reliability of our results. Finally, we provide the summary and
conclusions of this research in Sect. 2.6.

Throughout this paper we assume a ΛCDM cosmology with H0 = 71 km s−1, ΩM = 0.27, and ΩΛ =

0.73.

2.2 The ALHAMBRA survey

The stellar population code that we present in this paper is generically designed for all types of multi-filter
surveys. However, we make use of the data in the ALHAMBRA survey1 to prove and test the reliability
of our techniques, as in fact this code will be employed to analyse the stellar population properties of AL-
HAMBRA galaxies in forthcoming papers (Díaz-García et al., in prep.). Throughout this work, therefore,
we mainly present results from both simulations and real observations that are based either on the AL-
HAMBRA data or on its technical setup. In the following paragraphs we present a short summary of the
ALHAMBRA survey.

The ALHAMBRA survey provides a photometric dataset of 20 contiguous, medium-band (FWHM ∼
300 Å), top-hat filters, that cover the complete optical range λλ 3 500–9 700 Å (see Aparicio Villegas et al.,
2010, for further details) over eight non-contiguous regions of the northern hemisphere, amounting to a total
area of 4 deg2 of the sky (including areas in common with other cosmological surveys such as COSMOS,
see Molino et al., 2014, for other overlapping areas). All filters in the optical range have very steep side
transmission slopes, close to zero overlap in wavelength, a flat top, and transmissions of 80–95 % (Moles
et al., 2008). The magnitude limit is mAB ∼ 24 (5-sigma, measured on 3′′) for the 14 filters ranging from
3 500 to 7 700 Å, decreasing smoothly in the six reddest filters reaching down to mAB ∼ 21.5 in the reddest
one (Molino et al., 2014), which is centred at 9 550 Å. The optical coverage is supplemented with the

1http://www.alhambrasurvey.com

http://www.alhambrasurvey.com
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standard NIR J, H, and Ks filters, which have a 50 % detection efficiency depth (point-like sources, AB
magnitudes) of J ∼ 22.4, H ∼ 21.3, and Ks ∼ 20.0, analysed in Cristóbal-Hornillos et al. (2009). The
ALHAMBRA filter set2 is designed to optimize the accuracy of photometric redshifts (photo-z, Benítez
et al., 2009), but due to their characteristics, it also provides low-resolution photo-spectra composed of 23
bands, corresponding to a resolving power R ∼ 20 in the optical. All the observations were done under a
quality criterion of seeing < 1.6′′ and airmass < 1.8, using the 3.5 m telescope in the Calar Alto Observatory3

(CAHA) with two cameras, the imager LAICA in the optical range and Omega-2000 for the NIR filters. The
actual area for this work is 2.8 deg2 with a total on-target exposure time of ∼ 700 h (∼ 608 h were dedicated
for the optical bands, and ∼ 92 h for the NIR ones) because part of the ALHAMBRA fields have not been
imaged yet, although the rest of the fields will be completed reaching the expected total area of 4 deg2.

The ALHAMBRA Gold catalogue4 (Molino et al., 2014, hereafter Gold catalogue), is the reference cat-
alogue for this work. As explained in Molino et al. (2014), synthetic F814W images were created, as a linear
combination of individual filters, to be used for both detection and completeness purposes, emulating the
F814W band of the ACS camera in the HST telescope. Therefore, the Gold catalogue provides 23 + 1 pho-
tometric AB magnitudes (Oke & Gunn, 1983) and errors for ∼ 95 000 bright galaxies (17 < mF814W ≤ 23),
which are complete up to mF814W = 23. Throughout this work, the synthetic F814W photometry is re-
moved from the analysis. Due to the existence of a PSF variability among different filters, the photometry
is corrected for PSF and aperture effects. In addition, and for the specific ALHAMBRA case, we quadrati-
cally add an extra uncertainty of ∼ 0.025 (AB magnitudes) in each photometric measurement to account for
potential calibration issues or uncertainties.

For further details of the ALHAMBRA survey, we refer readers to (Moles et al., 2008) and (Molino
et al., 2014).

2.3 The code

Although there are many public codes devoted to carrying out SED fitting in many different ways, e. g. hy-
perz, STARLIGHT, ULYSS, VESPA, LE PHARE, FAST, or SEDfit; we are performing our own analy-
sis techniques to retrieve stellar population parameters from photometric SEDs, specifically designed for
analysing the stellar content of galaxies from the ALHAMBRA survey, but being generic and easily adapt-
able to any multi-photometric survey. Secondarily, there is an increasing number of large-scale multi-filter
surveys; e. g. ALHAMBRA, J-PLUS and J-PAS, SHARDS, CLASH, MUSYC, COSMOS, or COMBO-
17. They offer a huge amount of photometric data that we can exploit to study the evolution of galaxies,
opening a new path to exploring the stellar population of galaxies, overall at intermediate and high redshifts.
Although these photometric data are like low-resolution spectra, these techniques present remarkable ad-
vantages in comparison with spectroscopy. They can go deeper with a better flux calibration (the calibration
of each filter is independent of the rest of them), we can study the stellar content in each resolution element
(similar to IFU techniques) with one exposure, and we can work with larger galaxy samples; as a result, it
would be a pity not to take advantage of these studies and not exploit all the opportunities that they offer.

The collection of analysis techniques, routines, and other tools that we are using, are collected under the
code name MUFFIT, which is written in Python language, and it mainly focuses on retrieving the stellar
populations of galaxies whose SEDs are dominated by their stellar content.

This section is subdivided in two extended sections. On the one hand, we show in Sect. 2.3.1 the main
ingredients or inputs required to develop the analysis. These preliminary elements are basically composed
of the SSP models, the photometric system, and the selection of a dust extinction law to treat the impact of
dust on the model SEDs properly. On the other hand, the code is described in Sect. 2.3.2, emphasizing the
description of some specific tasks.

2http://svo2.cab.inta-csic.es/theory/fps3/
3www.caha.es
4http://cosmo.iaa.es/content/alhambra-gold-catalog

http://svo2.cab.inta-csic.es/theory/fps3/
www.caha.es
http://cosmo.iaa.es/content/alhambra-gold-catalog
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In Fig. 2.1, we outline the main structure of the code by a brief flowchart that summarises the main
features of the followed processes to set constraints on the stellar populations. We caution that the purposes
of the flowchart are to help the reader follow the development of Sects. 2.3.1 and 2.3.2 and to support the
schematic comprehension of the several stages.

The reader who is primarily interested either in the reliability of the code or in the comparison with
results retrieved from the literature may skip this section to continue with the self-contained Sects. 2.4 and
2.5.

2.3.1 Main ingredients of the stellar population code

In this section we describe the main input ingredients and preparatory tasks that are considered for devel-
oping the stellar population analysis code that is presented in this paper. In particular, our code requires an
input set of reference SSP models (Sect. 2.3.1.1), the photometric system of the data (Sect. 2.3.1.2), along
with a set of recipes to take the intrinsic and MW extinction into account (Sect. 2.3.1.3). The redshifts
of the target galaxy data can be managed as an input ingredient or an output of the code, as explained in
Sect. 2.3.1.4. The flowchart on the left-hand side of Fig. 2.1 particularly illustrates the main ingredients and
preliminary work carried out by the code before starting with the analysis of the data.

2.3.1.1 The SSP models

The code has been designed to use SSP models as input templates for the comparative analysis of the stellar
populations of galaxies. Currently, the code is ready to account for the Bruzual & Charlot (2003, hereafter
BC03)5 and MIUSCAT6 (Vazdekis et al., 2012; Ricciardelli et al., 2012) SSP models, although any other
SSP spectral dataset can be easily implemented.

BC03 is perfectly suited to SED fitting given the large spectral coverage of the models, from 91 Å to
160 µm, allowing us to cope with most kinds of multi-filter galaxy data, irrespective of the redshift. For the
present work, we assume ages up to 14 Gyr and metallicities [Fe/H]= −1.65, −0.64, −0.33, 0.09, and 0.55,
Padova 1994 tracks (for further details and references, see Bruzual & Charlot, 2003), and a Chabrier (2003)
IMF.

MIUSCAT provides a sample of SEDs with a spectral range λλ 3 465–9 469 Å and a resolution of
FWHM ∼ 2.5 Å, almost constant with wavelength (Falcón-Barroso et al., 2011). Despite the great colour
calibration of these models, its spectral range is not enough for galaxies at intermediate redshift and further,
missing the observed ALHAMBRA colours in the UV range. For this purpose, we extend the lower end
of MIUSCAT models up to 1 860 Å(A. Vazdekis 2015, priv. comm.), using the Next Generation Spectral
Library (NGSL, Heap & Lindler, 2007). In addition, we complement these models with their photometric
predictions for J, H, and K, which are adapted to predict the ALHAMBRA NIR bands. Throughout this
work, we use the models up to 14.13 Gyr with metallicities [Fe/H]= −1.31, −0.71, −0.40, 0.0, and 0.22.
We assume a Kroupa Universal-like initial mass function (Kroupa, 2001), even though its universality is a
current matter of debate (see, e. g. Ferreras et al., 2013). In future works, we will shed light on the systematic
variation of the IMF for the more massive galaxies in the ALHAMBRA database.

By construction, the code can also use not only any other set of SSP models, but also any other kind of
reference template spectra; for example, as long as their main stellar population parameters (age, metallicity,
IMF, extinction, and over-abundances), the spectra of real galaxies are assigned by the user. Throughout this
paper we do not present this possibility, but concentrate on the performance of the code on the basis of the
two SSP model sets mentioned above.

5http://bruzual.org/
6http://miles.iac.es/

http://bruzual.org/
http://miles.iac.es/
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Figure 2.2: Response curves of the ALHAMBRA filter set for the CCD 1 in the optical range (LAICA
camera; one colour from blue to red per band), together with the ALHAMBRA J, H, and Ks filters (Omega-
2000 camera; dark red) to make the model synthetic photometry.

2.3.1.2 Photometric system and synthetic photometry

For a proper comparison between input SSP models and galaxy data, it is essential to build a reliable estima-
tion of the synthetic magnitudes (or integrated fluxes) of the SSP template models in the same photometric
system of the galaxies as the one that needs to be analysed. This is computed by convolving the SSP model
or galaxy reference spectra with the response functions of the photometric system. In addition to taking
the empirical filter transmission curves into account, in order to obtain a reliable photometric prediction it
is advisable to account for specific characteristics of the observing conditions and the instrumental setup
employed for the photometric observations of the galaxies to be analysed, for example, the transmittance of
the optical system and/or the sky absorption spectrum where the observations were done. The wavelength
dependence of the quantum efficiency of charge-coupled devices (CCDs) is remarkable, since typically less
sensitive in the bluer and redder ends. If not accounted for properly, this effect modifies the effective wave-
length of such filter bandpasses, creating a fictitious colour term in the synthetic photometry of the reference
models. Figure 2.2 presents the response functions of the ALHAMBRA photometric system. It consists of
20 optical bands (left-hand side) and the ALHAMBRA J, H, and Ks NIR-bands (right-hand side). In this
figure, all the effects explained above are already embedded.

We compute the synthetic photometry following the methodology described in Pickles & Depagne
(2010), which is based on the HST synphot7 package and in Bessell (2005). Since current detectors
are photon-counting detectors, the number of photons detected across a pass-band X is

Nph
X =

∫
λ

hc
FλRX(λ) dλ , (2.1)

where Fλ is the spectrum to convolve, and RX(λ) is the response function of the filter X (also called sensi-
tivity function in some previous work). Normalizing Eq. 2.1, we get the weighted mean photon flux density,

Fph
X =

∫
λFλRX(λ) dλ∫
λRX(λ) dλ

. (2.2)

Some catalogues provide photometry in AB magnitudes, defined as

mAB = −2.5 log10 fν − 48.6 , (2.3)
7http://www.stsci.edu/institute/software_hardware/stsdas/synphot

http://www.stsci.edu/institute/software_hardware/stsdas/synphot
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Figure 2.3: Synthetic photometry of a SSP using the ALHAMBRA photometric system. The black line is
the SSP flux, the colour squares are the expected passbands, and the horizontal bars represent the FWHM
of each filter.

where fν is the flux in ergs cm−2 Hz−1 s−1. To transform the weighted mean photon flux density into AB
magnitudes, we compute the magnitude of the flux in the STMAG system (system for calibrating HST stars,
Stone, 1996), which can be easily transformed to the AB magnitude system (Eq. 2.5). This intermediate step
is necessary because the weighted mean photon flux density is established per unit wavelength, whereas the
AB magnitude system is given per unit frequency. The magnitude across the bandpass X in the STMAG
system, mST,X , and in the AB system, mAB,X , is

mST,X = −2.5 log10 Fph
X − 21.1 , (2.4)

mAB,X = mST,X − 5 log10 λpivot + 18.692 , (2.5)

To illustrate this, Fig. 2.3 shows an example of a SSP spectrum taken from the model set of BC03 (rest
frame, solar metallicity, intermediate age of 5 Gyr, Chabrier IMF, and no intrinsic extinction) along with its
synthetic photometry using the ALHAMBRA filter set. The spectrum synthetic photometry was computed
following the process explained above, where each bandpass is centred at their effective wavelengths (λeff =∫
λRX(λ) dλ/

∫
RX(λ) dλ) and the horizontal bars represent the FWHM of each filter. This example is

also useful for showing that the main, broader spectral features are easily distinguished after convolving,
emphasizing the power of the ALHAMBRA photo-spectra as halfway between classical photometry and
spectroscopy.

For the specific case of ALHAMBRA, and because of the configuration of LAICA, we computed four
photometric databases for the optical bands, one per CCD, because there are discrepancies among CCD
sensitivities and each CCD has its own set of filters. For the NIR-filters J, H, and Ks, we repeat this process
taking the Omega-2000 configuration (only one detector plate). In both optical and NIR synthetic pho-
tometry, we take the filter transmission curves into account, the quantum efficiency of every CCD/camera,
the sky absorption spectrum at CAHA, and the reflectivity of the 3.5 m-telescope primary mirror with the
transmittance of the optical system.

Owing to both the large number of input model parameters (ages, metallicities, extinctions, IMF slopes,
and redshifts) and the intermediate-high spectral resolution of current SSP models, it is in general more
efficient to build up our set of convolved models once at the beginning, rather than recomputing the model
synthetic photometry every time the code is run. After computing the synthetic photometry of all models,
the photometric predictions (fluxes and magnitudes), along with the main characteristics of each model,
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are stored in a structured query language (SQL) database. A straightforward flowchart of the process for
estimating photometric predictions is shown on the left-hand side of Fig. 2.1.

2.3.1.3 Dust-extinction

Stellar population diagnostic techniques based on SED fitting over a broad spectral coverage, as in this case,
require the reddening by extinction to be thoroughly considered to avoid potential misinterpretations of the
integrated colours of the population, e. g. older ages or higher metallicities, as well as to derive reliable
stellar masses.

Many authors have tried to parametrize the shape of the dust extinction curve (e. g. Prevot et al., 1984;
Massa, 1987; Mathis, 1990; Cardelli et al., 1989; Calzetti et al., 2000; O’Donnell, 1994; Fitzpatrick, 1999),
overall on the bluer parts where the dust reddening is more complex. The dust extinction curve is reproduced
well using the parameter RV ≡ AV/E(B − V) (Cardelli et al., 1989), which varies between 2.2 and 5.8
depending on the environmental characteristics of the diffuse ISM. Although the values of RV may change
depending of the line of sight, throughout this work we assume that the value of this parameter is RV = 3.1,
which is the mean value in the diffuse ISM of the MW (Cardelli et al., 1989; Schlafly & Finkbeiner, 2011).
Amongst the available extinction laws in our code (Prevot et al., 1984; Cardelli et al., 1989; Fitzpatrick,
1999; Calzetti et al., 2000), throughout this work we have chosen the Fitzpatrick reddening law (Fitzpatrick,
1999) because it reproduces the extinction observed for MW stars well with a preferred mean value around
RV = 3.1 (Schlafly & Finkbeiner, 2011).

For extragalactic objects, there are two main sources of extinction to account for: on the one hand, the
dust intrinsic to the observed galaxy, which is redshifted with the galaxy system; on the other, the foreground
dust of the MW, which redden the observed galaxy SED in the observer’s reference system. It is important
to note that this local MW extinction cannot be corrected with the intrinsic galaxy reddening as the emitted
flux is redshifted before being scattered by the dust in our galaxy. As we present below, we separately deal
with both extinction effects.

Following a given extinction law, the intrinsic extinction is applied to the SSP template models before
they are redshifted and convolved with the photometric system. Throughout this work the values of AV

range from 0.0 to 3.1 (in bins of 0.1 in the range 0.0–1.0, and in bins of 0.3 from 1.0–3.1). The intrinsic
extinction can be added as

Fλ = Fλ,0 × 10−0.4Aλ , (2.6)

where Fλ,0 is the SSP-model/template flux at rest frame Fλ, and Aλ is determined by the extinction law,
which can be chosen by the user. Since it is not clear how RV varies within a host galaxy and amongst
different types of galaxies, we keep the value to RV = 3.1 constant, i. e. the mean value in the MW. This
helps to avoid degeneracies and to reduce the number of free parameters, which is already very high and
time consuming. Even though the different reddening laws have intrinsic differences (see Fitzpatrick, 1999),
we do not assume errors in the SSP template models owing to such uncertainties.

We use the dust maps of Schlegel et al. (1998), in order to deal with the MW reddening in the line of
sight of each galaxy in our sample. The SFD dust maps provide E(B−V) values in different positions of the
sky by estimating the dust column density. These estimations were calibrated using galaxies and assuming
a standard reddening law to infer the existence of galactic dust between the observer and the sources beyond
the MW limits. Since the spatial resolution of SFD is low, FWHM ∼ 6.1′ and pixel size (2.372′)2, MUFFIT
makes a bilinear interpolation in the E(B − V) grid for all the galaxy coordinates in the sample.

MUFFIT applies a foreground extinction correction for each individual galaxy photo-spectrum using an
extinction law for a value of E(B− V) and RV . The simplest way to deredden the photo-spectrum of a given
galaxy is to compute the extinction in the effective wavelengths of the different filters and then correct the
source photometry using the equation

Fλ,c = Fλ,red × 100.4Aλ , (2.7)
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where Fλ,c is the flux corrected for MW extinction for a given wavelength, Fλ,red is the observed flux
(reddened), and Aλ the extinction factor given for a extinction law. Since the transmission curves of the
filters are not completely flat and the shape of the continuum is source dependent, this approximation may
be inappropriate for those filters that exhibit a gradient in their transmission curves (e. g. the lower and upper
ends of the ALHAMBRA optical bands, see Fig. 2.2), especially in the spectral ranges where the observed
spectrum is not flat. This effect would be interpreted as a shift in the filter effective wavelength (Fitzpatrick,
1999) and, finally, as a colour term in the spectral regions with strong gradients in flux, such as the 4000 Å-
break. To get a more reliable correction in this sense, the code carries out the dereddening process of the
data in three steps:

• First, we pick up a set of models from BC03 (29 ages, from 0.1 to 10 Gyr, four metallicities, [Fe/H]=
−0.64, −0.33, 0.09, and 0.56, and a Chabrier IMF) to be redshifted (redshift bin 0.01) and convolved
with the survey photometric system. Before redshifting and computing the synthetic photometry, we
add the intrinsic extinction (AV from 0.0 to 1.0, in bins of 0.2) to the rest-frame BC03 models. Then,
we carry out an error-weighted χ2 test to find the best fit between the above models and the observed
galaxy photometry. The aim of this step is not to derive physical parameters from the best fitting, but
to set constraints on the shape of the continuum.

• Second, we re-normalize the BC03 spectroscopic model associated to the best-fitting photo-spectrum.
The synthetic photometry of this re-normalized model has to reproduce all the observed photometric
bands exactly.

• Finally, we apply Eq. 2.7 to the re-normalized model derived in the previous step, in order to obtain
a dereddened spectrum that we convolve with its related filter response curve. We use the Fitzpatrick
(1999) extinction laws to calculate Aλ, the value E(B−V) provided by SFD and RV = 3.1, to deredden
all the galaxies of our sample.

In particular, the Fitzpatrick (1999) extinction law was built from the superposition of the extinction
curves derived for a set of stars. Consequently, this extinction law contains intrinsic uncertainties, although
we would accurately know the values of RV and E(B−V). We account for the particular uncertainties of this
law, adding an error to the dereddened photometry of MW dust, Fλ,c, following the methodology explained
in Fitzpatrick (1999) and assuming σRV = 0.

Cosmological fields, often the targets of multi-filter photometric surveys, used to be regions of the
sky with low extinction values. In the particular case of ALHAMBRA, our main galaxy sample has MW
extinction values of E(B − V) down to 0.04 (AV < 0.12 for RV = 3.1) in all the cases. The colour term
due to the MW dust in the ALHAMBRA survey may reach a maximum of ∆mAB ∼ 0.15, and the stellar
masses may be underestimated by 3 % (8 %) if we use the Ks (R) filter to estimate it. Although the stellar
mass is not primarily affected by MW extinction in these fields, the colour term might change the retrieved
stellar populations and consequently the derived stellar mass (see Sect. 2.3.2.3). In ALHAMBRA there are
no galaxies at low Galactic latitudes, | b | < 5, where the MW temperature structures are not duly resolved
in the SFD maps (Schlegel et al., 1998).

2.3.1.4 Redshifts

Together with the mass and the stellar population parameters of the galaxy, the code is generically prepared
to provide an estimation of the photo-z. It is worth noting, however, that this code is not intended to be a
photo-z code. The large number of potential model parameters that the code plays with when the redshift is
set as a completely free parameter in the fitting process, means that there is a slight degeneracy with other
parameters (like extinction; see Sect. 2.4.4) that tends to overestimate the derived photo-z. To overcome this
effect, the code is also prepared to accept a list of redshift values for each target galaxy as initial constraint:
either a list of nominal redshift values, so that the code only performs the fitting process at exactly these
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redshifts, or complete probability distribution functions (PDF) of redshifts. Then the code only accounts
for the model redshifts within the PDF interval. Because of the good results we obtain, we use the photo-z
PDFs provided by the ALHAMBRA Gold catalogue as input redshift constraints using BPZ2.0 throughout
this work (Molino et al., 2014). It is noteworthy that the combination of our code with the ALHAMBRA
photo-z constraints improves the quality of the input photo-z (see Sect. 2.4.3).

2.3.2 The core of the MUFFIT analysis techniques

This section is devoted to the main technical features and processes carried out by our code to constrain the
stellar population parameters of galaxies in multi-filter data samples. We first describe the way in which
the χ2 minimization is performed in Sect. 2.3.2.1, with the addition of a mixture of SSPs giving remarkable
improvement, which was specifically computed for each galaxy, in order to set more precise constraints on
the stellar populations. In Sect. 2.3.2.2 we explain the process of detecting those bands that may be affected
by strong emission lines in detail, helping to understand the overall fitting process. Section 2.3.2.3 explains
how the stellar masses are calculated from the fittings. In addition, a Monte Carlo approach is used to set
constraints on the confidence intervals of the parameters provided by the code, detailed in Sect. 2.3.2.5.
Finally, we describe how we manage the k-corrections as a result of the fittings in Sect. 2.3.2.6. The content
of this section is outlined on the right-hand side of the flowchart (see Fig. 2.1).

2.3.2.1 The χ2 minimization and mixture of SSPs

Our stellar population analysis technique is based on error-weighted χ2 tests between the multi-filter galaxy
data and the template SSP models of choice. Since SSP models are usually normalized to a initial stellar
mass and both the galaxy distance and its luminosity are uncertain in a general case (in fact these are
parameters generally derived from the fit), it is required to add a normalization term, ε, in the classical χ2

equation. This term minimises the χ2 value for every model-galaxy pair and it takes all observed bands and
associated errors into account, so that the result is only colour dependent. It is more robust for multi-filter
surveys because, at most, they only contain a few dozen filters (e. g. 23 in ALHAMBRA). This way, all the
meaningful filters contribute to determining the best solution of the fitting (without giving up one of the best
bands in order to normalise), and there is no risk that the normalisation band is affected by emission lines or
cosmetic defects.

Because the number of reliable bands in each source may be different from one object to the next (for
some objects, some filters may be rejected for observational, cosmetic, or calibration problems), in general
we divide every χ2 by the number of available, safe filters in each case. Depending on whether we are
working with bandpass fluxes or magnitudes, the χ2 definition can be expressed as

χ2
m =

1
Np

Np∑
X=1

[
Om

X − (εm + mX)
σm

X

]2

, and (2.8)

χ2
f =

1
Np

Np∑
X=1

Of
X − εf fX

σf
X

2

, (2.9)

where Np is the number of available filters in an observed galaxy, Om,f
X is the observed X-filter (magnitude or

flux), σm,f
X its error, mX ( fX) the X-filter model prediction (single SSP or SSP mixture, more details below)

and εm (εf) the normalization term. For our purposes, εm and εf are written as
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2
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−1

, and (2.10)
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εf =
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2
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, (2.11)

which correspond respectively to minimizing Eqs. 2.8 and 2.9 for each galaxy, i. e., ∂χ2
m,f/∂εm,f = 0. As we

show later (Sect. 2.3.2.3), by finding the best stellar population solutions for each galaxy, we can estimate
its stellar mass from the ε values.

Equation 2.8 (the equation used throughout this work) assumes that the distribution of errors is Gaussian,
when the distribution of magnitudes is generally not Gaussian since these are logarithmic measurements of
flux. From certain signal-to-noise ratios, S/N & 5 (or uncertainties σm

X . 0.22), the magnitude uncertainties
are quasi-normally distributed, and therefore, this approach is valid. Consequently, we encourage potential
MUFFIT users to take fluxes instead of magnitudes when several galaxy bands are compromised by very
low signal-to-noise ratios, S/N . 4–5. It must be also taken into account that a certain minimum signal-
to-noise ratio is required for determining reliable stellar population parameters without being dominated by
degeneracies, as shown later in this paper.

Once we have defined how to compute the fitting goodness, the next step is to compare our set of models
to retrieve the most likely stellar population parameters. We carry out this process in two different steps.

• First, we run the χ2-test described above with the set of SSP models selected by the user (base models),
making a first determination of the bands that may be affected by strong emission lines. In short, for
each redshift step of the SSP models, the code looks for a flux excess in the galaxy SED with respect to
the SSP model SEDs, for all those bands that could be affected by emission lines at the given redshift.
A more extensive explanation of our technique of detection of emissions lines in multi-filter galaxy
data is presented in Sect. 2.3.2.2. When this is the case, those bands potentially affected by emission
lines are removed from the fitting process, and the χ2-test is repeated again without the affected
bands. In addition, rather than taking the parameters of the best SSP fitting, we carry out a Monte
Carlo simulation using the proper signal-to-noise ratios in each filter (further details in Sect. 2.3.2.5).
From the set of parameters retrieved during the Monte Carlo approach, we map the parameter space
of compatible solutions (overall age, metallicity, extinction, redshift, stellar mass, and IMF), although
at this stage we only focus on the retrieved distributions of age and redshift to carry out the next step:
the mixture of two SSPs and its subsequent SED-fitting process.

• Second, according to the age and redshift distributions derived from the initial SSP analysis, we make
a new database of models consisting of a mixture of two individual base SSP models. The mixture
is only computed for the best redshift solutions determined in the previous step. For each redshift
value, the two-model mixture is constrained to combine two SSPs, younger and older than a certain
age threshold, ageT, that is related to the most likely age, ageSSP, inferred from the Monte Carlo
analysis performed in the previous step. This is a reasonable assumption given that the stellar content
of galaxies are usually the result of complex SFHs with multiple stellar populations (Ferreras & Silk,
2000; Kaviraj et al., 2007; Lonoce et al., 2014), and the age solutions derived from comparisons with
single SSPs can be considered to be, in first order, luminosity-weighted means of the ages of the
individual, true populations. To determine the ageT value that allows us to define the limit between
younger and older SSP mixtures for each galaxy, we have studied the empirical relation between the
luminosity-weighted ages of mock galaxies made of random mixtures of two SSPs, ageL, mock, and the
best age determination for such mock galaxies derived from a single SSP fitting, ageSSP. In Fig. 2.4
we present the result of this study. As expected, we observe that ageSSP underestimates the real age, in
particular for ageL, mock . 6 Gyr. The yellow curve in Fig. 2.4 represents ageT as a function of ageSSP.
Once the age threshold is established, we generate all the possible SSP combinations (younger and
older than ageT), including the stellar mass weight of each component as a new degree of freedom.
For a general case with n components per mixture, each magnitude in the band X of the new mixture
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Figure 2.4: Empirical relation between the luminosity-weighted ages of mock galaxies made of random
mixtures of two SSPs, AgeL, mock, and the best age determination for such mock galaxies derived from a
single SSP fitting, AgeSSP. The yellow curve is the AgeL, mock median for a given value of AgeSSP, and it
represents the typical offset in age that one may expect when interpreting the SED of a mixture of two SSPs
by fitting a unique SSP.

model is expressed as

mX,mix = −2.5 log10

 n∑
i=1

αi10−0.4 mi
X

 , (2.12)

fX,mix =

n∑
i=1

αi f i
X , (2.13)

where mi
X ( f i

X) is the magnitude (flux) in the band X for the ith SSP model, and αi the relative flux

contribution of the SSP model in the ith component, with
n∑

i=1
αi = 1 and 0 ≤ αi ≤ 1. In our case, we

are mixing two SSPs and consequently n = 2.

After mixing the SSP models as explained above, the code again searches for the best-fitting solution,
repeating the detection of emission lines with the mixture of models as explained in Sect. 2.3.2.2. As
in the first step using a single SSP, we not only provide the best solution but also map the compatible
stellar-population parameters by a Monte Carlo approach, treating the errors properly in each band.
This provides an extra advantage when carrying out a statistical treatment of the results. We devote
Sect. 2.3.2.5 to explaining in detail how we explore the compatible space of derived parameters for
each galaxy.

With this method and two SSPs, one database of mixed SSPs is particularly created for each galaxy,
because it is more adequate and realistic than a single SSP fitting. As shown above, for a non-parametric
SFH, this represents a substantial improvement over using only one SSP, which is not able to reproduce the
colour of an underlying main red population plus less massive and later events of star formation. The mixture
of two populations is a reasonable compromise that significantly improves the reliability of determining the
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stellar population parameters of multi-filter galaxy data (Ferreras & Silk, 2000; Kaviraj et al., 2007; Lonoce
et al., 2014). In fact, it has been demonstrated (e. g. Rogers et al., 2010) that the mixture of two SSPs turns
out to be the most reliable approach to describing the stellar populations of young early-type galaxies, as
well as a very reasonable approach for older galaxies where the latter case is only slightly surpassed by
the use of chemically enriched exponential models. The two SSP model fitting approach may therefore be
generally considered as a reasonable method for analysing the stellar populations of most kinds of galaxies
in a consistent way. Moreover, given that MUFFIT does not impose constraints on the metallicities of the
two-SSP mixture, this can provide hints not only of age evolution but also of a metallicity build-up. That
being said, future versions of MUFFIT will also account for the use of different sets of SSP or τ-models for
the best choice of the user.

2.3.2.2 Emission lines

Nebular emission lines appear frequently in the SEDs of galaxies, even if these are dominated by the light
contribution of their stellar content. In particular, dealing with multi-filter galaxy data, filters affected by
emission lines may present a substantial excess in flux with respect to any combination of SSP models,
because the latter typically do not account for the nebular emission physics. To guarantee the accuracy and
reliability of the stellar population parameters derived during the fitting process, it is crucial to detect and
remove those bands that can be significantly affected by emission. Not only because they are not comparable
to SSP models, but also since filters contaminated by strong emission lines tend to exhibit much higher
luminosities and lower photonic errors than the rest of bands, and therefore, these bands would dominate
our error-weighted SED-fitting techniques (see Eqs. 2.8 and 2.9). On the other hand, it is worth recalling
that the presence of strong emission lines may also provide fruitful information, since they contribute to
restricting the feasible redshift intervals of the galaxy. The redshift constraints due to nebular emissions are
also considered during the analysis.

The emission line detection process of our code depends on the specific photometric system of the
galaxy sample, because it only accounts for those emission lines that are typically strong enough to affect
the photometry of the given filter set. It is obvious that the broader the spectral filter width, the larger the
equivalent width (hereafter EW) of the line that may be potentially detected at a fixed signal-to-noise. In
this sense, the code is initially fed with a list of target emission lines that depends particularly on the filter
set, customizable by the user, with emission lines, such as [O II] λλ3 726, 3 729, [O III] λλ4 959, 5 007, H
Balmer’s series, and [S II] λλ6 717, 6 731.

Thanks to the design of MUFFIT, we can also provide a list of typical AGN emission lines to reduce
their effects on the fittings, but broad AGN lines may affect two or more ALHAMBRA filters, so the AGN
emission line detection criteria in MUFFIT might fail or be inaccurate. It is very important to note that an
excessive list of emission lines, mostly when they are spread in the broad wavelength ranges, will eventually
derive incorrect results, since too many bands might be removed. It is therefore advisable to restrict this list
to the lines that can present a measurable excess in flux, which mainly depends on both the filter widths and
the line intensity. For this reason, some bands can be forced by the user to remain in the SED-fitting analysis
irrespective of whether they can be potentially affected by emission lines. For instance, in ALHAMBRA we
expect that the NIR bands are too wide to be sensitive to the presence of emission lines, so they are never
removed during the fitting process even if the code detects a flux excess in any of them.

Once we specify the emission line list in the code, the emission line detection process is carried out
in two steps. First, taking the model redshift into account, we fit our models (single SSP or SSP mixture)
without all the bands that could be potentially affected by the specified emission lines, and explore the
residuals of the best fitting. If the residuals of any of the potentially affected bands present an excess in
flux/magnitude greater than a limit value provided by the code user, ∆mEL, and these residuals are deviated
beyond a band-error factor, σEL, the bands are considered to be affected by emission lines and are removed
from the fitting process. Both constraints, ∆mEL and σEL, are required: the latter to assure that the excess
in flux is not due to photometric uncertainties, and the former to avoid removing those bands with tiny
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Figure 2.5: Spectral fitting examples for galaxies from the ALHAMBRA survey using MUFFIT and the
MIUSCAT SSP models. The galaxy photo-spectra and their errors are given in red, whereas the best-fitting
models are given in blue. The top panel corresponds to a quiescent galaxy for which no emission lines are
detected. The bottom panel illustrates the case of a star-forming galaxy for which MUFFIT detects three
bands affected by emission lines, in yellow. The dashed black lines indicate the wavelengths for H β, Hα,
and [S II]. Photometric redshifts are given in the insets in the figure.

observational errors that present little discrepancies with respect to the models. Finally, we repeat the fitting
without the bands identified in the previous step, getting a new set of reliable χ2 values, free of nebular
contributions.

For the ALHAMBRA case, we use ∆mEL = 0.1, because for lower contributions, the affected bands do
not significantly affect the SED-fitting results retrieved with MUFFIT. In addition, we set σEL = 2.5 as a
reasonable statistical threshold to detect emission lines over the noise. Figure 2.5 illustrates two SED-fitting
examples of two galaxies from ALHAMBRA. The top panel of Fig. 2.5 illustrates a fitting of a quiescent
galaxy in ALHAMBRA without strong nebular emissions, whereas the bottom panel shows a galaxy for
which MUFFIT detects that some bands may be affected by emission lines (yellow squares). The red curves
represent the observed photo-spectra, while the blue curve is the best-fitting model after the detection of
emission lines process. The yellow squares are the bands where the influence of an emission line is ticked,
in this particular case H β, Hα+[N II], and [S II]. The dashed black lines point out the wavelengths for Hα,
H β, and [S II] at the galaxy photo-z. For this case, the detection of the emission lines contribute particularly
to strongly constraining the redshift range. Despite the ALHAMBRA resolution (FWHM ∼ 300 Å), we
note that strong emission lines can modify the fitting results. In some cases, even H β shows significant
contributions in the ALHAMBRA dataset.

Since we are providing both those bands that may be affected by strong emission lines and the residuals
from the SED fittings, we can easily estimate the flux excesses in order to later transform them to EWs.
The advantage of this method is that our best SED-fittings are mixtures of SSPs that already include the
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corresponding stellar absorptions, so the residuals can be directly related to the absolute nebular emission.
The main limitation, in general, comes from the low resolution of the data, because in many cases some
filters can be affected by more than one emission line, such as Hα and [N II]. Still, as presented in Sect. 2.5.2,
this technique opens new paths for future work on emission-line galaxies with multi-filter data.

2.3.2.3 Stellar masses

As we explain in Section 2.3.2.1, both the normalization term ε introduced in the χ2 minimization equation
and the intrinsic luminosities of the two best-fitted SSPs are directly related to the total stellar mass of the
galaxy. SSP models are usually normalized to an initial stellar mass of 1M�, but this decreases with time,
thereby accounting for the evolution of the most massive stars. This effect is properly taken into account for
determining the final galaxy mass by applying a correction term to each SSP, κSSP, which is usually provided
by the models.

When taking the above considerations into account, the total stellar mass, M?,T, of a mixture of n SSPs
(for this work n = 2) can be expressed as

M?,T =

n∑
i=1

M?, i = 10−0.4 εm × 4πd2
L ×

n∑
i=1

κi, SSP αi ,

= εf × 4πd2
L ×

n∑
i=1

κi, SSP αi , (2.14)

where M?, i is the stellar mass of each population in the mixture, εm is the normalization term defined in
Eq. 2.11, dL the luminosity distance in cm units (see Hogg, 1999), κi, SSP the relative stellar mass correction
for the ith component in the SSP mixture, and αi the relative flux contribution of the SSP model in the ith
component (see Eqs. 2.12 and 2.13). Throughout this work, the derived stellar masses are quoted including
stellar remnants through κi, SSP, but for a more general case, this parameter may not include remnants.

2.3.2.4 Stellar population parameters of the SSP mixture

The stellar-population parameters of the mixture of SSPs are estimated from the parameters of each compo-
nent in the mixture. This can be done in different ways, which mainly depend of the weights assigned to the
parameters of the different components. The most common definitions, provided by MUFFIT and employed
in this paper, are luminosity-weighted and mass-weighted. The latter provides more realistic information
since it accounts for the total mass of stars in each population, hence assigning larger weights to the more
abundant or dominant stellar populations. However, these populations may have very different luminosities.
In this sense, luminosity-weighted parameters are more representative of the populations that dominate the
observed spectrum, since the galaxy SEDs are predominantly led by the brighter populations, even if they
are not dominant in relative mass.

Throughout this work, the luminosity-weighted and mass-weighted stellar population parameters of a
mixture of n SSPs (for this work n = 2), pL and pM, respectively, are defined from the stellar population
parameters of each i-th component (pi; age, metallicity, extinction, IMF slope, or [α/Fe]) as

pL =

n∑
i=1
αi × Li × pi

n∑
i=1
αi × Li

, (2.15)

pM =

n∑
i=1

M?, i

M?,T
pi =

n∑
i=1
αi × κi, SSP × pi

n∑
i=1
αi × κi, SSP

, (2.16)
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where αi is the relative flux-contribution of the SSP model in the ith component, κi, SSP the relative stellar
mass correction for the ith component in the SSP mixture, and Li the luminosity of the SSP model in the
observed spectral range. Both definitions agree when the parameter value is the same in each component.

2.3.2.5 Determining the space of best solutions

Because of the well known degeneracies among stellar population parameters, it is essential to perform a
reliable analysis of the possible solutions (as mixtures of two SSPs) for each galaxy according to the uncer-
tainties of the data. For this reason, rather than providing only the best-fitting solution for each galaxy (it is
well known that the most likely parameters are not always the best-fitting model parameters), our code ac-
counts for the photometric errors of the multi-filter galaxy data to provide a set of the best-fitting solutions,
thereby providing a set of probable values of redshifts, stellar masses, extinctions, and stellar population
parameters (ages, metallicities, and IMFs) for each object. These values can ultimately be averaged accord-
ing to their weights and frequencies to derive the average final parameters assigned to each galaxy and their
errors. In this section we explain the processes and the applied criterion used to carry out this analysis.

The determination of the best solution space is based on a Monte Carlo method that, using the proper
signal-to-noise ratio of each filter, seeks to find which parameter values are compatible within the photomet-
ric errors of the data. Since photometric uncertainties usually follow a normal distribution (or Gaussian),
we assume an independent Gaussian distribution in each filter, centred on the band flux/magnitude, with a
standard deviation equal to its photometric error. It is worth noting that each filter is observed and calibrated
independently of the remaining ones, so the errors of different filters are not expected to be correlated.

For each galaxy, on the basis of the above Gaussian error distributions for its multi-filter data, MUFFIT
generates Monte Carlo simulations (the number of realizations is defined by the user), ending up with a set
of multi-filter data realisations for the same galaxy, all of them compatible within the errors. Ideally, the
next step would be to run the χ2 test individually for each realisation of the galaxy using the complete set
of models, but this is extremely time-consuming since the code plays with million of models for each fitting
(for the present research: 21 ages, 5 metallicities, 18 extinctions, 1 IMFs, 300 redshifts, and solar [α/Fe]).
Instead, to speed up this computational process, for each galaxy we perform a preliminary selection of SSP
and mixture models that can play an important role in the fitting given the specific SED and errors of the
galaxy. This pre-selection of models is carried out as follows:

i) After having run our code for a certain galaxy SED and having obtained the χ2 values for all the possi-
ble mixture of two SSP models (χ2

mix), we take the χ2
mix value of the best-fitting model (BFM), χ2

BFM,
i. e. the mixture of two SSPs with the greatest probability of being the solution, which corresponds to
the lowest χ2

mix value.

ii) Since the parameter space of best solutions depends not only on the filter photometric uncertainties
but also on the shape of the SED, the next step is to determine, for each individual galaxy SED, the
range of plausible χ2 values that are expected according to the set of photometric uncertainties. To do
this, MUFFIT performs 10 000 Monte Carlo realisations of the BFM bands according to the Gaussian
error distributions of the real galaxy multi-filter data. The corresponding 10 000 χ2 values between
these realisations and the BFM, namely χ2

M, represent the range of χ2 values that one would expect just
due to the photometric uncertainties of the real galaxy data. This range can be very different among
different galaxies. In MUFFIT, the limiting plausible value, χ2

phot, is set to the value that encloses the
68.27 % (a Gaussian 1 σ) of the cumulative distribution function of the χ2

M values.

iii) Finally, the subsample of possible solutions for a given galaxy SED is composed of those models that
fulfil the criterion χ2

mix ≤ χ2
BFM + χ2

phot. This subsample is consequently restricted to those models
whose colours are statistically compatible within the galaxy photon errors.

This way, the set of compatible best solutions for each galaxy is determined by generating Nm Monte
Carlo realizations of the galaxy SED data (throughout this work Nm = 100) according to their errors and



36 CHAPTER 2. MUFFIT: a MUlti-Filter FITting code for stellar population diagnostics

then running our χ2 minimization test for each galaxy realisation using the subsample of preselected models
as input. In each realisation, we get a new BFM whose parameters are ultimately weighted (ω j) with its χ2

value to provide the most likely stellar population parameters together with their errors. Formally,

ω j =
1/χ2

MC, j

Nm∑
j=1

1/χ2
MC, j

, (2.17)

< p >=

Nm∑
j=1

ω j p j (2.18)

σ<p> =

√√√ Nm∑
j=1

ω j
(
< p > − p j

)2
, (2.19)

where < p > and σ<p> are, respectively, the average stellar population parameters (age, metallicity, ex-
tinction, redshift, stellar mass, IMF, and [α/Fe], in a general case) and their errors, and p j are the stellar
population parameters associated to each BFM in the Monte Carlo realisation with a χ2 value equal to χ2

MC,j.
In addition, the essential stellar parameters of each BFM obtained in the Nm Monte Carlo iterations are also
provided.

Finally, we note that the uncertainties of the parameters retrieved in this stage comprise not only the
main parameters of the models, such as ages, metallicities, and IMFs, but also the extinction, the redshift (if
it is the case, within the interval provided by an external photo-z code), and the stellar mass.

2.3.2.6 K-corrected luminosities

Once we have computed the best-fitting models, we end up with a combination of SSP models that reproduce
the colours of the galaxy photometric SED. As a result, the luminosity of the galaxy, its absolute magnitudes
at any band, and the mass-luminosity relation are estimated from exactly the same combination of SSP
models taken at rest frame. Independently of the physical parameters linked to the best combination of
models, the k-correction is model-independent since it properly reproduces the colours of a galaxy SED at
a given cosmological distance, as long as the redshift is well constrained. If we compute the magnitudes for
the different bands following this method, the main parameter that determines the k-correction goodness of
fitting is the photo-z accuracy. Since the set of SSP models does not contain emission line templates, and
our code removes them automatically during the fitting process, the provided k-corrections and luminosities
only contain rest-frame predictions about the stellar continuum, not about the nebular content.

To determine rest-frame magnitudes with the corresponding errors, for each galaxy we take all the best-
fitting models recovered in the Monte Carlo approach (see Sect. 2.3.2.5), average them, and provide the
average rest-frame magnitudes and their standard deviations, so that we can consider the uncertainties in the
photometry thanks to the Monte Carlo approach. It is noteworthy that, at low redshifts, the uncertainties of
rest-frame magnitudes may be very high, since the apparent magnitudes depend on the luminosity distance
(∝ d−2

L ), which diverges at z = 0. This suggests that more accurate photo-z are needed to have better
k-corrections in the most local Universe. Despite this, the colour terms among different filters are not so
affected by this effect, because the major impact is on the source luminosity and not on the rest-frame
colours. To minimise this effect, we provide a second k-correction, for which we study the variability of the
colours with respect to an anchor band. In short, once we have all the rest-frame models recovered during
the Monte Carlo method, the anchor band is the one that presents the lowest variability at rest frame. In
ALHAMBRA, this anchor band is usually a band in the red optical part (higher signal-to-noise ratios). This
approach turns out to be very useful, for example, for making reliable CMD at low redshift.
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2.4 Intrinsic uncertainties and degeneracies with ALHAMBRA galaxy data

After having presented the main technical aspects of our SED fitting code in Sect. 2.3, and before presenting
a comparison study between our stellar population results and similar previous data from the literature (see
Sect. 2.5), the goal of this section is to study the accuracy and reliability of the stellar population parameters
retrieved with our code. Since this strongly depends on the photometric system of the data under study, it is
important to note that, throughout this section, all the tests and predictions about uncertainties, degeneracies,
etc. are performed especially for the ALHAMBRA filter system.

Since the code presented in this paper is particularly suited to studying the stellar populations of galaxies
whose SEDs are dominated by their stellar content, we begin to build the CMD of the ALHAMBRA galaxy
data in Sect. 2.4.1, which allows us to properly select our target of galaxies and to compare our results with
those published in the literature (Sect. 2.5). In Sect. 2.4.2 we check how the intrinsic uncertainties in the
photometry of the ALHAMBRA filter system affect the typical errors of the derived parameters, using a set
of mock galaxies with well known input parameters. Furthermore, the impact that the uncertainties of the
input ALHAMBRA photo-z, Sect. 2.4.3, have on the derived stellar population parameters is analysed in
Sect. 2.4.4. Finally, we quantify the expected degeneracies among the derived galactic parameters of typical
red-sequence galaxies for the ALHAMBRA photometric system and different signal-to-noise ratios.

2.4.1 Selection criteria of ALHAMBRA red sequence galaxies

It is well known that the CMD of galaxies exhibits a bimodal distribution with two main populations, usually
referred to as the "red sequence" (RS) and the "blue cloud" (Bell et al., 2004; Baldry et al., 2004; Faber et al.,
2007; Fritz et al., 2014). A large number of RS galaxies are mainly composed of early types (Strateva et al.,
2001; Cassata et al., 2007), but since the RS definition is clearly based on the observed galaxy colours,
there is also a fraction of star-forming dusty galaxies that may lie on the RS (Williams et al., 2009). To
break the degeneracies between quenched galaxies and dusty star-forming galaxies, there are colour–colour
diagnostics that use NIR bands (Williams et al., 2009; Arnouts et al., 2013), and even methods that split
the CMD into three populations ("red", "blue", and "green") by fitting to a set of SED type classes (Fritz
et al., 2014). For the aims of this work, we just follow the classical method of the CMD (Bell et al., 2004;
Faber et al., 2007; Fritz et al., 2014). A more detailed study of the contamination of star-forming, reddened
galaxies in the RS will be given in a forthcoming paper (Díaz-García et al., in prep.).

To build the sample of RS galaxies, we firstly chose all the galaxies from the Gold catalogue8 with a
statistical STAR/GALAXY discriminator parameter that is lower than or equal to 0.5 (Stellar_flag
≤ 0.5) and that is imaged with 70 % photometric weight on the detection image (PercW ≥ 0.7), to avoid
photometric errors in the galaxies close to the image edges. Secondly, we applied our analysis techniques
over the full sample of ALHAMBRA galaxies, using the set of MIUSCAT SSP models and the photo-z
predictions included in the Gold catalogue, to automatically get their k corrections (see Sect. 2.3.2.6). From
the k corrections and the stellar masses, we can easily estimate their absolute magnitudes, which together
with the rest-frame colours, compose the CMD. We note that our CMD does not change significantly if
we use another set of models, e. g. BC03, instead of MIUSCAT. In fact, this method is roughly model-
independent as we are reproducing the luminosity and colours of the galaxy through the best mixture of two
SSP models, irrespective of their parameters, so that the key here is to have a well-constrained photo-z (see
Sect. 2.4.4).

The RS and the blue cloud appear to be clearly separated when the CMD is constructed using the
Johnson-like filters U and V (Johnson & Morgan, 1953). In our case, we selected the ALHAMBRA filters
F365W and F582W for simplicity, because these are the ones whose effective wavelengths are like U and V,
respectively. The CMD of the ALHAMBRA galaxies based on the F365W and F582W filters is presented
in Fig. 2.6, where redder colours indicate higher and bluer colours and lower galaxy densities, respectively.
Following the equation provided in Bell et al. (2004), which is compatible with the relation obtained in Fritz

8http://cosmo.iaa.es/content/alhambra-gold-catalog

http://cosmo.iaa.es/content/alhambra-gold-catalog
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et al. (2014), we define the RS as those galaxies redder than the following colour–magnitude relation:

mF365W − mF582W = 1.15 − 0.3z − 0.08(MF582W − 5 log h + 20), (2.20)

where m and M indicate apparent and absolute magnitudes in the Vega system. By simple visual inspection,
it is clear that Eq. 2.20, illustrated in Fig. 2.6, splits the RS from the blue cloud properly, which already
constitutes a first-order check of the goodness of the SED fitting.

2.4.2 Photon-noise uncertainties

To analyse the intrinsic uncertainties in the derived stellar population parameters of the galaxies due to the
photon-noise errors of the ALHAMBRA photometry, we created mock galaxies consisting of a mixture of
two random SSPs, in which we add photon noise according to the sensitivity of the ALHAMBRA filters
and to the SED of the mock galaxies. By construction, this test is fairly representative of the performance
of RS galaxies. After adding noise, we ran our code in order to derive the stellar population parameters
of these mock galaxies, treating them as observed galaxies, but as ones for which we know the real values
of their parameters. The comparison between the input and the output parameters, as a function of the
signal-to-noise ratio of the filters, allows us to conclude something about the main topic of this section.

We took the extended version of the MIUSCAT models (see Sect. 2.3.1.1) with the Kroupa IMF to
develop these simulations. After adding different extinction values (Fitzpatrick’s law, AV values ranging
from 0.0 to 0.8 in steps of 0.1) at different redshifts (from 0 to 1 and a step of 0.01), we randomly mixed
two SSPs with a series of constraints:

• The weight of the younger population should not be more than 30 % in mass, and its age not be larger
than 4 Gyr. The mass limit is required to avoid luminosity-weighted ages that are too low, which
is unlikely in RS galaxies (Kaviraj et al., 2007), and to guarantee the presence of old galaxies at all
redshifts.

• The age of the random SSPs cannot be much older than the age of the Universe at that redshift. Since
the ages of SSP models are a discrete set of values, we state the limit to the first model that surpasses
the age of the universe at each redshift.

• The extinction of both SSPs is the same. Although this may not necessarily be the case in general, it
is a reasonable assumption because we are studying integrated stellar populations, which translates to
an average intrinsic extinction that affects the projected incoming light from different populations.

To properly sample the galaxy mass range, we assigned random stellar masses in the range 9.5 ≤
log10(M?/M�) ≤ 12.5. We repeated this process 2 000 times per interval of redshift from 0 to 1 in bins
of 0.2, getting 10 000 mock galaxies. As we explain below, we study the impact of the signal-to-noise ratio
for three cases (S/N = 10, 20, and 50). In each case, we constructed a new random sample of mock galaxies,
with the total number of simulations 30 000.

After having built the set of toy mock galaxies, it is important to accurately model the way the galaxies
are seen by the ALHAMBRA photometric system. It is at this point where the ALHAMBRA configuration
plays an important role. The ALHAMBRA characteristics (see Fig. 2.2 and Sect. 2.3.1.2) are such that the
reddest bands are not as deep as the rest of the LAICA filters. On the other hand, the SED of typical RS
galaxies, even the youngest ones, exhibit a clear flux drop in the blue region, with a prominent 4 000 Å-break
in the middle. Therefore, we cannot assume either that all the filters present the same signal-to-noise ratio
or that the signal-to-noise ratio among filters does not depend on the redshift.

To carry out a realistic simulation, we take all the galaxies from the ALHAMBRA Gold catalogue for
which the best-fitting corresponds to a RS galaxy (see Sect. 2.4.1), and compute, for every galaxy, the signal-
to-noise ratios in each filter relative to the F799W filter, which is on average the band with the maximum
signal-to-noise ratio at any redshift. By repeating this process in different redshift bins, we determine how
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Figure 2.7: Typical signal-to-noise ratios per filter for real ALHAMBRA red sequence galaxies in different
redshift bins. The signal-to-noise ratios are normalized to that of the F799W filter. The observed data points
account for the effective throughput of the telescope plus camera system and for the average SEDs of red
sequence galaxies.

the signal-to-noise ratio changes along the SED as a function of the signal-to-noise in the anchor band
F799W. These curves are shown in Fig. 2.7, and they account for the effective throughput of the telescope
plus camera system, and for the average SEDs of RS galaxies. The signal-to-noise ratios of the reddest
filters up to z = 1 are strongly affected by technical features of the survey (mainly the depth in these bands),
whereas the bluest filters are also affected by the SED shape. From the curves in this figure, it is easy to see
how the 4 000 Å-break moves from blue to red wavelengths when the redshift increases. Interestingly, at
higher redshifts, the signal-to-noise ratio of the bluest filters starts to grow, indicating larger fluxes in these
bands, probably due to the presence of young populations in the galaxy (Ferreras & Silk, 2000), which are
easily observable at higher redshifts. Regarding the NIR filters, we checked that typical RS galaxies become
redder, on average, when they are observed at higher redshifts.

To study the impact of different signal-to-noise ratios on the derived stellar population parameters, we
added noise to the mock galaxies, in each case taking the suitable signal-to-noise ratio curve depending
on its redshift. We built three samples of 10 000 mock galaxies, and in each sample we forced the mean
signal-to-noise ratio per mock photo spectrum to be S/N = 10, 20, and 50, respectively; that is, for a
galaxy with S/N = 20 at redshift 0.5, the mean signal-to-noise for the 23 filters is 20, but in the bluest
filter S/NF365W ∼ 6, and in the anchor band (maximum) S/NF799W ∼ 30. The values of S/N = 10, 20,
and 50 correspond to median apparent magnitudes for the detection band of mF814W ∼ 22.6, 21.4, and 19.8,
respectively (ALHAMBRA RS galaxies and AB magnitudes). For the anchor band F799W, these values
are almost identical. In ALHAMBRA, typical errors in the zero points due to calibration issues are ∼ 0.025
(AB magnitudes), which correspond to a signal-to-noise ratio of ∼ 50. Furthermore, most (& 80 %) of our
ALHAMBRA RS subsample has a mean signal-to-noise ratio over 10, whereby these values (S/N = 10, 20,
and 50) are suitable for our simulations.

Although for the mock galaxies we take models with 0.0 ≤ AV ≤ 0.8 and 0.0 ≤ z ≤ 1.0, for the mock
analysis we use SSP models with redshifts up to 1.2 and extinctions up to 1.0 to avoid border effects in
the parameter estimation. Concerning the age estimation, we use the same constraint as in the mocks; i. e.,
depending on the redshift, the oldest ages are not allowed.

Figure 2.8 illustrates the comparison between the input parameters of the mock galaxies and the output
parameters retrieved with MUFFIT, for the case S/N = 20 and all redshifts. The left-hand panels present
one-to-one comparisons for the input and output photometric redshifts, extinctions, luminosity-weighted
ages and metallicities, and stellar masses. Right-hand panels illustrate the distributions of the differences
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Figure 2.8: Comparison between the input parameters of mock ALHAMBRA galaxies, consisting of random
mixtures of two SSP models, and the output parameters retrieved with MUFFIT. The mock galaxies (RS-
like galaxies) have average signal-to-noise ratios per filter of 20, according to the typical signal-to-noise
ratio distribution presented in Fig. 2.7. Left panels show, from top to bottom, the one-to-one comparisons
in redshift, extinction, luminosity-weighted age, luminosity-weighted metallicity, and stellar mass. Redder
and bluer colours indicate regions with higher and lower solution densities, respectively. The red dashed
line indicates the one-to-one relationship. Right panels present the distributions of the differences between
the input and output values in each case, fitted to a Gaussian function (in red) whose mean and root mean
square (RMS) are indicated within the box.
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between the input and output values in each case, fitted to a Gaussian function (in red) whose mean and root
mean square (RMS) are therein indicated. In addition, Table 2.1 provides the typical mean differences and
their RMS for different redshift bins and S/N = 10, 20, and 50.

As expected, overall there is a very good agreement between the input stellar-population parameters
of the mock galaxies and the ones provided by MUFFIT after applying the correspond noise curve on the
preceding mock galaxies. This is not surprising since we are analysing mock galaxies made of mixtures
of two SSP models, with the same SSP models as input for our code. In this sense, this test must be
considered as a lower limit to the parameter uncertainties that we can expect for the forthcoming analysis
of ALHAMBRA galaxies, only because of the photon-noise photometric errors. As a matter of fact, the
total errors in the derived parameters are expected to be larger, owing to potential differences between the
spectro-photometric systems of the ALHAMBRA data and the models, independently of the SSP models of
choice. In addition, real galaxies may be affected by ISM emissions or AGNs, which modify their SEDs
with respect to a classical mixture of SSPs.

Looking at the stellar mass plot in Fig. 2.8, there seems to be a slight overestimation of the stellar
mass. These cases correspond to galaxies with z . 0.02, for which small variations in the redshift cause big
changes in the luminosity distance, hence in the retrieved stellar mass (see Eq. 2.14). This result suggests
that in the very local Universe, more accurate redshifts are required to provide reliable stellar masses using
the analysis techniques explained above. Fortunately, the very few local galaxies in the ALHAMBRA survey
have a very high signal-to-noise ratio as well, so that this overestimation is negligible in our case.

Another case that is worth being explained is the one of mock galaxies with low extinctions and low
metallicities. According to Fig. 2.8, we are getting higher values on average. However, this is an artefact of
the simulations since there are no lower values in our set of SSP models. The important result in these plots
is that we are still retrieving the right trend in the parameters, despite the border effects in the parameter
space.

The results in Table 2.1 are divided into different redshift bins because old ages are not allowed at high
redshifts. It is noteworthy that all the parameters are determined better at high redshifts than at low redshifts
at the same mean signal-to-noise ratio. First, because at higher redshifts the galaxy SEDs are sampled with
an equivalent higher spectral resolution at rest frame, so that both redshift and age, which are sensitive to
the 4 000 Å-break, are better established (and consequently, the rest of parameters as well). Also, at high
redshift the range of possible ages is shorter, and are in turn younger with lower degeneracies than their
older counterparts. Finally, the bluest parts of the z & 0.5 SEDs have higher signal-to-noise ratios. These
filters act as anchoring bands to constrain blue-sensitive parameters (like extinction or metallicity). This
growth in the signal may be due to an underlying young and less massive population in the galaxy (Ferreras
& Silk, 2000) that is not strong enough to contribute in the optical range, but that dominates the flux in the
NUV rest-frame regime (being visible at z & 0.5 in ALHAMBRA), reinforcing the necessity of using two
components in the fittings.

To conclude, these simulations are key for giving us an idea of the typical issues that may appear in
this kind of study and the uncertainties that we expect from photon-noise photometric uncertainties. These
results show that one can robustly explore the stellar populations of galaxies in the ALHAMBRA dataset by
using the MUFFIT code presented here.

2.4.3 Photometric redshifts in the ALHAMBRA survey

Although the main aim of our code is not to determine redshifts, it is very important to check whether,
for a general case in which the galaxies do not have any redshift information, the code is self-sufficient
for estimating photo-z properly, at least to some extent. Otherwise, the derived galaxy parameters may be
estimated incorrectly.

To do this, we ran our code on the subsample of RS galaxies with spectroscopic redshifts in ALHAM-
BRA, from Molino et al. (2014), to set the accuracy of the ALHAMBRA photo-z. This subsample is built
by the publicly available data of the spectroscopic surveys that overlap with ALHAMBRA (zCOSMOS,
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Table 2.1: Typical uncertainties in the determination of redshifts, luminosity-weighted ages and metal-
licities, extinctions, and stellar masses, expected from running our code on ALHAMBRA RS galaxies at
different redshift bins and for different S/N (10, 20, and 50).

Parameters 0.0 ≤ z ≤ 0.2 0.2 ≤ z ≤ 0.4 0.4 ≤ z ≤ 0.6 0.6 ≤ z ≤ 0.8 0.8 ≤ z ≤ 1.0

S/N = 10

zphot 0.01 ± 0.03 0.00 ± 0.04 0.00 ± 0.03 0.00 ± 0.02 0.00 ± 0.02
AV 0.10 ± 0.22 0.08 ± 0.20 0.04 ± 0.17 0.04 ± 0.15 0.02 ± 0.14
log10 AgeL [yr] −0.01 ± 0.19 −0.03 ± 0.17 −0.03 ± 0.14 0.00 ± 0.11 0.03 ± 0.10
[Fe/H]L −0.09 ± 0.29 0.01 ± 0.30 0.03 ± 0.26 0.00 ± 0.23 0.03 ± 0.22
log10 M? [M�] 0.10 ± 0.28 0.02 ± 0.12 0.01 ± 0.10 0.01 ± 0.08 −0.01 ± 0.06

S/N = 20

zphot 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.01
AV 0.06 ± 0.15 0.04 ± 0.13 0.01 ± 0.10 0.02 ± 0.09 0.00 ± 0.08
log10 AgeL [yr] −0.03 ± 0.14 −0.03 ± 0.13 −0.01 ± 0.11 0.00 ± 0.09 0.01 ± 0.07
[Fe/H]L −0.06 ± 0.20 −0.03 ± 0.19 −0.01 ± 0.16 −0.01 ± 0.14 0.00 ± 0.12
log10 M? [M�] 0.02 ± 0.15 0.01 ± 0.09 0.00 ± 0.07 0.00 ± 0.06 −0.01 ± 0.05

S/N = 50

zphot 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
AV 0.01 ± 0.08 0.00 ± 0.06 0.00 ± 0.05 0.00 ± 0.03 0.00 ± 0.02
log10 AgeL [yr] −0.02 ± 0.11 −0.02 ± 0.09 0.00 ± 0.08 0.00 ± 0.06 0.00 ± 0.05
[Fe/H]L −0.03 ± 0.08 −0.02 ± 0.08 −0.02 ± 0.07 −0.02 ± 0.06 −0.01 ± 0.05
log10 M? [M�] 0.00 ± 0.08 0.01 ± 0.06 0.00 ± 0.05 0.00 ± 0.04 0.00 ± 0.03

Notes. The random errors in the parameters are given as the mean and RMS of the best Gaussian function that
reproduces the distribution of the differences between the input and output parameter values, as illustrated in the right
panels of Fig. 2.8.

Lilly et al. 2009; AEGIS, Davis et al. 2007; and GOODS-N, Cooper et al. 2011), amounting to ∼ 900 RS
galaxies up to magnitude mF814W < 22.5. For the purpose of this test, we used the photo-z predictions
provided by BPZ2.0 in the Gold catalogue. In addition, we also took the photo-z constraints provided by
EAZY (Brammer et al., 2008) with the default configurations and templates, to assess whether MUFFIT
also works similarly when the input photometric redshifts come from an external source.

To provide a numerical value for the quality and accuracy of the photo-z, we simultaneously use def-
initions, which can be more or less useful depending on our purposes for both accuracy and catastrophic
outliers. Brammer et al. (2008) propose the normalized median absolute deviation, σNMAD, as a measure-
ment of the photo-z uncertainties, since it estimates the deviation of the photo-z distribution without being
affected by catastrophic errors. It is defined as

σNMAD = 1.48 × median
( |∆z − median(∆z)|

1 + zspec

)
, (2.21)

where ∆z = zphot − zspec. Furthermore, we provide the RMS of the distribution ∆z/(1 + zspec), which in
the following, we denote as σz/(1 + zspec). Additionally, we use two definitions for the rate of photo-z
catastrophic outliers, as in Molino et al. (2014), formally expressed as

η1 =
∆z

1 + zspec
> 0.2, and (2.22)
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Table 2.2: Quality of the photo-z retrieved for a subsample of RS galaxies in ALHAMBRA, when different
method are applied: our code alone, BPZ2.0, EAZY, and our code using BPZ2.0 and EAZY as input values
of redshift.

σNMAD σz/(1 + zs) η1 η2

MUFFIT 0.0157 0.0105 1.6 % 5.8 %
BPZ2.0 0.0104 0.0076 0.9 % 7.7 %
EAZY 0.0102 0.0083 0.8 % 4.0 %
MUFFIT + BPZ2.0 0.0087 0.0070 0.9 % 6.3 %
MUFFIT + EAZY 0.0092 0.0071 0.7 % 5.5 %

Notes. Details on the definition of the quality values are given in Eqs. 3.3, 3.4, and 3.5.

η2 =
∆z

1 + zspec
> 5 × σNMAD. (2.23)

On the basis of the above equations, Table 2.2 presents the quality of the photo-z determined for the
subsample of RS galaxies with different methods. First, we analysed the reliability and accuracy of the
photo z derived from our own code alone, that is, not using any photo-z value as input to constrain the
solution. This case can be directly compared with the values directly derived from the BPZ2.0 and EAZY
codes, showing, as expected, that photo-z codes do a better job of determining redshifts from scratch. In
addition, we analysed the quality of the photo z derived in the same way from our code when the redshift
PDFs of BPZ2.0 are used as input parameters. MUFFIT explores the plausible stellar population parameters,
managing the photo z as another free parameter inside the redshift range of choice for the user. For the
present work, we used the 1 σ PDF range provided in the Gold catalogue, hence all the photo-z weights
equal to 1 inside the provided range (1 σ) and 0 beyond this range. According to Eqs. 3.3, 3.4, and 3.5,
we obtained σNMAD ∼ 0.0087, yielding a rate of catastrophic outliers η1 = 0.97 % and η2 = 6.26 %. For
this specific case, the resulting photo z were compared with their spectroscopic counterparts in Fig. 2.9.
Similarly, using the photo-z constrains from EAZY as an input to our code (also 1 σ, for consistency in the
comparison), we find σNMAD = 0.0092, η1 = 0.76 %, and η2 = 5.51 %. From these results we conclude
that, at least for RS galaxies, our stellar population code improves the redshift accuracy of classical photo-z
codes, when these are used as input for our technique. This can be explained as our method plays with
mixtures of much larger numbers (million) of SSP models, allowing flexible SED fittings to be performed,
hence providing a fine-tuned, second-order correction to the redshift values of photo-z codes. In addition,
the number of catastrophic outliers, η1 and η2, is also marginally decreased on average. The shifts between
photo-z and spectroscopic values are statistically insignificant (. 0.002), as we see in Sect. 2.4.4, on our
stellar population results. As we show in Sect. 2.4.4, devoted to setting constraints on the uncertainties of
the stellar population parameters due to the photo-z uncertainties, it is more important for our aims for the
stellar population to minimise the number of outliers, rather than decreasing σNMAD a little.

2.4.4 Impact of the photometric-redshift uncertainties

One of the most critical parameters for determining reliable stellar populations and masses for a galaxy is
the redshift. If the redshift is unknown or uncertain, it is obvious that the rest of the derived parameters will
not be reliable either. In this section, we aim to quantify the impact of the typical redshift uncertainties on
the reliability of the retrieved parameters and the maximum redshift errors allowed to reach our goals.

To answer these questions, we again focus on the ALHAMBRA data. To determine the direct impact
of redshift uncertainties over the rest of derived parameters, we compared the results obtained from our
code for the spectroscopic subsample of RS galaxies (see Sect. 2.4.3) using the redshift PDFs of BPZ2.0 as
input, with the results that we obtained with our code for the same galaxy sample assuming exactly their
spectroscopic redshifts. It is worth noting that, in contrast to the previous simulations (e. g. Sect. 2.4.2), we
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Figure 2.9: Comparison of the photo-z retrieved with our code using the redshift PDFs of BPZ2.0 as input
values. The data correspond to a subsample of RS galaxies from ALHAMBRA with spectroscopic redshifts
in the literature. Left panel illustrates the one-to-one redshift comparison for every galaxy, with the dashed
line being the one-to-one relation. The bottom-right panel presents the differences between the photo-z and
their spectroscopic counterparts for each galaxy, normalized by (1+zspec). The top-right panel shows the
obtained distribution ∆z/(1 + zspec), indicating the accuracy parameters and the rate of outliers (Eqs. 3.3,
3.4, and 3.5) at the inner box.

were using real galaxies to estimate these uncertainties.
Figure 2.10 summarises the results of this test. Left-hand panels present the one-to-one comparison

for the redshift, extinction, luminosity-weighted age, luminosity-weighted metallicity, and stellar mass. To
facilitate the visual interpretation of the comparison and observe the direct effect of the worst estimated
photo-z on the stellar population parameters, we plot each galaxy with a colour depending on the discrepancy
level of its photo-z using the above definitions of catastrophic outliers (η1 and η2, see Eqs. 3.4 and 3.5). This
is clearly seen in the top left-hand panel of Fig. 2.10, where the redshift values are compared. From the
data in Fig. 2.10 and the RMS of the differences, we observe that, overall, the stellar population parameters
present very minor changes due to typical redshift uncertainties and all the distributions are centred close
to zero. On average, such uncertainties account for σ z

AV
= 0.03, σ z

Age = 0.18 Gyr (0.03 dex), σ z
[Fe/H] =

0.04 dex, and σ z
M?

= 0.03 dex, which are all negligible when we compare them with the uncertainties
introduced by the typical photon noise (see Sect. 2.4.2). As expected, catastrophic outliers (|zphot − zspec| ≥
0.044) exhibit a larger spread in most parameters.

To conclude, the typical uncertainties on the redshifts present a negligible impact on the main stellar
population parameters, except if the galaxy is a catastrophic outlier. The uncertainties on the ALHAMBRA
photometry and the model systematics are more crucial uncertainties in the present work.

2.4.5 Degeneracies

In addition to estimating the uncertainties, it is crucial to know which kind of degeneracy may alter our
results, to avoid unveiling a finding that really is a degeneracy aftermath. To interpret the output properly,
we must keep these degeneracies under control, reducing their impact as much as possible.

Unlike stellar population diagnostic techniques based on local absorption features, such as classical
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Figure 2.10: Impact of a redshift uncertainty ∼ 1 % on the stellar population parameters. On the left panels,
we present the comparative one-to-one of the obtained parameters without any constrain in the photo z
(Y–axis) versus the results forcing the redshift to its spectroscopic value (X–axis). The dashed red line
represents the one-to-one relationship. Red, yellow, and blue dots are galaxies for which |zspec − zphot| > 0.2,
0.044 ≤ |zphot − zspec| < 0.2, and |zphot − zspec| < 0.044, respectively. On the right panels, we have the
histograms of the differences between the obtained results with and without the spectroscopic constraint.
The solid red line is the best fit of the distribution to a Gaussian function, and the boxes show both Gaussian
mean and RMS. From top to bottom, we show redshift, extinction, age, metallicity, and stellar mass.
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line strength indices, which also present the well known age–metallicity degeneracy (Worthey, 1994a), our
multi-filter stellar population code depends on colour, because it tries to reproduce the galaxy SED by mixing
SSPs over a wide wavelength range. Therefore, considering only the age–metallicity degeneracy may not be
enough, since we must evaluate any parameter that can modify the colour in a wide wavelength range; that
is, we also have to include the intrinsic extinction as another degenerated parameter in our analysis. As we
mention above, in this paper we assume a universal IMF. Otherwise, this parameter should be considered
for the degeneracies as well, as bottom-heavy IMFs exhibit redder colours than top-heavy ones. Moreover,
since the degeneracies amongst parameters strongly depend on the number and width of the filters, the total
spectral coverage, etc., it is worth noting that the results presented in this section only apply to the use of
our code on ALHAMBRA data.

To address the degeneracy questions in the most realistic way, we take all the ALHAMBRA RS galax-
ies as targets (see Sect. 2.4.1) with mean signal-to-noise ratios of ∼ 20 and in certain ranges of age and
metallicity. These results come up after having run MUFFIT with the ALHAMBRA galaxies using the
MIUSCAT SSP models. The degeneracy estimation is done by taking all the stellar population values re-
covered during the Monte Carlo approaches at different stellar population bins (detailed below), and then
stacking each retrieved distribution to build a whole distribution per bin, getting distributions among pairs of
parameters (age, metallicity, and extinction). We characterise each distribution by setting confidence ellipses
(2D confidence intervals) that enclose the results provided during the Monte Carlo process. These ellipses
are obtained by the covariance matrix of each distribution, and they allow parametrising the degeneracies
through two parameters: by the ellipticity, denoted as e, and by θ, the angle between the X–axis and the
ellipse semi-major axis.

The angle θ is determined by the eigenvectors of the covariance matrix, as well as the eigenvalues of the
covariance matrix determine the axis lengths. If e is close to zero, this implies that the degeneration between
the two parameters is not very significant, irrespective of the value of θ. On the other hand, if θ is a multiple
of π/2 (lies on any of the two axes), both parameters are uncorrelated, consequently there is no degeneracy
between them. Consequently, both parameters are necessary to confirm whether a degeneracy exists or not.
In fact, we can quantify the level of degeneracy between parameters via the Pearson’s correlation coefficient,
which mathematically reflects both e and θ effects. Formally,

rxy =

n∑
i=1

(xi − x̄)(yi − ȳ)√
n∑

i=1
(xi − x̄)2

n∑
i=1

(yi − ȳ)2

, (2.24)

where xi and yi denote the value pairs of the parameters (age, metallicity, extinction) with means x̄ and ȳ,
respectively. The closer rxy is to 1 (to −1), the larger the correlation (anti-correlation), meaning the degen-
eracy between parameters; in contrast, a value close to 0 (−0.1 . rxy . 0.1) suggests that the parameters are
uncorrelated, and there would be no degeneracy.

Regarding the parameter ranges, we take bins in age of 0.5 ≤ AgeL ≤ 1.0, 3.0 ≤ AgeL ≤ 4.5, and
7.0 ≤ AgeL ≤ 10.0 Gyr, whereas for metallicity we take −0.8 ≤ [Fe/H]L ≤ −0.6, −0.4 ≤ [Fe/H]L ≤ −0.2,
and −0.1 ≤ [Fe/H]L ≤ 0.1. These bins have been chosen to evaluate how the degeneracies vary along
different stellar population parameters. We do not establish any extinction bin, because we have previously
checked that the degeneracies in different extinction bins present negligible differences in e and θ. We
also studied whether different redshifts can alter the degeneracy effects, since the redshift determines the
observed spectral range of the ALHAMBRA SEDs. We find that at higher redshift some degeneracies
tend to decrease, especially for young and low-metallicity galaxies, but in general the degeneracies remain
alike (less dispersion as well, see Sect. 2.4.2). Thus, the three bins in age and in metallicity define the
nine intervals where the degeneracies of our parameters are explored. In each interval, we compare the
age–metallicity, age–extinction, and metallicity–extinction degeneracies.

In Fig. 2.11 we present the covariance error ellipses (in blue) that enclose, at the 95 % confidence level,
the distribution of the provided parameters during the Monte Carlo approach for all the ALHAMBRA RS
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Figure 2.11: Covariance error ellipses, at the 95 % confidence level, of the stellar population parameters
provided by the Monte Carlo approach in MUFFIT with respect to their most probable values, for different
age and metallicity bins (see inner panels). Yellow squares indicate the ellipse centres, and the red lines
illustrate the minor and major axes of each ellipse.
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Table 2.3: Summary of the confidence error ellipses in Fig. 2.11 for different parameter bins and MIUSCAT
models.

0.5 ≤ Age [Gyr] ≤ 1.0 3.0 ≤ Age [Gyr] ≤ 4.5 7.0 ≤ Age [Gyr] ≤ 10.0
rxy θ e rxy θ e rxy θ e

M
IU

SC
A

T

∆ log10 Age vs ∆[Fe/H]

−0.8 ≤ [Fe/H] ≤ −0.6 0.11 36 0.11 0.24 70 0.31 −0.40 103 0.58
−0.4 ≤ [Fe/H] ≤ −0.2 0.03 88 0.52 −0.49 113 0.51 −0.51 116 0.50
−0.1 ≤ [Fe/H] ≤ 0.1 0.04 85 0.22 −0.55 129 0.46 −0.26 108 0.35

∆[Fe/H] vs ∆AV

−0.8 ≤ [Fe/H] ≤ −0.6 −0.30 119 0.30 −0.46 114 0.47 −0.54 148 0.49
−0.4 ≤ [Fe/H] ≤ −0.2 0.05 58 0.05 −0.37 161 0.46 −0.41 150 0.40
−0.1 ≤ [Fe/H] ≤ 0.1 0.02 87 0.20 −0.16 152 0.18 −0.76 136 0.63

∆ log10 Age vs ∆AV

−0.8 ≤ [Fe/H] ≤ −0.6 −0.50 126 0.44 −0.69 112 0.67 −0.13 97 0.38
−0.4 ≤ [Fe/H] ≤ −0.2 −0.53 106 0.63 −0.18 136 0.17 −0.25 121 0.25
−0.1 ≤ [Fe/H] ≤ 0.1 −0.70 117 0.63 −0.37 134 0.32 −0.28 111 0.34

B
C

03

∆ log10 Age vs ∆[Fe/H]

−0.8 ≤ [Fe/H] ≤ −0.6 −0.07 93 0.42 −0.24 104 0.38 −0.19 96 0.53
−0.4 ≤ [Fe/H] ≤ −0.2 0.01 89 0.39 −0.46 112 0.49 −0.32 120 0.31
−0.1 ≤ [Fe/H] ≤ 0.1 −0.05 91 0.54 −0.57 118 0.53 −0.48 136 0.41

∆[Fe/H] vs ∆AV

−0.8 ≤ [Fe/H] ≤ −0.6 −0.63 145 0.55 −0.22 118 0.23 −0.77 150 0.68
−0.4 ≤ [Fe/H] ≤ −0.2 −0.58 141 0.49 −0.16 167 0.31 −0.34 158 0.40
−0.1 ≤ [Fe/H] ≤ 0.1 −0.59 144 0.51 −0.10 174 0.37 −0.25 104 0.39

∆ log10 Age vs ∆AV

−0.8 ≤ [Fe/H] ≤ −0.6 −0.45 118 0.43 −0.62 114 0.60 −0.16 104 0.28
−0.4 ≤ [Fe/H] ≤ −0.2 −0.50 117 0.48 −0.43 126 0.38 −0.46 144 0.41
−0.1 ≤ [Fe/H] ≤ 0.1 −0.46 108 0.53 −0.40 140 0.35 −0.44 116 0.44

Notes. θ is the angle between the X–axis and the semi-major axis a in degrees (counter clockwise), whereas e is the
ellipticity. To quantify the degeneracy between parameters, we provide the Pearson’s correlation coefficient, rxy, where
values close to 0 correspond to uncorrelated parameters.

galaxies in the nine age and metallicity ranges (see inner panels), and at redshift z ≤ 0.4. The semi-minor
and semi-major axes of each ellipse are shown in red, whereas their centres are represented with a yellow
square. Table 2.3 provides θ, e, and rxy for the same age and metallicity regimes.

As intuitively expected, age and extinction are anti-correlated in all cases, in the sense that a redden-
ing by extinction can mimic an older age, and vice versa. However, the behaviour of the age–metallicity
and metallicity–extinction degeneracies is not so immediate. This is clearly a consequence of the role that
extinction plays in the analysis as a third degree of freedom, partially absorbing the weight of metallicity
in the classical age–metallicity degeneracy problem. Whilst older galaxies exhibit, as expected, clear anti-
correlated age–metallicity and metallicity–extinction degeneracies, such anti-correlations may turn into very
mild or even positive correlations depending on the range of age and metallicity. For instance, at the lower
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metallicity range, young and intermediate-age galaxies exhibit a positive degeneracy between age and metal-
licity, turning mild or negligible for young galaxies with intermediate and high metallicities. Interestingly,
young metal-rich galaxies are essentially only subject to the extinction-age degeneracy.

Finally, we checked that the general degeneracy trends presented in this section do not vary qualitatively
when computed on the basis of the BC03 models (see Table. 2.3). For ages lower than ∼ 1 Gyr, there is
a clear degeneracy of both age and metallicity with extinction, and for older ages, there is also an age–
metallicity degeneracy.

2.5 Testing the perfomance of the code with ALHAMBRA galaxy data

Once the technical details of MUFFIT have been described in detail and the typical uncertainties and degen-
eracies amongst the derived parameters have been studied for the case of the ALHAMBRA survey, in this
section we apply the code to different subsamples of galaxies in ALHAMBRA. The ultimate goal of this
section is not to provide a thorough study of the stellar populations of ALHAMBRA galaxies, but rather
to test the reliability of the stellar populations, emission line equivalent widths (EW), stellar masses, and
redshifts derived from our code in comparison with those published in previous work for either similar or
identical galaxy samples. A forthcoming paper (Díaz-García et al., in prep.) will present a complete analysis
of the stellar populations of galaxies in ALHAMBRA making use of MUFFIT.

2.5.1 Stellar masses and photo z in the COSMOS survey

Since Field 4 in the ALHAMBRA survey partly overlaps with the COSMOS field, we can construct a
subsample of RS galaxies (see Sect. 2.4.1) in common between both surveys. After removing all the sources
labelled as stars in COSMOS (point-like sources, Ilbert et al., 2009) and in ALHAMBRA, we end up with
a subsample of 767 common galaxies up to redshift z ≤ 1.6.

This galaxy subsample indeed has an important added value for our testing goals, because it has spec-
troscopic data in the zCOSMOS 10k-bright catalogue (Lilly et al., 2007, 2009), allowing for a calibration of
the derived photo z using the LE PHARE code. In addition, using broad and medium bands and following
a SED-fitting technique with BC03 models, Ilbert et al. (2010) estimated the stellar masses of the COSMOS
galaxies. They assumed a fixed Chabrier IMF (similar to the IMF of Kroupa, 2001), a star formation rate
∝ e−t/τ (with 0.1 ≤ τ ≤ 30 Gyr), a unique solar metallicity, an age grid of 0.1–14.5 Gyr, and the Calzetti
et al. (2000) extinction law with 0.0 ≤ E(B−V) ≤ 0.5. (high extinction values are only allowed for galaxies
with high star formation).

For analysing this sample we used MUFFIT, which imposes a mixture of two SSPs rather than an
exponential star formation rate. We selected MIUSCAT models with a Kroupa IMF (which slightly differs
from the Chabrier IMF), for a wider range in metallicity (−1.31 ≤ [Fe/H] ≤ 0.22). For our analysis we used
the Fitzpatrick (1999) extinction law rather than the Calzetti et al. (2000) law, because the latter is generally
more appropriate to central star-forming regions (Calzetti, 1997).

In Fig. 2.12 we present a one-to-one comparison of the photo-z and stellar masses obtained with our
code on the ALHAMBRA data and those presented in the above work on the COSMOS data (Ilbert et al.,
2009, 2010) for the subsample of 767 RS galaxies in common. Having already constrained the reliability and
accuracy of the ALHAMBRA photo z with respect to available spectroscopic redshifts (see Sects. 2.4.3 and
2.4.4), in the top panels of Fig. 2.12, we compare our outcomes with the COSMOS photo z, not only because
of the qualitative similarity of both techniques, but also to check that there are systematics in our photo-z
measurements that might cause any kind of systematic in the retrieved ALHAMBRA stellar masses. From
these plots we can see that both photo-z estimations are in very good agreement, with one-to-one differences
having an RMS of just 0.015, and not finding statistically significant differences between both samples. The
bottom panels of Fig. 2.12 are devoted to the stellar mass comparison. We find that the mean value of the
one-to-one stellar mass differences is 0.04 dex, with a dispersion of 0.15 dex.
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Figure 2.12: Differences between the photo-z (top panels) and stellar masses (bottom panels), computed
with MUFFIT (Y–axis) and the values provided in COSMOS catalogues (X–axis; Ilbert et al., 2009, 2010),
for a subsample of RS galaxies. On the right panel, we show the histograms of the differences, which are
fitted to a Gaussian distribution.

As we explained in Sect.2.4.4, the typical uncertainties of our ALHAMBRA photo z may have an impact
on the dispersion of the retrieved stellar masses of up to 0.026 (see Fig. 2.10), well below the observed value.
On the other hand, the offset between masses cannot be completely explained by the mild offset between
redshifts (µ = 0.005), since when using Eq. 2.14, this difference implies a shift in mass . 0.015 dex.
Previous work have already reported the non-negligible effect of using different model sets on the absolute
values of the derived stellar masses (see e. g. Pozzetti et al., 2007; Ilbert et al., 2010). To check this in
our particular case, we have repeated the above analysis for the same subsample of galaxies with the BC03
models, instead of MIUSCAT. The new mean difference between the stellar masses of ALHAMBRA and
COSMOS galaxies is now −0.03 dex, with a similar dispersion of RMS = 0.15 dex. Consequently, the
mild systematic between stellar masses is probably due to the SSP model choice. Irrespective of the input
set of SSP models, the dispersion between the stellar masses provided by COSMOS and the retrieved from
ALHAMBRA data after running MUFFIT remains RMS ∼ 0.15 dex. This can be easily explained as the
quadratic sum of the stellar mass uncertainties retrieved from both COSMOS and our proper technique in
the common sample, where ∼ 0.09 dex in COSMOS and ∼ 0.11 dex in ALHAMBRA.

As a general conclusion, despite the differences in the analysis techniques presented in this paper for
ALHAMBRA galaxies and those performed by previous work for the COSMOS data, we find remarkable
agreement between the photo-z and the stellar masses derived for galaxies in common, showing the reliabil-
ity and robustness of our code. We confirm that the choice of SSP models and extinction laws has an impact
on the absolute values of the derived stellar masses. In particular, we find that the stellar masses derived
using the MIUSCAT models lead to mean values of 0.07 dex that are higher than when using BC03 models.
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2.5.2 Photometric EWs of emission lines

During the SED fitting process, the detection and subsequent removal of the bands affected by nebular
emission lines may be crucial for determining reliable properties of the underlying stellar content of the
galaxy under study. The way in which the affected bands are detected and removed from the analysis is
already described in Sect.2.3.2.2. Here we analyse to what extent the emission line residuals retrieved from
our fittings, based on photometric data, are reliable and still keep meaningful information on the true EWs
of the nebular lines derived from classical spectroscopy.

To build up a comparison galaxy sample, we first take all the ALHAMBRA galaxies that i) are in
common with the data catalogues of the MPA/JHU 9 (hereafter MPA/JHU catalogues) and ii) present nebular
emission lines in their spectra (Brinchmann et al., 2004; Tremonti et al., 2004). This catalogue contains
EWs and flux measurements of nebular lines for galaxies in the SDSS DR7 (Abazajian et al., 2009). Such
measurements already account for their corresponding underlying stellar absorptions, because they were
calculated after subtracting appropriate SSP models.

Since our stellar population code is focused on the analysis of galaxies whose SEDs are dominated by
their stellar content, for a fair comparison we systematically remove all the AGNs and QSOs from the sample
(AGN, AGN_BROADLINE, QSO, and T2 types in SDSS), even if some of them could still be interpreted by
our code. In addition, galaxies with a signal-to-noise ratio lower than 5 in the EW continuum are removed,
as are those galaxies in the redshift ranges 0.112 < z < 0.114, 0.123 < z < 0.125, and 0.146 < z < 0.148,
to avoid EW contaminations due to the sky line O I λ 5 577, and all the galaxies larger than 4′′ (the SDSS
fibres have 3′′ diameter) to minimise strong aperture effects in the photometry. Under the above constraints,
there are 92 galaxies in common between ALHAMBRA and the MPA/JHU catalogues of SDSS.

The detection and classification of emission lines in multi-filter surveys is clearly limited by the low
spectral resolution of the data. For instance, at the ALHAMBRA resolution, and depending on the red-
shift, the emission line pairs Hβ–[O III], Hα–[N II], and even Hα–[S II] can be unresolved because of their
proximity in wavelength. To try to overcome this intrinsic limitation, rather than comparing the EWs of in-
dividual lines, we compare the total flux in excess along the observed spectral-range (λλ 3 500–9 700 Å for
ALHAMBRA) with the total sum of the EWs measured in the MPA/JHU catalogues for the following strong
nebular lines: H β λ 4 861, [O III] λ 4 959, [O III] λ 5 007, Hα λ 6 563, [N II] λ 6 548, [N II] λ 6 584, [S II]
λ 6 717, and [S II] λ 6 731. We do not account for weaker lines because they might not be detected under
the ALHAMBRA resolution. As explained in Section 2.3.2.2, we set the detection limits of emission lines
in ALHAMBRA to a flux excess of ∆mEL = 0.1 and a signal-to-noise ratio with respect to the photometric
error of the filter of σEL = 2.5. Out of the 92 galaxies in common, there are 44 galaxies in ALHAMBRA for
which our code detects an emission line in at least one filter, hence constituting the final galaxy subsample
for the sake of EW comparisons.

Since our SED-fitting technique is based on a χ2 minimization technique between the filter fluxes of
models and real galaxies over the full spectral range of the data, we must be aware that the best fitting
solution may not match the local continuum around the emission lines perfectly, leading to random over-
or under-estimations of the flux line. To minimise this effect for the sake of this study, given the filter that
contains the emission line, fl, we define a local continuum for this band, f c

l , as the mean value of the flux
in the contiguous bands not affected by the emission line. For the model band that contains the modelled
corresponding stellar absorption, tl, we similarly define a continuum for the model, tc

l , in the same bands as
where f c

l is calculated. Following the formalism for spectroscopic EWs, the equation for photometric EWs
(in Å) is

EWT,phot =
∑

X

(
fl
f c
l
− tl

tc
l

)
∆λl , (2.25)

where ∆λl is the width of the band (∼ 300 Å for the optical filters in ALHAMBRA) that contains the
emission line, and the sum applies to all the bands affected by strong emission lines, X.

9www.mpa-garching.mpg.de/SDSS/

www.mpa-garching.mpg.de/SDSS/
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Figure 2.13: Comparison between the emission line EWs measured in galactic SDSS spectroscopic data
taken from the MPA/JHU catalogues, EWT, spec, and the emission line EWs derived from the residuals of
our fitting code on the same galaxies in ALHAMBRA, EWT, phot. Blue dots indicate galaxies with only one
strong emission line in their spectra, i. e. with a reasonably specific or individual emission line measurement
in ALHAMBRA, whereas red dots illustrate galaxies with more than one emission line. The black line is
the one-to-one relationship, whereas the red line is a linear regression to all the points. The dashed black
line is the minimum EWT, phot that we can detect when imposing ∆mEL = 0.1 for a unique emission line in
one ALHAMBRA filter. See more details in the text.

In Fig. 2.13 we present the photometric EWT, phot derived with our spectral-fitting techniques on AL-
HAMBRA data versus the spectroscopic EWT, spec computed from MPA/JHU catalogues, for the 44 galaxies
in common that fulfilled the above selection criteria. Overall, we obtain good agreement between photo-
metric and spectroscopic EWs considering both photometric and spectroscopic uncertainties (see the red
line), where the bias between both measurements is µ = 0.018 dex and RMS = 0.234 dex , demonstrating
the feasibility and reliability of our code for determining the EWs of emission lines above a certain strength
(& 13 Å). We highlight that the concordance with our photometric EW predictions is good independently
if the galaxies only present one strong emission line in their spectra (blue dots) or they present more than
one emission line (red dots) in SDSS. It is interesting that under the imposed detection limit ∆mEL = 0.1
(dashed black line), there is no detection of emission lines either. In fact, our method can provide more
robust determinations under certain conditions. This is the case, for instance, for the galaxy that deviates on
the left-hand side of the panel. The SDSS spectrum of this galaxy, at redshift z = 0.299, exhibits both Hα
and Hβ in emission. Hβ emission is too weak to be detected in ALHAMBRA with our criteria, whilst Hα, at
λ 8 526, falls in a very noisy region of the spectrum plenty of sky emission line residuals and telluric bands,
which are hardly corrected in the SDSS data. This is not the case for the ALHAMBRA data, for which the
continuum is better determined and where the absolute flux excess, for this particular case, becomes more
reliable.

Finally we pay attention to the 48 galaxies for which our code does not detect any emission line in the
ALHAMBRA data with the detection limits set in this paper. We find that 35 galaxies (∼ 75 %) present
log10 EWT, spec ≤ 1.11 (∼ 13 Å), which corresponds to our detection limit ∆mEL = 0.1, i. e. that indeed
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Figure 2.14: Spectral fitting of M32 as seen by ALHAMBRA using the MIUSCAT SSP SEDs as template
models with the analysis explained above. The synthetic photometry of M32 is plotted in red, whereas the
best fit of a mixture of two SSPs to the spectrum of M32 is plotted in yellow. The bottom pannel shows the
residuals of the best fit.

remain imperceptible under our detection constrain. Of the remaining 13 galaxies, ten have log10 EWT, spec >

1.11, but distributed along different lines, where all the lines individually are under the detection limit.
Finally, for three galaxies we did not properly detect the emission lines for two reasons: first, since one of
the emission lines (in this particular case Hα) is right between two filters and the flux is split into both of
them, not fulfilling the detection criteria in any of the filters. Second, there was an incorrect determination
of the zphot, which prevents the code from looking for emission lines in the right filters, besides the fact that
a wrong redshift determination affects the quality of the derived continuum, yielding a line residual under
∆mEL = 0.1.

To conclude, we demonstrate that despite MUFFIT being mainly optimized for the analysis of the stellar
populations of galaxies dominated by their stellar content, it is still reliable for detecting and characterising
the strength of strong emission lines under certain conditions that depend on the type of the multi-filter
data we are working with (e. g. filter width, signal-to-noise ratios per filter). In future versions of the code,
we expect to improve the algorithms of detection of emission lines with additional techniques and criteria
(e. g. assuming intrinsic relations among lines), but this is beyond the scope of the present paper.

2.5.3 The stellar populations of M32

As a first step in testing the reliability of the stellar populations derived with our code, we analysed the
stellar content of M32, because this is one of the best known galaxies in terms of its resolved and unresolved
stellar populations. The spectrum of M32 used for this study was taken from the compilation of Santos et al.
(2002), and it had been convolved with the ALHAMBRA filter set for the sake of this test, as if it had been
observed in ALHAMBRA. Since the spectral range of this spectrum, λλ 3 500–10 000 Å, is shorter than the
filter coverage of ALHAMBRA, both the bluest optical filter and the three NIR filters were rejected from
the whole fitting procedure described in Sect. 2.3. In addition, to be able to explore the parameter space that
is compatible with the best solution due to uncertainties in the photometry, and given that we had created a
fake ALHAMBRA spectrum from a higher resolution spectrum, we added a synthetic error of σAB = 0.025
in each filter, which is the expected error in the photometric calibration of ALHAMBRA (equivalent to a
signal-to-noise ratio ∼ 40).
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In Fig. 2.14 we present the complete spectrum of M32, in black, the M32 spectrum at the ALHAMBRA
resolution and the best fit derived from our code with a mixture of two MIUSCAT SSPs and a Kroupa IMF
to the M32 ALHAMBRA spectrum. As consequence of the spectral range (λλ 3 500–10 000 Å), the bluest
and NIR ALHAMBRA filters were rejected in the analysis. The obtained residuals are shown in the lower
panel.

It is clear from Fig. 2.14 that the best fit derived from our code reproduces the observed spectrum well
at both low and high frequencies. The best fitting solution to a single SSP, as derived from our code in
the first step, corresponds to a MIUSCAT model of 3.7 ± 1.3 Gyr and around solar metallicity ([Fe/H]=
0.02±0.14 dex). When the code was run completely for the mixture of two SSPs, we obtained a luminosity-
weighted age of 6.8 ± 2.2 Gyr, a slightly sub-solar metallicity ([Fe/H]=−0.08 ± 0.14 dex), and extinction
AV = 0.28 ± 0.08. Looking at the individual results for the two SSPs, we find that the spectrum of M32
is appropriately reproduced by an intermediate-age population of 2.1 ± 0.5 Gyr and an older population of
11.5 ± 3.4 Gyr. We find that the weight on the stellar mass of the young population is ∼ 20 %. Previous
work, such as from Coelho et al. (2009) and Monachesi et al. (2012), arrive at similar results in the sense
that M32 is not composed of a unique SSP of intermediate age, but its stars were formed in at least two
episodes of star formation, one ancient and the other one at intermediate ages.

Even though we are using 19 filters (instead of 23 in a typical ALHAMBRA photo-spectrum), we still
get good agreement between the retrieved parameters and those derived by previous work when making use
of detailed spectroscopic studies, showing the power of this kind of multi-filter survey for stellar population
studies.

2.5.4 Ages and metallicities of early-types in the local Universe

Disentangling the stellar populations of early-type galaxies and their assembling histories is a key question
for our understanding of galaxy evolution; however, it is not our intention to address this point in this
section. The aim of this section is only to explore the stellar content of a subsample of early-type galaxies
in the nearby Universe from the ALHAMBRA survey, making use of MUFFIT, and to compare our results
with previous findings in the literature. Once again, this is an additional check to assess the reliability of the
stellar populations derived from our techniques. In a forthcoming paper (Díaz-García et al., in prep.), we
will carry out a more complete and systematic analysis of all the galaxies in ALHAMBRA, allowing us to
face these and other related questions.

Our reference work is the paper by Gallazzi et al. (2005, in the following G05) and, in particular, the
ages and metallicities derived from spectroscopic analysis techniques for a sample of early-type galaxies
located at z < 0.22 in SDSS. Their spectra were drawn from the SDSS DR4 (3′′ diameter fibres, Adelman-
McCarthy et al., 2006) spanning the full range of galaxy types (from actively star-forming to early-type
galaxies) and covering the range λλ 3 800–9 200 Å with a resolution of R ∼ 1 800, and Petrosian magnitudes
in the r-band range 14.5 < r < 17.77. To construct our subsample of early-types galaxies in ALHAMBRA
we have used the morphological catalogue provided by Pović et al. (2013), built using the code galSVM
(designed to deal with low-resolution images at low and high redshifts, Huertas-Company et al., 2008) that,
following a Bayesian approach, classifies the galaxies morphologically. This catalogue contains more than
∼ 1 500 early-type galaxies with redshifts down to z . 0.5 and a contamination lower than 10 %, up to
magnitude mF613W ≤ 22. To guarantee a fair comparison study, we only select those early-type galaxies in
ALHAMBRA with z ≤ 0.22 from the above catalogue, so in the same redshift interval as in G05. With this
constraint in redshift, we end up with a reliable subsample of ∼ 400 early-type galaxies (mean signal-to-
noise ratios S/N > 14 in all cases), in which a significant part (∼ 65 %) also reside in the RS.

Following Figure 12 in G05, in Fig.2.15 we present the density contours of our results on luminosity-
weighted ages, AgeL, and metallicities, [Fe/H]L, derived for our subsample of early-type galaxies in AL-
HAMBRA up to z = 0.22 using BC03 models and the photo-z constraints provided by the Gold catalogue.
As in G05, the galaxy sample is split in stellar mass bins as indicated in the top labels of Fig.2.15. For each
galaxy, rather than using the weighted values retrieved from the simulations, the whole set of results from
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Figure 2.15: Luminosity-weighted ages and metallicities derived from MUFFIT and the BC03 models,
for a subsample of ALHAMBRA early-type galaxies at different stellar mass bins and up to z ≤ 0.22.
Purple crosses illustrate the semi-axes of the degeneracy ellipses for 1 σ confidence level for the BC03 SSP
models, as computed in Sect. 2.4.5, in the same age and metallicites ranges. To guide the eye, yellow crosses
illustrate an age of 6 Gyr with solar metallicity.

the Monte Carlo simulations (see Sect. 2.3.2.5) are included in the plot. Darker colours correspond to the
ages and metallicity regions with higher population densities. To see the influence of the age–metallicity
degeneracy on the results, we also include the semi-axes of the degeneracy ellipses for 1 σ confidence level
for the BC03 SSP models, as computed in Sect. 2.4.5, in the same age and metallicity ranges.

From Fig.2.15 we infer that low-mass early types, log10 M? . 10.3 dex, show a bimodal distribution
in their stellar populations. There is a population of younger early types with slightly lower metallicities
that does not seem to exist at higher masses. On the other hand, there is a main population of older and,
on average, more metal-rich galaxies at the same stellar mass bin. The set of younger early types of mild
metallicities may be contaminated by lenticular galaxies (Poggianti et al., 2001), and they are also found in
G05. Using the rest-frame colours (see Sect. 2.3.2.6), we check that almost the totality of these "young"
galaxies corresponds to galaxies that reside in the blue cloud, and they are probably composed mainly of
star-forming bulge-dominated galaxies.

It is worth noticing that, even though this analysis is based on photometric data, using MUFFIT and
ALHAMBRA allows us to be sensitive to this population and to characterise their stellar populations quite
well by not only obtaining close agreement with spectroscopic studies, but also opening the possibility of
extending the mass limit up to lower stellar masses than typical spectroscopic surveys. We reinforce this
result by repeating the analysis using the MIUSCAT SSP models instead of the BC03, getting the same
result. Since the detailed analysis of the stellar populations is beyond the scope of this paper, this point will
be addressed in a forthcoming work (Díaz-García et al., in prep.).

For intermediate stellar masses (10.3 . log10 M?[M�] . 10.8), the "young" population tends to dis-
appear, and consequently, the number of youngish and less metal-rich galaxies decreases, because they
negligible for the higher stellar masses (10.8 . log10 M?[M�] . 12.0), for which there is a clear predom-
inance of old and metal-rich galaxies. For the lowest stellar masses, the spread in age and metallicity is
apparently larger than for the most massive cases. Overall, our results suggest that massive galaxies are on
average more metal-rich than less massive ones (Tremonti et al., 2004; Gallazzi et al., 2005, 2006), therefore
the abundance of metals in a galaxy is related or linked to its stellar mass, showing a wider spread at the
low-mass end (also found in G05), except for the young metal-poor population. We also observe that the
mean ages of massive early types tend to be slightly older than their less massive counterparts, so they were



2.5. Testing the perfomance of the code with ALHAMBRA galaxy data 57

formed at earlier epochs (higher redshifts) than the low-mass galaxies, in agreement with the "downsizing"
scenario (Cowie et al., 1996; Jimenez et al., 2007). The increase in the mean ages and metallicities for
massive early types was also found in G05 (equivalent results with very similar age-metallicity relations us-
ing SDSS spectroscopy). Even though these stellar population differences are quite mild for the early-type
galaxies (at least in comparison with late-type galaxies, see G05), it is worth pointing out that when running
on the ALHAMBRA data, MUFFIT is still sensitive to the subtle changes in age and metallicity. On aver-
age, for the whole galaxy population in Fig.2.15, we find that the increase in age from the low-mass galaxies
(9.0 . log10 M?[M�] . 10.3) up to the most massive ones (10.8 . log10 M?[M�] . 12.0) is ∼ 3 Gyr, with
mean ages of 3 and 6 Gyr, respectively. Similarly, the mean metallicity progressively increases from −0.35
to about solar metallicity.

We performed several tests to assess whether the bi-modality in the populations of the less massive
galaxies, 9.0 ≤ log10 M? < 10.3 dex, is driven by age-metallicity degeneracies. First, we observed the
degeneracies on the age-metallicity parameters for the whole sample of RS galaxies in ALHAMBRA at the
parameter ranges of both distributions (Sect. 2.4.5, see Fig. 2.11 and Table 2.3). For both sub-populations
(AgeL ∼ 0.8 Gyr with [Fe/H]L ∼ −0.7 dex; AgeL ∼ 4 Gyr with solar metallicity), the degeneracy contours
do not present bi-modalities, and they are well constrained by a unique ellipse (illustrated in Fig. 2.15).
In addition, we confirmed that all the Monte Carlo realisations of each individual galaxy in the left-hand
panel of Fig. 2.15 clearly belong to only one of the two galaxy sub-populations, proving that degeneracies
are not responsible for the younger and less metal-rich population at the low-mass regime. Moreover, we
added noise (σAB = 0.05–0.20, corresponding to a signal-to-noise ratio S/N ∼ 20–5) to the high-mass
galaxy sample and analysed them again with MUFFIT to see if there is any hint of bi-modality driven by
degeneracies in low signal-to-noise regimes. Even in the worst case (S/N ∼ 5), fewer than 3 % of the
galaxies end up in the young and metal poor sub-population region, without exhibiting any bimodal pattern
in the distribution. We conclude that there is a true sub-population of "young" early-type galaxies in the
stellar mass regime 9.0 ≤ log10 M? < 10.3 dex, which is not a consequence of parameter degeneracies and
the use of probability distribution functions.

2.5.5 Comparison with spectroscopic stellar-population studies

A definitive step forward in the above analysis rests on the one-to-one comparison of spectroscopic galaxy
ages and metallicities with the ones derived from MUFFIT. Interestingly, there is a sub-sample of galaxies
in the MPA/JHU catalogues for which individual spectroscopic estimations of ages and metallicities are
provided (obtained following the methodology explained in G05), and also imaged in the ALHAMBRA
fields. G05 performed an age and metallicity diagnostic method based on a simultaneous fitting to five
absorption line strength indices, most of them in the Lick system (Gorgas et al., 1993; Worthey et al.,
1994b). They are made up of age-sensitive indices like D4000 (Balogh et al., 1999), Hβ and HδA+HγA,
and by metal-sensitive indices like [Mg2Fe] (Bruzual & Charlot, 2003) and [MgFe]′ (Thomas et al., 2003),
the latter weakly dependent on non-solar [α/Fe] abundances. Each set of five spectral features is compared,
through a χ2-test, with the values provided by a set of models randomly generated from BC03, with different
bursts of star formation and different fractions relative to the total stellar mass in a velocity dispersion range,
to finally construct the PDF of the parameters being the weight of each model ∝ exp(−χ2/2) (see details in
G05).

By crossmatching the ALHAMBRA galaxy catalogue with the above work, we find 80 RS galaxies (not
spectroscopically classified as either BROADLINE or AGN) in common between both studies, with a mean
signal-to-noise ratio per pixel in SDSS greater than nine. (Under this constraint, the signal-to-noise ratio of
the common ALHAMBRA galaxies is more than 18 in all cases.) We establish this as a minimum threshold
for obtaining meaningful stellar population results from spectroscopic diagnostics based on line-strength
indices. Even if G05 stated that metallicity is well constrained for spectra whose signal-to-noise ratio is
higher than 20, this more permissive restriction in the SDSS signal-to-noise ratio increases the number of
common galaxies, allowing us to explore the age compatibility of both methods for a larger number of RS
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galaxies, where the age accuracy is not as affected by the signal-to-noise ratio of the SDSS spectra. (These
details are extensively tested in G05.)

To keep the model consistent with G05, we fed MUFFIT with the SSP models of BC03 to explore, via
ALHAMBRA data, the stellar content of these 80 RS galaxies in common. In addition, to explore the impact
of different SSP models on the retrieved parameters, we repeated the same analysis with the MIUSCAT SSP
models instead (see the end of this section).

Figure 2.16 presents a one-to-one comparison of the spectroscopic redshifts, luminosity-weighted ages,
luminosity-weighted metallicities, and stellar masses given in the work by G05 for the subsample of 80
SDSS galaxies in common with ALHAMBRA and the photometric values determined from MUFFIT using
the BC03 SSP models for the same galaxies and the ALHAMBRA data. The error bars at different parameter
ranges indicate the typical 1σ uncertainties in the parameters from both methods. Different colours indicate
different extinction ranges (AV < 0.3; 0.3 ≤ AV < 0.6; AV > 0.6), as inferred from our code. In addition,
to discuss aperture effects (SDSS spectra were taken in a 3′′ aperture, while ALHAMBRA photo-spectra
are not restricted to a fixed aperture, which is determined by the synthetic band F814W), star-shape markers
are assigned to galaxies with apertures below 4′′ in ALHAMBRA, which are, a priori, less affected by any
potential aperture bias.

Except for two galaxies, which have been removed from the plots since their ALHAMBRA photometry
has been confirmed to be affected by nearby and bright stars, the spectroscopic redshifts in Fig. 2.16a show
excellent agreement with our photo-z, with an RMS of ∼ 0.008. As we expect from Sect. 2.4.3, we rule
out that any difference in the stellar populations between the two sources can be due to uncertainties in the
photo z (see Sect. 2.4.4).

Concerning the luminosity-weighted age comparison, in Fig. 2.16b we find good qualitative agreement
between both methods given the uncertainties of both methods (see black crosses in Fig. 2.16), in the sense
that lower (higher) spectroscopic ages correspond, respectively, with lower (higher) photometric ages from
MUFFIT. Interestingly, according to MUFFIT, young galaxies also tend to be more reddened by dust than
old galaxies. From our results in this test sample, the mean age (luminosity-weighted) of the dusty galaxies
(AV > 0.6) is 1.8 Gyr, increasing to 3.9 Gyr for the intermediate extinction range and rising up to 5.4 Gyr
for galaxies for which we retrieve low dust contents (AV ≤ 0.3). This is an expected result, since it is well
known that younger galaxies may still have remnants of gas and dust from recent star formation events,
whereas older/quiescent galaxies use to have less dust content.

We notice that this trend could in principle be explained by the age-extinction degeneracy (Section 2.4.5).
However, if this were the case we would not find any qualitative relation with the spectroscopic ages, be-
cause the line indices, by construction, are not significantly affected by extinction. In addition, we emphasize
that the galaxies in ALHAMBRA for which MUFFIT retrieves young stellar populations, for ages down to
2.6 Gyr, are also classified as STARFORMING in SDSS. This also supports the idea that the retrieved ex-
tinctions with MUFFIT are very robust and that they are not dominated by the degeneracy with age, because
star-forming galaxies may present young populations with significant amounts of dust. In fact, previous and
similar work (e. g. Fontana et al., 2006; Pozzetti et al., 2007; Ilbert et al., 2010) assumed in their codes that
models with large extinctions are only allowed for star-forming galaxies. The key point from this result is
that MUFFIT is able to intrinsically retrieve the extinction of the stellar populations without assuming any
prior on the models or the galaxy type. Despite the qualitative agreement between MUFFIT and spectro-
scopic ages, with an RMS of ∼ 1.6 Gyr, we also notice an offset between the ages of the two samples, with
the spectroscopic ages being ∼ 2 Gyr older than the ones derived from our code for the ALHAMBRA data.
We discuss possible reasons for this offset at the end of this section.

In Fig. 2.16c we can see that the metallicities present qualitatively good agreement (despite the metal-
licity being more affected by uncertainties, see black crosses in Fig. 2.16), with an RMS of ∼ 0.22 dex,
although there is also a very small shift in the sense that our retrieved metallicities in ALHAMBRA tend to
be smaller (∆[Fe/H] ∼ −0.08 dex) than the spectroscopic ones derived for SDSS galaxies in G05. It is no-
ticeable that the metallicities of ALHAMBRA galaxies within an aperture of 4′′ (star-shape markers) present
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Figure 2.17: Comparison between the luminosity-weighted ages of a subset of RS τ-models from SSAG and
the ones derived by MUFFIT for the same models employing a mixture of 2 SSPs. The dashed black line
represents the one-to-one relationship, while the red line is the simple linear regression of the data points.
The solid black line illustrates the fit between the ages provided by G05 and the ones provided by MUFFIT
using ALHAMBRA data (see Fig. 2.16b).

better agreement with the spectroscopic measurements (∆[Fe/H] . −0.05 dex) than the galaxies with larger
apertures (dot markers; ∆[Fe/H] ∼ −0.15 dex). As shown in G05, aperture effects and typical metallicity
gradients can lead to up to ∼ 0.15–0.20 dex differences in metallicity for galaxies with & 1010M�. This
reinforces the consistency and good agreement between both metallicity predictions (from SDSS and AL-
HAMBRA), since MUFFIT retrieves lower metallicities on average with respect to SDSS, and not higher,
with a similar difference to those measured by G05 (∼ 0.17 dex) owing to possible aperture effects.

Interestingly, as pointed out by G05, a signal-to-noise ratio greater than 20 is required for a reliable con-
straint on the metallicity in SDSS spectra. Unfortunately, the adopted signal-to-noise ratio limit substantially
restricts our sample, by excluding low-luminosity galaxies with potential sub-solar metallicities. Moreover,
in G05 it is also mentioned that low-metallicity galaxies are more affected by uncertainties coming from
their weak absorption features of [Mg2Fe] and [MgFe]′. Indeed, in our subsample, the lower the metallicity,
the greater the dispersion in the spectroscopic metallicity, as illustrated by the error bars. Instead, the metal-
licities provided by MUFFIT using ALHAMBRA data at the same regime are slightly better constrained,
because in the end, it is the overall stellar continuum that mainly determines the retrieved stellar populations.

Figure 2.16d exhibits good agreement between the stellar masses of the two methods, with an RMS of
∼ 0.19 dex, even with an offset of ∼ 0.18 dex. This offset in the stellar mass can be explained mainly by
the systematic differences of ∼ 2 Gyr between the ages of both methods, since this implies a shift in the
mass-luminosity relation in the sense that older galaxies, at the same apparent magnitude, are also more
massive galaxies.

Before concluding, we intend to investigate the potential origin of the ∼ 2 Gyr offset in age derived in
Fig. 2.16b. There are several potential reasons that could explain this offset: i) the age–extinction degen-
eracy, ii) the way to compute luminosity-weighted ages, iii) aperture effects, and iv) intrinsic systematic
differences between both analysis techniques.
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i) Unlike SED fitting techniques, absorption line-strength indices are basically not sensitive to extinc-
tion, because they are defined in short wavelength ranges. If the ages derived from MUFFIT were
severely affected by the age–extinction degeneracy, we would expect galaxies with very low extinc-
tion values, AV < 0.05, to present better agreement in the age comparison of Fig. 2.16b. However,
this is not the case. By exploring the ages and metallicities of the galaxies with low extinction val-
ues (AV < 0.05, according to MUFFIT and the ALHAMBRA data), checking that both metallicities,
spectroscopic and photometric, remain in agreement without great differences, we find that the age
difference is still ∼ 2 Gyr. This rejects the potential impact of the age–metallicity degeneracy, as well
as the influence of using different extinction laws.

ii) In G05, luminosity-weighted ages are computed according to the total r-band flux, whereas in MUF-
FIT this is done using the whole flux in all the ALHAMBRA bands. To explore whether this normal-
isation difference could drive the age offset, we recomputed the MUFFIT luminosity-weighted ages
using the ALHAMBRA F644W band, which has the most similar effective wavelength to the SDSS
r-band. The results are essentially the same, so do not explain the observed age offset.

iii) It is well known that early-type galaxies may show radial variations in their stellar population proper-
ties, showing gradients in metallicity and/or age. We already discussed above how the combination of
different photometric apertures and the existence of metallicity gradients has an impact on the metal-
licity comparison of Fig. 2.16c). It is worth noting, however, that age gradients generally used to
be shallower than metallicity gradients (Wu et al., 2005; Sánchez-Blázquez et al., 2007; La Barbera
et al., 2012; Eigenthaler & Zeilinger, 2013), so aperture effects are expected to be less as well. Nev-
ertheless, shallow gradients in all the parameters can also be found (González Delgado et al., 2015).
To assess this effect, we focus on galaxies whose photometric apertures in ALHAMBRA are down to
4′′ (Fig. 2.16), not far from the SDSS fibre aperture. We observe that the age offset is significant even
for these galaxies, so aperture effects are rejected to explain the age offset, too.

iv) After the negative results of the three previous tests, the existence of intrinsic systematic differences
between the two methods seems to be the most plausible reason for the different absolute values of the
derived ages. The discrepancies between the analysis of spectral features versus colours, together with
the assumptions of different SFHs (exponentially declining tau models in G05, versus a mixture of
young+old SSPs in this work), may be responsible for the age offset. To shed light on this last item, we
aim at constraining a purely mathematical problem: the potential differences between the luminosity
ages derived from parametric τ-models and the ones derived from a non-parametric mixture of two
SSPs. To do this, we made use of the set of τ-model Synthetic Spectral Atlas of Galaxies (SSAG,
Magris C. et al., 2015), which is very similar to the τ models employed in G05. SSAG models are
based on the recipes described in Chen et al. (2012) and have been constructed following exponentially
declining SFH and BC03 models, which may randomly suffer an instantaneous and random burst
during different periods of time. The SSAG also includes intrinsic extinctions, following the dust
model of Charlot & Fall (2000), and different velocity dispersions.

To create a subsample of RS galaxies, we selected all the SSAG galaxy models whose colours satisfy
U − V & 2.0 (AB-system). After convolving SSAG models with the ALHAMBRA filter set, we ran MUF-
FIT using the same BC03 models as input, in concordance with SSAG, and compared derived luminosity-
weighted ages with the input SSAG ones. The result of the comparison is exhibited in Fig. 2.17. There
appears to be a systematic offset between ages of ∆AgeL ∼ 1.8±1.7 Gyr, which fully explains (qualitatively
and quantitatively) the ∼ 2±1.6 Gyr offset found in the previous comparison between the spectroscopic ages
of G05 and the ones retrieved using MUFFIT and ALHAMBRA data, as due to the mathematical differences
in the diagnostic input models (mixture of SSP models vs exponentially declining SFH models).

Finally, we have also investigated the impact of using a different set of SSP models for the stellar
population comparison. In Fig. 2.18 we present the same comparison of Fig. 2.16, but in this case having
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used the MIUSCAT SSP models, instead of BC03, to analyse the ALHAMBRA data with MUFFIT. Except
for a slightly larger difference in metallicity, in the sense that MIUSCAT models tend to predict lower
metallicities, the rest of the parameters are similar to Fig. 2.16. This is important for assessing the impact of
different SSP models on the absolute values of the derived parameters.

2.6 Summary and conclusions

The arrival of present and future large-scale multi-filter surveys (e. g. COMBO-17, COSMOS, ALHAM-
BRA, SHARDS, J-PLUS, and J-PAS) promises that formidable datasets for many purposes in Cosmology
and Astrophysics will be available. These photometric surveys, based on the mapping of different regions of
the sky with a set of contiguous intermediate- and narrow-band filters, provide low-resolution photo spectra
for each region of the sky (hence performing like a low-resolution IFU with PSF-limited spatial resolution),
with the survey depth as the only selection criterion and without the typical spectroscopic uncertainties in
the flux calibration. This opens an unprecedented way to progress in our understanding about galaxy evolu-
tion through studying millions of homogeneous galaxy SEDs, both spatially resolved in the closer Universe
and integrated.

This paper was devoted to presenting MUFFIT (MUlti-Filter FITting for stellar population diagnostics),
a generic code specifically designed to analyse the stellar content of galaxies with available multi-filter
data (dealing with the technical peculiarities and the big amount of high-quality photometric data available
in multi-filter surveys), as well as to show its functionalities, set the accuracy and typical uncertainties in
the retrieved stellar population parameters, and ultimately test it with real data. In this way, we made use
of the ALHAMBRA database as a test bench for MUFFIT, not with the aim of performing a thorough
stellar population analysis of the galaxies in ALHAMBRA (which constitutes the matter of the next papers
in this series), but to compare the stellar population results derived from MUFFIT with similar studies in
the literature, allowing us to assess its reliability and the feasibility of this kind of technique to accurately
explore the stellar content of galaxies.

In the following items the main conclusions of this work are summarised:

• Using a set of SSP models that explores different stellar population parameters as input, MUFFIT
builds photometric predictions of bands at different redshifts and extinctions. For the present work,
the stellar population parameters that were considered are only age and metallicity, although in a
general case even the IMF slope and the α-enhancement can also be retrieved if SSP models properly
account for them. In addition, the survey photometry was corrected for MW dust effects, as the colour
terms introduced by MW dust may play an important role not only in the stellar masses derived using
SED-fitting techniques, but also in the retrieved stellar population parameters.

• MUFFIT compares the multi-filter fluxes of a given galaxy with the photometric predictions of a rea-
sonable mixture of two SSPs, one younger and one older than the mean age provided by a single SSP
fitting. The mixture of two SSPs determined by the last prior, specific for each individual galaxy, is
a relevant improvement over the fitting of only one SSP, since it represents an underlying main red
population plus a less massive and later episode of star formation. The stellar population parameters
provided by MUFFIT (in this work the age and metallicity weighted by both luminosity and mass,
extinction, redshift, and stellar mass) are constrained by the use of an error-weighted χ2 test. During
the fitting process, MUFFIT removes those bands that are affected by emission lines, improving the
quality of the fitting and restricting the plausible redshift space, as in a general case the redshift of
the galaxy is treated as another free parameter to be determined. MUFFIT is not limited to provid-
ing the parameters of the best-fitting model, but also explores the parameter space using the proper
photometric uncertainties in each band by a Monte Carlo method, reinforcing the parameter predic-
tions because it provides their statistical uncertainties, too. MUFFIT also computes and provides the
k corrections of each galaxy from the same mixture of models in rest frame.
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• Specifically for the ALHAMBRA data, we studied the intrinsic uncertainties in redshift, extinction,
age, metallicity, and stellar mass that appear when diagnosed by MUFFIT. Using the typical distribu-
tion of errors for the RS galaxies in ALHAMBRA, we constructed mock galaxies with an average S/N
per filter of 20, obtaining typical uncertainties (RMS) of σz ∼ 0.01, σAV ∼ 0.11, σAge ∼ 0.10 dex,
σ[Fe/H] ∼ 0.16 dex, and σM? ∼ 0.08 dex. In no case were there systematic errors that are statistically
significant.

• Even though MUFFIT is not a generic photo-z code, using the redshift PDFs provided by external
photo-z codes as input, MUFFIT returns fine-tuned redshift values whose accuracy is improved by
∼ 10–20 %. We also found that the photo-z accuracy reached in ALHAMBRA, σNMAD . 0.009,
has a negligible impact on the main stellar population parameters retrieved using MUFFIT, where the
typical uncertainties in the photometry are more crucial.

• We studied the age–metallicity–extinction degeneracy of the ALHAMBRA data with MUFFIT at
different parameter ranges, after having fixed the IMF slope. The age-extinction anti-correlation is
present in all ranges of age and metallicity. However, the well known age–metallicity anti-correlation
may turn into a positive correlation for young and/or metal-poor populations due to the role of the
extinction in reddening the spectral energy distributions of galaxies.

• The stellar-mass predictions provided by MUFFIT for a common sample of RS galaxies in ALHAM-
BRA are in wonderful agreement with the stellar masses computed for the same galaxies in COSMOS.
The dispersion of the comparison, with an RMS of ∆ log10 M? ∼ 0.15 dex, can be fully explained by
the intrinsic uncertainties of both methods.

• MUFFIT offers a reliable way to explore emission lines in multi-filter surveys. Using a set of emis-
sion line galaxies shared by SDSS and ALHAMBRA, we demonstrate that the residuals provided by
MUFFIT for the filters affected by emission lines in ALHAMBRA are correlated with the strengths
of the main emission lines.

• The age–metallicity loci provided by MUFFIT for a sample of z ≤ 0.22 early-type galaxies in AL-
HAMBRA in different stellar mass bins are in very good agreement with the ones determined from
SDSS data on the basis of spectroscopic diagnostics. When we analysed the stellar content of these
galaxies in ALHAMBRA using their photometric data and MUFFIT, our results showed that the
more massive early types (& 1011M?[M�]) were formed in an earlier epoch than their low-mass
counterparts (. 1010M?[M�]) with a larger content of metals with differences of ∆Age ∼ 3 Gyr and
∆[Fe/H] ∼ 0.3 dex. This result agrees with the "downsizing" scenario as well.

• For a subsample of galaxies shared by ALHAMBRA and SDSS, a one-to-one comparison between
the redshifts, ages, metallicities, and stellar masses derived spectroscopically for the SDSS data (pro-
vided by Gallazzi et al., 2005) and those determined from MUFFIT and ALHAMBRA reveal good
qualitative agreement in all the parameters given the uncertainties of both methods, with typical RMS
for the distribution of differences between both diagnostics of σ SDSS

z ∼ 0.008, σ SDSS
Age ∼ 1.6 Gyr,

σ SDSS
[Fe/H] ∼ 0.2 dex, and σ SDSS

M?
∼ 0.19 dex, thus reinforcing the strengths of multi-filter galaxy data

and optimised analysis techniques, like MUFFIT, to conduct reliable stellar population studies. De-
spite the qualitative agreement between ages, in the sense that young (old) spectroscopic ages in SDSS
are also found to be young (old) photometric ages in ALHAMBRA using MUFFIT, there is a system-
atic difference of ∼ 2 Gyr between the two samples that is explained by the differences between using
mixtures of SSPs instead of τmodels. And even though there is good agreement between metallicities,
it is noticeable that the metallicities of ALHAMBRA galaxies within an aperture of ≤ 4′′ offer better
agreement with the spectroscopic measurements (∆[Fe/H] . 0.05 dex) than the galaxies with larger
apertures (∆[Fe/H] . 0.15 dex), pointing towards the possibility that aperture differences between
SDSS and ALHAMBRA and the existence of metallicity gradients drive the observed differences (in
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agreement with G05). There is also good agreement between stellar masses, with a minor shift of
∼ 0.18 dex that can be explained by the observed offset in age.

To conclude, we demonstrate that MUFFIT is a reliable stellar population code for multi-filter galaxy
data, which is suited to and optimized for analysing the stellar content of galaxies in ALHAMBRA-like
surveys. This opens a new way to explore and address stellar population studies of galaxies with multiple
photometric bands or colours, as long as the effective spectral resolution is at least the one of ALHAMBRA,
allowing us to accurately extract the stellar content of thousands of galaxies at higher redshifts, benefited
by the large-number statistics in comparison with typical spectroscopic datasets at the same redshift. With
the arrival of the new-generation large-scale multi-filter surveys, such as J-PLUS and J-PAS, codes like
MUFFIT will contribute to shedding light on our understanding of the formation and evolution of galaxies.
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3
The stellar content of the quiescent galaxy population during

the last ∼ 8 Gyr

Blue is the male principle, stern and spiritual. Yellow the female
principle, gentle, cheerful and sensual. Red is matter, brutal and heavy and

always the colour which must be fought and vanquished by the other two.

Franz Marc

Once the methodology for retrieving stellar population parameters from multi-filter photometric data is
performed (see Chapter 2), we carry out a complete and detailed analysis of the stellar populations of the
quiescent galaxies from the ALHAMBRA survey that is the main goal of the present chapter. The study of
the stellar populations of quiescent galaxies since z ∼ 1, as well as the determination of a reliable sample of
quiescent galaxies are a great challenge, whose results will shed light on how these galaxies have evolved
during the last 8 Gyr. This is also an opportunity for analysing alternative mechanisms that are able to alter
the stellar content of galaxies, e. g. mergers, as some of these mechanisms may remain unnoticed under the
in-situ star formation of the host galaxy. If star formation is quenched, their effects will emerge, or at least
they will be more easily detected.

3.1 Introduction

Galaxies tend to present bimodal distributions of red and blue galaxies (e. g. Bell et al., 2004; Baldry et al.,
2004; Williams et al., 2009; Ilbert et al., 2010; Peng et al., 2010; Arnouts et al., 2013; Moresco et al., 2013;
Fritz et al., 2014), where red galaxies present more evolved stellar populations with lower star formation
levels, for which they are usually referred as passive or quiescent. The formation and evolution of the
so-called quiescent/passive galaxies (even sometimes "dead") is still today a challenge, as these galaxies
started to form stars at very early epochs, to later shut down their star formation by a mechanism that is
still today matter of debate (e. g. ram pressure stripping, "strangulation", heating of galaxy’s gas by AGN,
Silk & Rees, 1998; Balogh et al., 2000; Dekel & Birnboim, 2006; Hopkins et al., 2006; Nandra et al., 2007;
Bundy et al., 2008; Di Matteo et al., 2008; Diamond-Stanic et al., 2012; Peng et al., 2015). Some of these
galaxies are really old (with ages slightly below ∼ 1 Gyr respect the age of the Universe) and they should
suffer very efficient process of star formation, and a subsequently fast quenching, because the sequence of
quiescent galaxies is already in place at z ∼ 3 (Whitaker et al., 2011; Ilbert et al., 2013). Some authors have
dedicated large efforts in studying their evolution in a long period of time, using several methods, namely the
study of their SFR or sSFR (Papovich et al., 2006; Martin et al., 2007; Zheng et al., 2007; Pérez-González
et al., 2008; Damen et al., 2009), studying the evolution of their number density with cosmic time (Ilbert
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et al., 2010; Pozzetti et al., 2010; Ilbert et al., 2013), or attempting to reconstruct their star formation history
with fossil record methods (Heavens et al., 2004; Thomas et al., 2005; Jimenez et al., 2007; McDermid
et al., 2015). Overall, there is a good agreement in that, these galaxies present a strong dependence in their
evolution with the stellar mass (largely studied in the local Universe, e. g. Kauffmann et al., 2003; Gallazzi
et al., 2005; Thomas et al., 2005; Sánchez-Blázquez et al., 2006a; Jimenez et al., 2007; Panter et al., 2008;
González Delgado et al., 2014a; Peng et al., 2015), being the more massive galaxies formed at earlier epochs
and presenting a more efficient and quicker process of star formation, usually called "downsizing" scenario
(Cowie et al., 1996).

In this situation, the state-of-the-art multi-filter surveys, e. g COMBO-17, COSMOS, ALHAMBRA,
SHARDS , J-PAS, can provide an alternative and complementary way for exploring the stellar content of
galaxies through the SED-fitting techniques (Mathis et al., 2006; Koleva et al., 2008; Walcher et al., 2011;
Díaz-García et al., 2015; Ruiz-Lara et al., 2015), further than the local Universe. These photometric surveys,
usually deeper than spectroscopy, can easily reach galaxies at intermediate redshifts (z ∼ 1–2), allowing us
to set milestones on the assembly of the stellar content of quiescent galaxies, offering a more continuous
point of view of the building up of a galaxy than fossil record methods as they offer a sequence of "pictures"
along the cosmic time.

In Sect. 3.2, we describe the basic aspects to select the galaxies from the ALHAMBRA catalogue, and
the parameters and models selected in order to carry out the stellar population analysis of the ALHAMBRA
data by MUFFIT. The criteria to select the quiescent sample is detailed in Sec. 3.3. We present the method-
ology to study the SFR of quiescent galaxies through the results provided by MUFFIT and its analysis in
Sec. 3.4. The distribution of the stellar population parameters and its dependency with the U − V and V − J
colours is studied in Sect. 3.5. The number density of quiescent galaxies is explored in Sec. 3.6. Sects. 3.7
and 3.8 detail the stellar population distributions of galaxies (mass-weighted age, metallicity, and extinction)
since z = 1.1 using the BC03 and EMILES as input SSP models respectively. In Sect. 3.9, we study the
systematics introduced in the stellar population distribution after assuming various star SFHs constraints.
We discuss and summarize our results in Sects. 3.10 and 3.11 respectively.

Along this chapter we assume a ΛCDM cosmology with H0 = 71 km s−1, ΩM = 0.27, and ΩΛ = 0.73.
All magnitudes are in AB-system (Oke & Gunn, 1983). The stellar masses are given in solar mass units
[M�].

3.2 The ALHAMBRA data

As in Chapter 2, the reference catalogue is again the ALHAMBRA Gold catalogue (more details about
ALHAMBRA in Sect. 2.2 and Moles et al., 2008; Cristóbal-Hornillos et al., 2009; Aparicio Villegas et al.,
2010; Molino et al., 2014), that contains ∼ 95 000 galaxies imaged in 20 + 3 optical and NIR bands respec-
tively. This catalogue provides an accurate enough photometry (non-fixed aperture) as for developing stellar
population studies of galaxies (see above Chapter 2 or Díaz-García et al., 2015), complemented with precise
photo-z predictions (σz ∼ 0.012). In order to build the galaxy set from the Gold catalogue, we took all the
sources classified as galaxies (STAR/GALAXY discriminator parameter Stellar_flag ≤ 0.5); and also
imaged with 70% photometric weight on the detection image (PercW ≥ 0.7), the latter to avoid photometric
errors in the galaxies close to the image edges. This catalogue also provides the synthetic AB-magnitude
mF814W , which is mainly employed for detection purposes and that sets the Gold catalogue selection as
mF814W ≤ 23. This synthetic band is not used during the SED-fitting process anytime.

3.2.1 Stellar-population parameters in ALHAMBRA

Along this chapter, we focus on the evolution and assembly of the so-called quiescent galaxy population
(galaxies without dominant star formation processes, which predominantly present red colours), as well as
on the role of the stellar mass, studying how their stellar populations evolved along the cosmic time. For
exploring this topic, we only employed the photometric data of each galaxy in ALHAMBRA and a set of
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the SED-fitting techniques that were specifically and carefully developed for setting constraints on their
stellar population parameters. These techniques are powerful and present high capabilities for this kind of
surveys, despite the inferred results may deviate from the classical methods based on index-index diagrams
of line-strength indices sensitive to age and metallicity (e. g. the Lick index system, Gorgas et al., 1993;
Worthey et al., 1994b).

In order to retrieve the stellar population parameters of our galaxies, we ran the generic code MUFFIT
(detailed above in Chapter 2), since this code demonstrated to be a reliable tool for exploring the stellar
content of galaxies from multi-filter photometric data and it is specifically optimised to deal with multi-
photometric data. We include in our analysis the iterative process for removing those bands that may be
affected by strong emission lines, to carry out a detailed analysis of the galaxy SED even when strong
nebular or AGN emission lines are present. The results are complemented by the Monte Carlo simulations
available in MUFFIT, in order to explore the kind of errors and uncertainties that affect the retrieved stellar
population parameters. From MUFFIT analysis, we retrieved ages and metallicities (both luminosity- and
mass-weighted), photo z (treated as another free parameter in the 1 σ confidence level provided by the Gold
catalogue), stellar masses, rest-frame luminosities or k-corrections, and extinctions.

For the analysis, we firstly selected the public BC03 SSP models (Padova 1994 tracks, ages from 0.06
to 14 Gyr, and metallicities [M/H] = −1.65, −0.64, −0.33, 0.09, 0.55) with a Chabrier (2003) initial mass
function, because its wide spectral coverage, λλ 91 Å–160 µm, allows us to perform our analysis in an
extensive redshift range, as in the present case of ALHAMBRA where the population of galaxies easily
extends up to redshift z ∼ 1.5. As we show in Sect. 3.8, we explore the influence on the results using
other sets of SSPs, particularly we make use of the set of MIUSCAT SSP models, which are an extension
of the Vazdekis et al. (2003, 2010) models and are built from empirical stellar spectra. Owing to the vari-
ety of spectral wavelength-ranges and stellar population parameters handled for this family of models (see
e. g. http://miles.iac.es), we select various sets to cover our needs during the analysis and inter-
pretation of stellar population results. More precisely, we chose the UV and NIR extension of MIUSCAT
models (EMILES, λλ 1 680 Å–5 µm; Vazdekis et al., 2016) taking the two sets of theoretical isochrones: the
scaled-solar isochrones of Girardi et al. (2000, hereafter Padova00) and Pietrinferni et al. (2004, BaSTI in
the following). It is noteworthy that this set includes the optical MIUSCAT SSP predictions (Vazdekis et al.,
2012; Ricciardelli et al., 2012), the NIR ones of MIUSCATIR (Röck et al., 2015), and the UV extension
from the NGSL stellar library. For EMILES, we took 22 ages in the range 0.05–14 Gyr and metallicities
[M/H] = −1.31, −0.71, −0.40, 0.00, 0.22 for Padova00 and [M/H] = −1.26, −0.96, −0.66, −0.35, 0.06,
0.26, 0.40 for BaSTI, with Kroupa Universal IMF.

For the whole set of SSP models, we added extinctions to the SSPs with values in the range AV = 0.0–3.1
(assuming a constant value RV = 3.1), following the extinction law of Fitzpatrick (1999). This extinction
law ranges a wider spectral range than the observed in ALHAMBRA since z ∼ 2, and it is suitable for
dereddening any photospectroscopic data, such as ALHAMBRA, after exploring various methodologies
and accounting for uncertainties robustly (further details in Fitzpatrick, 1999). Previously to the SED-
fitting analysis, the photometry of the galaxies was also corrected of the Milky Way dust using MUFFIT.
Although the discrepancies among the CCDs of the LAICA1 camera (4 CCDs of 4096 × 4096 pixels and
pixel scale 0.225′′ pixel−1) are mild, each galaxy was analysed with the SSP model set after convolving it
with the precise photometric system/CCD in which was imaged. For the Omega-20002 camera (1CCD with
2048 × 2048 pixels and plate scale 0.45′′ pixel−1), this process is not necessary as it only contains a unique
CCD. Noteworthy, the ages provided by MUFFIT through its 2-SSP SED-fitting may differ systematically
up to . 2 Gyr younger when we compare them with the ages obtained assuming alternative SFH, such as
τ-models (see Sect. 2.5.5).

Throughout this work, the mass-weighted ages and metallicities are preferred to the luminosity ones,
because of the mass-weighted parameters are more representative of the total stellar content of the galaxy

1http://www.caha.es/CAHA/Instruments/LAICA
2http://www.caha.es/CAHA/Instruments/O2000

http://miles.iac.es
http://www.caha.es/CAHA/Instruments/LAICA
http://www.caha.es/CAHA/Instruments/O2000
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and they are not linked to a definition luminosity weight (which may differ among different work easily);
although luminosity-weighted parameters are also estimated. In fact, in some cases a young population
can dominate the luminosity of a galaxy, and consequently its luminosity weighted age, even when its
contribution in mass is very low (Trager et al., 2000; Conroy, 2013). Lookback times were established
following the recipes of Hogg (1999) with the cosmological parameters presented in Sect. 3.1. Hereafter,
we define formation epoch as the addition of the mass-weighted age (AgeM) and lookback time (tLB).

Table 3.1 illustrates part of the stellar-population parameters and uncertainties derived by MUFFIT using
BC03 for the sample of 8 547 quiescent galaxies (see Sect. 3.3 below) used throughout this research. A more
complete catalogue with additional columns will be available via query submission at http://archive.
cefca.es/alhambra/quiescent_galaxies_query.html .

3.3 Definition of the quiescent sample

The definition of a reliable sample of quiescent galaxies with low levels of contamination may be a sen-
sitive and tricky process, because both dusty star-forming galaxies and cool stars in ground-based surveys
present colours similar to those of the quiescent galaxy population. The contamination of these sources can
represented a substantial part of the sample at certain redshift and mass ranges and their effects should be
removed or minimised at least (see Sects. 3.3.1 and Sect. 3.3.3). Even though multi-filter photometric sur-
veys with the prominent advantage that they are not biased by selection effects other than the photometric
depth, the definition of a complete sample in stellar mass (Sect. 3.3.4) with accurate enough photo-z predic-
tions (Sect. 3.3.5) is key to reliable drive this study, because as we mention above, the stellar mass is tightly
related to the star formation history of each galaxy.

3.3.1 The dust corrected UV J-diagram

There are many similar relations that define a sample of quiescent galaxies based in colour–magnitude dia-
grams (CMD, Bell et al., 2004; Baldry et al., 2004; Brown et al., 2007), in SFR-mass relations (Moustakas
et al., 2013), in colour–mass relations (Peng et al., 2010), or in colour–colour diagrams (Daddi et al., 2004;
Williams et al., 2009; Arnouts et al., 2013) usually defined at rest-frame. During the last years, the UV J
colour–colour diagram (Williams et al., 2009) has become one of the most extended methods for separating
the quiescent galaxy population from the galaxies that lie on the blue cloud or star forming population (also
referred as the main sequence of star formation, Noeske et al., 2007). The most remarkable advantage of
this colour–colour diagram is the inclusion of the colour V − J, that mitigates the problem of their pre-
decessors (U − V mainly based diagrams or CMD), because of quiescent and dust-obscured star-forming
galaxies are empirically separated occupying different loci in the UV J-diagram besides they present similar
red U − V colours (Wyder et al., 2007; Cowie & Barger, 2008; Brammer et al., 2009). Despite the UV J
diagrams demonstrated to be a reliable method to split quiescent (low SSFR) from star-forming galaxies
(high SSFR), these diagrams present a level of contamination in the selection of quiescent galaxies that
depends on redshift and stellar mass (Williams et al., 2009; Moresco et al., 2013), for which the number of
star-forming outliers may reach 30 % at certain redshift and mass regime, or at least a 15 % after imposing
a more restrictive U − V colour limit than the defined one originally (Moresco et al., 2013).

For the aims of this work, it is therefore crucial to diminish the contamination of dust-reddened star-
forming galaxies in our sample. Otherwise, the sample would contain a subset of younger and obscured
galaxies, that differs from the largely evolved quiescent galaxies. To make a more reliable sample selection,
we took advantage of the stellar population results provided by MUFFIT, more specifically we used the k
corrections along with the extinction values to build a new and improved version of the UV J-diagram free
of dust colour effects, which allows us to clean the quiescent sample of obscured star-forming galaxies. Ba-
sically, MUFFIT retrieves a set of SSP mixtures with different weights and parameters after fitting the SED
of each galaxy from the ALHAMBRA dataset, in which the extinction is included. From these mixtures,
it is straightforward to rebuild the same combination of models (in a general case age, metallicity, stellar

http://archive.cefca.es/alhambra/quiescent_galaxies_query.html
http://archive.cefca.es/alhambra/quiescent_galaxies_query.html
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initial mass function, over-abundances, stellar mass, and the weight of each SSP component in the mixture),
at rest-frame and null extinction (AV = 0.0).

Instead of using the rest-frame U − V and V − J colours in order to build the UV J-diagram, we took
the bands F365W, F551W, and J from ALHAMBRA to compute the rest-frame colours mF365 − mF551
and mF551 − J, which are the most similar bands to the U, V , and J effective wavelengths (the empirical
bimodality is also present using these bands). In Fig. 3.1, we present the UV J-diagram made with the
ALHAMBRA bands mentioned previously for all the galaxies at 0.1 ≤ z ≤ 1.1 in the ALHAMBRA Gold
catalogue (complete down to mF814W = 23) and corrected of reddening. By looking at the distribution of
the rest-frame intrinsic colour (mF365 − mF551)int (see top inner panels in Fig. 3.1), we can easily set the
limit for quiescent galaxies as (mF365 − mF551)int ≥ 1.5, that is roughly constant with redshift, at least up to
z ∼ 1.1. Although this colour limit is not strictly located in the minimum between the red and blue peaks
(corresponding to the quiescent and star-forming population respectively), its value was defined to agree
with the limit established in Moresco et al. (2013, see Eq. 3.1 below) and to be slightly larger as to avoid the
(now) poorly populated green valley, whose limits are difficult to define due to the low number of sources.
In fact, after the definition of a quiescent sample complete in stellar mass (Sect. 3.3.4 below), the sample
remains almost unaltered. For comparison reasons, we present the UV J-diagram without the extinction
correction in the bottom panels of Fig. 3.1. The range of colours in the UV J-diagram to select the quiescent
sample defined by Moresco et al. (2013) is also plotted, which is less contaminated of obscured star-forming
galaxies than the proposed by Williams et al. (2009). Formally,{

(mF365 − mF551) > 0.88 × (mF551 − J) + 0.69, for z ≤ 0.5
(mF365 − mF551) > 0.88 × (mF551 − J) + 0.66, for z > 0.5

(3.1)

where mF365 −mF551 > 1.6 (mF365 −mF551 > 1.5) at z ≤ 0.5 (z > 0.5) and mF551 − J < 1.6, all quantities at
rest-frame and in AB-magnitudes.

The simple extinction correction applied on the UV J colours yields striking results:

• As expected, removing dust effects makes clearer the colour bimodality of galaxies in the UV J-
diagram (see Fig. 3.1). This is because a very considerable part of the galaxies that reside in the green
valley (the bridge between red and blue galaxies) are obscured star-forming galaxies (∼ 65 %). Their
intrinsic colour (mF365−mF551)int unveils that these galaxies really lie on the star-forming population,
although they also present a large dust content that redden their observed colours (Brammer et al.,
2009; Whitaker et al., 2010, obtained a similar result for U − V). Thereby, the green valley is largely
depopulated after accounting for extinction (inner panels in Fig. 3.1; see also Bell et al., 2005; Cowie
& Barger, 2008; Brammer et al., 2009; Cardamone et al., 2010).

• At least for a sample complete down to mF814W = 23, the histogram of the (mF365 − mF551)int colour
exhibits a local minimum at ∼ 1.45 that can be imposed as the bluest colour limit to fairly select the
quiescent sample. This limit to separate quiescent from star-forming galaxies also remains roughly
constant since z ≤ 1.1, and it does not present any remarkable evolution. In spite of there is a bridge
between the bulk of intrinsic red and blue galaxies at (mF365 − mF551)int ∼ 1.45, this colour range is
not largely populated by many galaxy and it looks to be restricted for a few ones only.

• Additionally, we can see that the galaxies labelled as quiescent by Eq. 3.1 and that belong to the star-
forming sample after the dust correction (intrinsic mF365 − mF551 < 1.5, black dots in Fig. 3.1) are
typically concentrated close to the edges of Eq. 3.1, supporting the reliability of the extinction val-
ues provided by MUFFIT. Otherwise, the distribution of reddened-by-dust galaxies would uniformly
populate the red part of the UV J diagram as a consequence of degeneracies, where the effects of age,
metallicity and extinction on the stellar continuum were not properly differentiated.

• Dusty star forming galaxies comprise the ∼ 20 % of the quiescent sample defined through Eq. 3.1. Our
results clearly established that more massive quiescent galaxies are less biased by dusty star forming
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galaxies than the less massive ones. More precisely, the most massive part of the sample is weakly
contaminated by dusty star-forming galaxies when they are defined by Eq. 3.1 (log10 M? ≥ 11, 2–8 %
from z ∼ 0.1 to z ∼ 1.1), while the low mass ones may be significantly biased by them (e. g. ∼ 40 %
for 9.2 ≤ log10 M? ≤ 9.6 at 0.1 ≤ z ≤ 0.3).

In addition to the colour cut (mF365 − mF551)int ≥ 1.5, we restrict this study to the redshift interval
0.1 ≤ z ≤ 1.1 because: i) the stellar mass completeness constraint largely reduces the number of quiescent
galaxies further than z > 1.1; ii) at z < 0.1, the number of quiescent galaxies in ALHAMBRA is also
very low, specially for the most massive ones, which are substantially less frequent. The total number of
quiescent galaxies at this point is 14 944.

3.3.2 Visual inspection

For increasing the purity of the sample, we also carried out a one-by-one visual inspection on the ∼ 15k
galaxies with intrinsic red colours retrieved above (Sect. 3.3.1) and in the interval 0.1 ≤ z ≤ 1.1. We removed
from the sample those galaxies for which their photometry presented significant irregularities or that were
compromised by really nearby sources, imaged in bad CCD regions, or spurious detections. To develop
this process, we simultaneously checked one-by-one all the galaxy stamps, the adequacy of the photometric
aperture (mainly the efficiency on the detection-deblending of sources and surroundings), and that the photo-
spectrum did not present strong irregularities as the presented by time-variable sources or sources close to
stellar spikes, which cannot be reproduced by SSPs. Finally, we removed from the quiescent sample ∼ 5 %
of sources after the visual inspection, remaining 14 235 quiescent galaxies at this stage.

3.3.3 Faint star removal

The ALHAMBRA Gold catalogue provides a statistical star/galaxy classification for discerning if each
source in the catalogue is either a galaxy or a star (Stellar_flag, more detailed in Molino et al., 2014).
This parameter was originally used to define our sample of galaxies (see Sect. 3.2) and it accounts for the
geometry, apparent magnitude, and two colours to provide a statistical approach to carry out the star/galaxy
separation for each detection. Unfortunately, this parameter is less effective at decreasing signal-to-noise-
ratio, and consequently, for sources fainter than mF814W = 22.5 this classification is uncertain and a value
Stellar_flag= 0.5 is assigned. Although we do not expect a large number of contamination from stars
at 22.5 ≤ mF814W < 23 for the full sample, the ALHAMBRA fields may contain stars from the Milky Way
halo, which are mainly composed of cool red stars. Our quiescent sample, composed of red sources, may
be therefore partly contaminated by stars that were analysed as galaxies.

This problem is faced through a new MUFFIT module devoted to analysing stars, which carries out a
similar SED-fitting process to the galactic version but using the Coelho et al. (2005) star models instead.
This methodology ends up reducing the contamination of faint stars in ALHAMBRA from 24 % to 4 %
after comparing our faint star detection predictions with the star/galaxy classification provided by COSMOS
(classified as point-like sources thanks for its tiny PSF; Leauthaud et al., 2007), in a shared subsample of
sources at 22.5 ≤ mF814W < 23. It is worth mentioning that owing to the spectral coverage of the Coelho
et al. (2005) stellar models (300 nm – 1.8µm), the Ks photometry of the ALHAMBRA band is not used for
the stellar analysis. A more detailed explanation about the whole process is provided in Appendix A, as well
as the comparison with COSMOS to check the reliability of the methodology.

After removing 439 star candidates from the sample in the range 22.5 ≤ mF814W < 23, the number of
quiescent galaxies is reduced to 13 796.

3.3.4 Stellar mass completeness

We model the stellar mass completeness, C, through a Fermi-Dirac distribution (see Eq. B.2) that is parametrised
by two redshift-dependent parameters, MF and ∆F. We find out that this kind of distribution reproduces the
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Figure 3.2: Redshifts (X–axis) and stellar masses (Y–axis) of the sample of ALHAMBRA quiescent galax-
ies. The dashed line shows the 95 % stellar mass completeness level of quiescent galaxies from the AL-
HAMBRA Gold catalogue (complete down to mF814W = 23). The solid line illustrates the limits assumed in
this work to define our sample of galaxies complete in stellar mass at different redshift bins (see Sect.3.3).

decay on the less massive galaxies of our flux-limited sample (mF814W ≤ 23) at any redshift properly (see
Appendix B.1). Briefly, MF is the stellar mass value in dex units for which the completeness reaches 50 %
(C = 0.5), while ∆F is related with the rate of decrease on the number of galaxies. The process for de-
riving these parameters takes advantage of stellar mass functions from deeper surveys (for further details,
see Appendix B.2), in particular from the COSMOS survey, which specifically provides them for quiescent
galaxies (Ilbert et al., 2010) and partly overlaps with ALHAMBRA. In this process, we assume that any
discrepancy between the low-mass end of the ALHAMBRA stellar mass function and the COSMOS one
is leaded by the mass incompleteness. These differences allow us to determine both MF and ∆F, that are
directly related to the stellar mass limit, log10 MC, at certain redshift z and completeness level by

log10 MC(z) = ∆F(z) ln [(1 − C) − 1] + MF(z) . (3.2)

For this work, we require a conservative stellar mass completeness of at least C = 0.95 at any redshift
slice (see Fig. 3.2 and values in Table 3.2). From Table 3.2, we derive that ALHAMBRA is complete
down to log10 M? ≥ 9.4 dex at z = 0.3. However, to develop this work, we rise the low-mass limit down
to log10 M? ≥ 9.6 dex, with the only aim of having a set of equal-size stellar mass bins of ∼ 0.4 dex.
In Appendix B, there is a more detailed and complete explanation of the full process to determine the
ALHAMBRA completeness.

Finally, the total balance of galaxies for this study, including the stellar mass completeness constraint,
comprises a total of 8 547 quiescent galaxies (all the galaxies in our sample are enclosed by the black solid
line in Fig. 3.2). The number of quiescent galaxies per stellar mass and redshift bin is detailed in Table 3.3.

3.3.5 The photo-z accuracy of the quiescent sample

An accurate photo-z determination is essential to properly drive a stellar population study, otherwise any
stellar-population prediction may be erroneous. As we mention above, we came from the great photo-z
constraints provided in the ALHAMBRA Gold catalogue (computed using BPZ2.0, Benítez, 2000; Molino
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Table 3.2: The parameters MF and ∆F at different redshift, and the stellar mass limit at the completeness
level C = 0.7, 0.8, 0.9, and 0.95 for the quiescent sample.

Redshift 0.3 0.5 0.7 0.9 1.1
MF 8.99 9.64 10.08 10.44 10.84
∆F 0.132 0.108 0.105 0.110 0.108
log10 MC=0.7 9.10 9.73 10.17 10.53 10.93
log10 MC=0.8 9.17 9.79 10.23 10.59 10.99
log10 MC=0.9 9.28 9.88 10.31 10.68 11.07
log10 MC=0.95 9.38 9.96 10.39 10.76 11.15

Table 3.3: Number of quiescent galaxies per stellar mass and redshift bin. Last column summarizes the
total number of galaxies per stellar mass bin. Last row presents the total number of quiescent galaxies per
redshift bin. All the cells include redshift and stellar mass bins complete at the level C = 0.95, otherwise
appear dashed.

0.1 ≤ z < 0.3 0.3 ≤ z < 0.5 0.5 ≤ z < 0.7 0.7 ≤ z < 0.9 0.9 ≤ z ≤ 1.1 Total
9.6 ≤ log10 M? < 10.0 289 – – – – 289

10.0 ≤ log10 M? < 10.4 433 996 – – – 1429
10.4 ≤ log10 M? < 10.8 403 1035 1088 – – 2526
10.8 ≤ log10 M? < 11.2 238 663 800 1480 – 3181

log10 M? ≥ 11.2 51 140 157 357 417 1122
Total 1414 2834 2045 1837 417 8547

et al., 2014), to subsequently run MUFFIT in the photo-z intervals provided in this catalogue, that is, treating
the redshift as another free parameter to determine in our stellar population analysis. Despite MUFFIT is
not a photo-z code, the combined use of both photo-z constraints from dedicated photo-z codes and MUFFIT
has demonstrated to be a reliable method that improves the photo-z predictions ∼ 15 % (see Díaz-García
et al., 2015, Chapter 2 in this thesis), and it is necessary to check its reliability and accuracy.

As in Sect. 4.3 of Díaz-García et al. (2015), also Sect. 2.4.3 in this thesis, the methodology to establish
the level of accuracy for the photo-z predictions provided by MUFFIT (after using as priors the photo-z
constraints from the Gold catalogue), is based on all the galaxies in our final sample with publicly available
spectroscopic redshifts from surveys (zCOSMOS, Lilly et al. 2009; AEGIS, Davis et al. 2007; and GOODS-
N, Cooper et al. 2011) that overlap with ALHAMBRA (from the catalogue of Molino et al., 2014). As there
is no a unique method to set numerical values of the photo-z accuracy, we turned to various methods already
used in the literature. One of the most extended is the normalised median absolute deviation (σNMAD,
Brammer et al., 2008), since this is less affected of catastrophic errors or outliers. Formally,

σNMAD = 1.48 × median
( |∆z − median(∆z)|

1 + zspec

)
, (3.3)

where ∆z = zphot − zspec. Moreover, we complement our results proposing another photo-z accuracy esti-
mator: the RMS of the Gaussian distribution built from the values ∆z/(1 + zspec), which in the following,
we denote as σphoto−z. The number of catastrophic outliers is also a noted factor to take into account, so we
include two estimators for them

η1 =
|∆z|

1 + zspec
> 0.2, and (3.4)

η2 =
|∆z|

1 + zspec
> 5 × σNMAD. (3.5)

Amongst the 8 547 quiescent galaxies in our sample complete in luminosity (mF814W ≤ 23) and in stellar
mass (see Sect. 3.3.4 above), there are 576 quiescent galaxies with spectroscopic redshift measurements.
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Figure 3.3: Comparison of the photo-z provided by MUFFIT (zphot) with their spectroscopic values (zspec)
for 576 quiescent galaxies in our sample. Top panel, comparison one-to-one of the redshifts, where the
dashed black line is the one-to-one relation. Middle panel shows the histogram of values ∆z/(1 + zspec),
along with the Gaussian that best fits this distribution (red solid line) and the photo-z accuracy estimators
defined in the text (Eqs. 3.3–3.5). Bottom panel illustrates the differences ∆z/(1 + zspec) as a function of the
spectroscopic redshift (X-axis). Shaded region illustrates 3 × σNMAD uncertainty.
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Figure 3.3 illustrates the one-to-one comparison (top panel) of the 576 quiescent galaxies, showing the
excellent agreement between our photometric predictions and the spectroscopic ones. For this subsample
of 576 galaxies and according to Eqs. 3.3–3.5, we obtained σNMAD = 0.0064, η1 = 0.5 %, and η2 = 6.6 %
respectively; whereas for the ∆z/(1 + zspec) distribution we carried out a good fit to a Gaussian function (red
solid line in middle panel in Fig. 3.3) centred at 0.0006 (i. e. closely centred to zero and without a systematic
shift) and with a RMS or σphoto−z = 0.0053.

If we compare the photo-z values provided by BPZ in the ALHAMBRA Gold catalogue with the spec-
troscopic ones, we obtain an accuracy of σNMAD = 0.0080, σphoto−z = 0.0062, η1 = 0.5 %, and η2 = 7.1 %.
Thereby, treating the photo z as another free parameter for MUFFIT, in the ranges provided by BPZ, im-
proves the photo-z accuracy ∼ 15 − 20 %. As checked by Díaz-García et al. (2015), a photo-z uncertainty
at this level, 0.6 %, has a minimum impact on the stellar population parameters that are determined via
SED-fitting in ALHAMBRA: age, metallicity, and extinction.

3.4 Star formation rates via SED-fitting

By means of combination of two SSPs, we cannot estimate the SFR of galaxies directly, unlike SED-
fitting analyses based in τ-models or in more complex SFH (e. g. Cid Fernandes et al., 2005; Moustakas
et al., 2013). In order to retrieve SFRs from the SED-fitting results provided by MUFFIT, it is necessary
the definition of a tracer or parameter that allow us to estimate them (Sect. 3.4.1). Although the SFR of
quiescent galaxies are typically low, they can also be used to complement and reinforce the reliability of
the results obtained in Sect. 3.3.1, opening an alternative process or criterion in order to support that the
reddened by dust star-forming galaxies that exhibit UV J-colours of quiescent galaxies (hereafter DSF, see
Eq. 3.1) also show other features proper of star-forming galaxies, and therefore, they were removed from
the quiescent sample properly. Specifically, we focus on the SFRs of the DSF to check that they present
SFR values in the range of star-forming galaxies.

On the one hand, we present the methodology for computing SFRs using the SED-fitting results provided
by MUFFIT using the ALHAMBRA data (Sect. 3.4.1), taking the luminosity at 2 800 Å as SFR tracer, to
subsequently compare the SFR of DSF with the rest of the sample. On the other hand, we studied the
dust emission at 24 µm of all the DSF removed from the quiescent sample, that is, a tracer separated from
SED-fitting results, such as MUFFIT, which is also independent of the ALHAMBRA data (Sect. 3.4.2).

3.4.1 Star formation rates in ALHAMBRA: dusty star-forming galaxies

By means of model predictions of stellar populations, the UV continuum in the range λλ 1 500–2 800 Å
is a good tracer of SFR in galaxies with on-going star formation, because this range is mainly dominated
by the light emitted by late-O and early-B stars (see e. g. Madau et al., 1998). In particular, we chose the
SFR tracers proposed by Madau et al. (1998), which are based in stellar population models with exponential
declining SFRs, or τ models, and Salpeter (1955) IMF. Even though the SFR derived from luminosities at
1 500 Å and τ-models is slightly less-dependent of the duration of the star-formation burst, the SFR rates
derived along this section were computed by the rest-frame luminosity at 2 800 Å, Lz=0

2800Å
. Formally,

S FR2800Å = 1.27 10−28 × Lz=0
2800Å

, (3.6)

where Lz=0
2800Å

is in units of ergs s−1 Hz−1, and S FR2800Å in M� yr−1. Notice that Eq. 3.6 is not taking dust

effects into account. The election of the SFR tracer at 2 800 Å is motivated by the observational wavelength-
frame of ALHAMBRA, because this starts at ∼ 3 500 Å (band F365, FWHM ∼ 300 Å and effective
wavelength λeff = 3 650 Å), and therefore, the SFR tracer based on the luminosity at 2 800 Å is only matched
at redshifts z > 0.25, whereas for 1 500 Å is at z > 1.3, which reduces our sample dramatically. Actually,
for redshifts z < 0.25 we are able to obtain a prediction of the luminosity at 2 800 Å, but this prediction
would be an extrapolation of the SED-fitting carried out by MUFFIT. For this section, we preferred a more
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Figure 3.4: Stellar mass (X-axis) versus star formation rate tracer S FR2800Å (Y-axis) defined by Madau et al.
(1998, see Eq. 3.6) of the ALHAMBRA galaxies at 0.3 ≤ z < 0.5. Higher densities are presented by redder
colours, whereas the lower ones by bluer colours. Dashed and solid red lines show the fit to the quiescent
sequence and the limiting S FR2800Å values for star-forming galaxies respectively.

Figure 3.5: As Fig. 3.4, but at redshift 0.5 ≤ z < 0.7.
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Figure 3.6: As Fig. 3.4, but at redshift 0.7 ≤ z < 0.9.

Figure 3.7: As Fig. 3.4, but at redshift 0.9 ≤ z ≤ 1.1.



82 CHAPTER 3. The stellar content of the quiescent galaxy population during the last ∼ 8 Gyr

conservative treatment in which the rest-frame flux at 2 800 Å must be included in the observational frame
(z & 0.25).

The rest-frame luminosity Lz=0
2800Å

, also free of dust attenuation, is calculated from the SED-fitting results
provided by MUFFIT. Similarly to the process of removing the dust effects on colours (Sect. 3.3.1), we
rebuilt the combination of best-fitting models retrieved during the Monte Carlo approach without extinction
and for all the galaxies in ALHAMBRA. From these combination of models, we integrated the flux emitted
in the rest-frame range λλ 2 750–2 850 Å in order to compute Lz=0

2800Å
with its uncertainty and S FR2800Å

using Eq. 3.6.
In order to characterize the range of S FR2800Å values of star-forming galaxies, as well as its dependency

with redshift and stellar mass, we plotted the distribution S FR2800Å versus stellar mass at different redshift
bins. When viewed the full sample of ALHAMBRA galaxies in the SFR versus stellar mass plane, taking the
stellar masses provided by MUFFIT, the already observed bimodality of star-forming and passive galaxies
(e. g. Ilbert et al., 2010; Moustakas et al., 2013; Choi et al., 2014) appears, see Figs. 3.4–3.7. These figures
also exhibit that there is a tight correlation between the stellar mass and the SFR of the galaxy: the more
massive, the larger is the SFR of the galaxy independently of the spectral type (Daddi et al., 2007; Elbaz
et al., 2007; Noeske et al., 2007; Moustakas et al., 2013). In order to separate both quiescent and star-forming
populations, i. e. setting limiting S FR2800Å values for quiescent and star-forming galaxies, we followed the
process detailed below:

i) We took all the ALHAMBRA galaxies at the redshift range in which the rest-frame luminosity Lz=0
2800Å

is in the observational wavelength-frame of ALHAMBRA, 0.3 ≤ z ≤ 1.1. We plotted their distribution
in the S FR2800Å versus stellar mass plane in redshift bins of ∆z = 0.2. For each redshift bin, the
quiescent population is separated by a straight line that was established between both populations by
eye.

ii) From all the galaxies with S FR2800Å below the limit established in the previous step or quiescent
galaxies, we carried out an analytical fit of the population in each redshift bin assuming a linear
dependency with stellar mass. Our results point out that the correlation between log10 S FR2800Å and
stellar mass is compatible with no evolution in redshift. From lower to upper redshift bins, the slope of
the log10 S FR2800Å–log10 M? relation is 0.745±0.022, 0.745±0.037, 0.752±0.032, and 0.769±0.069
respectively. In the following, a relation of the form log10 S FR2800Å ∝ 0.75 log10 M? is assumed for
any redshift providing that the log10 S FR2800Å–log10 M? relation of quiescent galaxies in our sample
(see also dashed lines in Figs. 3.4–3.7) is well expressed by:

log10 S FRQ
2800Å

= (0.75 ± 0.02) log10 M? − (8.00 ± 0.24). (3.7)

iii) To determine the S FR2800Å upper limiting values of quiescent galaxies (defined by S FR2800Å), or the
lower ones of star-forming, we assumed that this frontier between both populations is also of the form
S FR2800Å ∝ M0.75

? . Under this assumption, the plane log10 S FR2800Å versus log10 M? can be rotated
by Eq. 3.7 easily, as

log10 S FRrot
2800Å

= log10 S FR2800Å − log10 S FRQ
2800Å

. (3.8)

The distribution of log10 S FRrot
2800Å

for the different redshift bins can be fitted by Gaussian functions,
see Fig. 3.9, where the typical uncertainties for S FR2800Å are in average 0.16 dex for the most local bin
and ∼ 50 % larger (∼ 0.23 dex) at 0.9 ≤ z ≤ 1.1. Motivated by the differences among uncertainties,
we again take advantage of the MLE methodology presented in Appendix D for both removing the
uncertainty effects on the distributions of log10 S FRrot

2800Å
and retrieving the redshift dependency of

the distribution shape. For the MLE method, we assumed a linear dependency (σ2 = µ2 = 0) of the
median and width of the distribution, µ(z) and σint(z) respectively. From the fits provided by the MLE
method, we can set the range of log10 S FRrot

2800Å
at the redshift range 0.3 ≤ z ≤ 1.1, to subsequently set
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Figure 3.8: Stellar mass (X-axis) versus specific star formation rate sS FR2800Å (Y-axis) of the ALHAMBRA
galaxies at 0.3 ≤ z ≤ 0.5. Higher densities are presented by redder colours, whereas the lower ones by bluer
colours. Solid red line shows the fit to the quiescent sequence.

limits in the S FR2800Å values of quiescent and star-forming galaxies. We established the maximum
value of quiescent galaxies (defined by S FR2800Å) as the upper 3 σ limit of the distribution of values
derived from the MLE (redshift dependent, see dashed lines in Fig. 3.9), which is also close to the
limits established by eye in the first step. By Eq. 3.8 and the 3 σ limits of the distributions derived by
the MLE, the limiting value between populations (solid lines in Figs. 3.4–3.7) is expressed as follows:

log10 S FRlim
2800Å

= 0.75(log10 M? − 10) − 0.18(z − 0.1) + 0.11 . (3.9)

To illustrate, we plot in Fig. 3.8 the stellar mass versus sSFR for all the galaxies classified as quiescent
based in their SFR values (see Eq. 3.9). In spite of the more massive quiescent galaxies present larger SFRs,
after comparing the relative mass of new stars, our results point out that this contribution is less significant
in more massive quiescent galaxies, that is, the larger the mass of quiescent galaxies the lower its sSFR is.
This result is also in agreement with previous work in the literature (e. g. Papovich et al., 2006; Zheng et al.,
2007; Pérez-González et al., 2008; Damen et al., 2009), which favours the results of the present section.

There are 828 DSF galaxies that were removed from the complete in stellar mass quiescent sample
(defined by the dust corrected UV J-diagram in Sect. 3.5) between redshifts 0.3 ≤ z ≤ 1.1. Their S FR2800Å
measurements were confronted with Eq. 3.9 for determining whether they present proper values of star-
forming galaxies or not. Around ∼ 90 % of the 828 DSF galaxies have S FR2800Å above Eq. 3.9, and
consequently, their SFR values are in the range of star-forming galaxies. Indeed, when we take the SFR
uncertainties into account, the fraction increases up to ∼ 97 %, that is, almost the totality of DSF galaxies,
with intrinsic blue colours that were removed from the sample of this work, exhibit SFRs in the range of
values of star-forming galaxies for a 1 σ uncertainty level. Moreover, we found out that ∼ 98.2 % of
quiescent galaxies (defined by colours in Sect. 3.5) have SFR below Eq. 3.9, which increases up to ∼ 99.8 %
at 1 σ uncertainty level.

These results additionally supports the MUFFIT predictions about DSF and the necessity of removing
these galaxies, which comprise ∼ 10 % of the sample, when a UV J-selection is performed without removing
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Figure 3.9: Histogram of the log10 S FRrot
2800Å

(see Eq. 3.8) values for the quiescent sample defined by their
star formation rates S FR2800Å (see Eq. 3.6) at different redshifts. Solid lines illustrates the MLE best-fitting
of the log10 S FRrot

2800Å
distributions at their average redshifts. Dashed coloured lines show the upper 3 σ

limit of the distributions provided by the MLE method (see details in text).

the dust effects on colours. Notice that S FR2800Å are also based in SED-fitting predictions carried out by
MUFFIT because it is necessary to estimate the luminosity at ∼ 2800 Å removing their dust effects, but it
differs respect the selection process developed in Sect. 3.5 which is based in a colour criterion and not in a
luminosity-based SFR tracer.

3.4.2 Star formation rates and dust emission at 24 µm

The dust emission at 24 µm is an additional tracer to confirm the predictions of MUFFIT and the above
Sect. 3.4.1. Furthermore, the SFRs predicted from 24 µm are fully separated from the SED-fitting results
provided by MUFFIT and ALHAMBRA data.

The ALHAMBRA field number four, ALHAMBRA-4 in the following, is specially adequate for the
purpose of this section. The main feature of ALHAMBRA-4 is that partly overlaps with the COSMOS
field, and consequently with S-COSMOS (Sanders et al., 2007). As part of the Spitzer Legacy Program, S-
COSMOS is a deep infrared survey imaged with the Spitzer Space Telescope that covers the entire COSMOS
field (2 deg2) with the IRAC and MIPS cameras. As starting infrared catalogue, we chose the S-COSMOS
MIPS 24 µm Photometry Catalog October 20083, ∼ 90 % (∼ 75 %) complete above a 24 µm flux of
S 24µm ∼ 80 µJy (S 24µm ∼ 60 µJy) where the FWHM of the MIPS 24 µm PSF is ∼ 6′′ (Le Floc’h et al.,
2009). After cross-correlating the 24 µm MIPS catalogue with all the galaxies in ALHAMBRA-4, we found
a total of 1261 common galaxies at 0.2 ≤ z ≤ 1.2, both quiescent and star-forming.

In brief (for further details, see López-Comazzi, 2015), the model of Dale & Helou (2002) is performed
in order to obtain the k corrected fluxes S z=0

24µm and rest-frame luminosities Lz=0
24µm making use of the photo-z

constraints provided by MUFFIT for these galaxies. In Dale & Helou (2002), the model SED for the ISM is
built from combinations of different dust masses heated by a radiation field, with a contribution α for each

3http://irsa.ipac.caltech.edu/data/COSMOS/

http://irsa.ipac.caltech.edu/data/COSMOS/
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Figure 3.10: Histogram of the differences between the star formation rate (SFR) derived from the 24 µm
MIPS catalogue, log10 S FR24µm, and the SFR low limit of main sequence galaxies log10 S FRlim
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Eq. 3.9) for the 58 dusty star-forming galaxies. The dashed black line illustrates the equality between
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. Positive values belong to galaxies with S FR24µm in the main sequence.
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Figure 3.11: Rest-frame colours mF365−mF551 and mF551−J of dusty star-forming galaxies in ALHAMBRA
with MIPS measurements at 24µm. Blue dots are those galaxies that present SFR values in the range of star-
forming galaxies, while red dots are for galaxies with SFRs below of the main sequence ones.
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Figure 3.12: Distribution of extinction values, AV , for the ALHAMBRA galaxies classified as dusty star-
forming by MUFFIT with MIPS measurements at 24µm. Red lines are for galaxies with S FR24µm <

S FRlim
2800Å

(see Eqs. 3.9 and 3.10), and the blue ones for S FR24µm ≥ S FRlim
2800Å

.

component. For obtaining Lz=0
24µm, we assumed the α range 1.0 ≤ α ≤ 2.5 (α = 1.0 is the typical value for

active galaxies, whereas for the passive ones is α = 2.5). Finally, to convert rest-frame luminosities Lz=0
24µm

into SFRs, we used the relation provided by Calzetti et al. (2007) and expressed as:

S FR24µm = 1.31 10−38 × Lz=0
24µm

0.885
. (3.10)

Amongst the 1261 galaxies with MIPS measurements at 24 µm, there are 58 DSF. Using Eq. 3.9, we are
able to determine whether these 58 galaxies also present SFRs in the order of star-forming galaxies or not.
We found out that 51 of 58 galaxies (i. e. the 88 ± 12 %) present SFR values using Eq. 3.10 larger than the
lower limit established by Eq. 3.9, see Fig. 3.10 for the differences with Eq. 3.9. Consequently, the SFR of
these galaxies is more proper of star-forming galaxies than quiescent, which strongly favours that MUFFIT
is pointing out that these galaxies are actually reddened by dust star-forming galaxies.

In addition, we checked that the 58 galaxies identified as DSF galaxies lies on the box edges that delimits
the quiescent sample in a UV J-diagram without dust corrections, see Fig. 3.11. Through Fig. 3.12, we
also confirmed that the DSF that do not present large 24 µm flux emissions show large extinctions above
AV > 0.6, for which their S FR2800Å values are in the range of star-forming galaxies.

3.5 Stellar population analysis within the intrinsic UV J diagram

The empirical bimodality of galaxies in the UV J-diagram presents a range of colours, both in the U − V
and V − J, that are related to their stellar populations (mainly age and metallicity, e. g. Bower et al., 1992;
Gallazzi et al., 2006; Whitaker et al., 2010) and extinctions. In this work, we are in a privileged position
because we are able to estimate the extinction, and thus, discerning what are the main stellar-population
parameters that lead the distribution of colours.

In Figs. 3.13 and 3.14, we present the distribution of stellar population parameters for quiescent galaxies
on the rest-frame UV J-diagram (non dust-corrected and intrinsic colours respectively). To guide the eye, we
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also plot the typical selection of quiescent galaxies (dotted black line in Fig. 3.14, see Eq. 3.1 in this work
and Moresco et al., 2013). Rather than plotting the individual measurements with their uncertainties, we
carried out a bidimensional and locally weighted regression method (LOESS, Cleveland, 1988; Cleveland
& Devlin, 1979). The LOESS method allows us to model the trends of our quiescent sample and minimize
the uncertainty effects on the UV J-plane through a regression method. Specifically, we used the LOESS
implementation for Python language 4 (Cappellari et al., 2013a), where the regularization factor is set to
f = 0.6 and a local linear approximation is assumed (this method dropped satisfactory results in previous
work, as Cappellari et al., 2013a; McDermid et al., 2015) in which the uncertainties in stellar mass, extinc-
tion, age, and metallicity were taking into account too. The same diagrams than Figs. 3.13 and 3.14 but
without applying the LOESS methodology, i. e. plotting the individual measurements of each galaxy in the
sample, are illustrated in Figs. C.1 and C.2 in Appendix C.

Interestingly, the only selection criterion (mF365 − mF551)int ≥ 1.5 (dashed black line in Fig. 3.13)
provides a quiescent sample whose observed colour ranges are well delimited by Eq. 3.1 (see Fig. 3.14). In
our sample of quiescent galaxies, we only find a 1 % of galaxies with mF365 − mF551 and mF551 − J colours
out of the box delimited by Eq. 3.1. Below, we rather analyse the UV J-distribution of stellar population
parameters, which constitutes the main result of this section:

• From the first rows of Figs. 3.13 and 3.14, less massive quiescent galaxies tend to populate the bluest
parts of the UV J-diagram, whereas at increasing red colours (mF365 − mF551)int and (mF551 − J)int
quiescent galaxies continuously present larger stellar masses. The most massive galaxies are also the
reddest ones and they are concentrated in the upper part of the UV J-diagram at decreasing redshift
((mF365 − mF551)int ∼ 2.0). Nevertheless, most massive galaxies are scattered in a larger (mF365 −
mF551)int range when we explore the highest redshift panels (1.5 ≤ (mF365 − mF551)int ≤ 2.0), which
has been extensively observed in the last years (e. g. Bower et al., 1992; Kauffmann et al., 2003;
Gallazzi et al., 2005; Baldry et al., 2006; Peng et al., 2010). Notice that each panel comprises different
stellar mass ranges, as indicated in the upper labels and according to Fig. 3.2, hence the less massive
galaxies are only present in the local redshift bins.

• The whole sample shows an expected low dust content (96 % of galaxies present AV ≤ 0.6), where
the more obscured quiescent galaxies lie on the bluer (mF365 − mF551)int and (mF551 − J)int intrinsic
colour regions of the diagram (see Fig. 3.13). On the other hand, if dust effects on the colours are not
corrected (observational rest-frame colours, Fig. 3.14), dusty galaxies populate the red parts of the
diagram. As sanity check, the colour changes owing to a dust reddening case with AV = 0.5 and RV =

3.1 and the extinction law of Fitzpatrick (1999) are ∆(mF365 −mF551) ∼ 0.28 and ∆(mF551 − J) ∼ 0.29
(illustrated in Figs. 3.13 and 3.14), showing the good agreement between the colour changes predicted
by an extinction law and the direction of the distribution of increasing extinction values retrieved at
any redshift. This also remarks that the extinction values provided by MUFFIT are properly decoupled
and not significantly affected by degeneracies with the rest of stellar-population parameters: age and
metallicity. Otherwise, the extinction distribution in the UV J-diagram would be randomly distributed
or it would show another colour dependences.

• Regarding ages (third row in Figs. 3.13 and 3.14), older quiescent galaxies in the sample are concen-
trated in the upper part of the UV J-diagram, and they therefore tend to populate the intrinsic redder
colours (mF365−mF551)int. Likewise young quiescent galaxies lie on the bluest colours in concordance
with the less massive systems in the sample. From Fig. 3.13, we find evidences that the variety of ages
presented by quiescent galaxies is linked with the scatter of (mF365 − mF551)int partly, but not fully
linked to this colour. In the rest-frame UV J-diagram, we also find a non-negligible dependency of
the age with (mF551 − J)int, although milder than the other intrinsic colour. Consequently, our results
match with previous findings (e. g. Whitaker et al., 2010) in which the (mF365 − mF551)int colour is

4http://www-astro.physics.ox.ac.uk/~mxc/software/
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Figure 3.13: The stellar-population parameters in the rest-frame UV J-diagram. At different redshift bins,
we present the intrinsic colours (mF551 − J)int (X-axis) and (mF365 − mF551)int (Y-axis) after correcting for
extinction for the mass complete sample of quiescent galaxies (see stellar mass completeness on the top).
The different stellar-population parameters are colour coded in function of their values, see the inset colour
bars in each panel. From top to bottom, stellar mass, extinction, and both mass-weighted age and metallicity.
All the parameters were spatially averaged through a LOESS method. Black crosses illustrate the median
uncertainties in both (mF551 − J)int and (mF365 − mF551)int intrinsic colours. Dashed black line encloses
the rest-frame colour ranges assumed for selecting quiescent galaxies in Moresco et al. (2013, see Eq. 3.1),
while dotted line illustrates our colour limit for selecting quiescent galaxies (mF365 − mF551)int > 1.5. We
illustrate the colour variations owing to a reddening of AV = 0.5 (black arrow), assuming the extinction law
of Fitzpatrick (1999).



3.5. Stellar population analysis within the intrinsic UV J diagram 89

Figure 3.14: As Fig. 3.13, but we plot the rest-frame colours mF551 − J (X-axis) and mF365 −mF551 (Y-axis)
instead.
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scattered by the ages in the quiescent population. This is not surprising because the (mF365−mF551)int
colour ranges the 4 000 Å-break that is sensitive to age (e. g. Bruzual A., 1983; Balogh et al., 1999),
even though this is also degenerated with the metallicity (Worthey, 1994a; Peletier, 2013). On the
contrary, the observed UV J-diagram (instead of using the dust-free colours, see Fig. 3.14) shows that
the observed colour mF365 − mF551 is not driven by the age. In fact, in some panels of Fig. 3.14,
the trends of age with mF365 − mF551 are not so clear as in the intrinsic ones, or they looks inverted.
Thereby, extinction is also playing an important role in this aspect masking and blurring the relation
between (mF365 − mF551)int and age.

• Exploring the metallicity distribution in the UV J-diagram, see last row in Fig. 3.13, we find out that
there is a tight correlation between metallicity and the intrinsic (mF551 − J)int colour. There is a clear
trend in which larger metallicity contents ([M/H]M > 0.1 dex) present redder (mF551 − J)int > 1.1
colours. In this sense, the most metal rich quiescent galaxies lie on the right-hand side of the UV J-
diagram and this trend remains at least up to redshift z ∼ 1. For a fixed (mF551 − J)int colour, the
influence of the metal content on the (mF365 − mF551)int is almost negligible in a wide range of the
colour (mF551 − J)int, but it is not null. Whilst the age distribution is distorted by extinction, the
metallicity trend with the colour mF551−J is still prominent (last row in Fig. 3.14). The main extinction
effect over metallicity distribution is that at the high redshift panels (or the most massive galaxies,
log10 M? > 10.8 dex), the metallicity exhibits a more remarkable dependence with the mF365 −mF551
colour respect to its intrinsic counterpart (see Fig. 3.13) and it is substantially less affected than the
age.

As we mention above, this is a qualitative analysis since different column panels encompass different
stellar mass ranges. A further analysis of the distribution of stellar population parameters on the UV J-
diagram is left for future work (see also Sect. 9.2).

3.6 Number density of quiescent galaxies

To derive the number densities of our sample, ρN, we made use of the 1/Vmax formalism (Schmidt, 1968)
in the subsamples that are complete in stellar mass (see Sect. 3.3.4). The errors of ρN are estimated by the
error propagation of the 1/Vmax method, that is associated with Poisson errors (in accordance with similar
previous assumptions, e. g. Marshall, 1985; Ilbert et al., 2005). It is worth mentioning that additional
uncertainties owing to cosmic variance are also included in the error budget (see also López-Sanjuan et al.,
2015a), for which we followed the recipe detailed in Moster et al. (2011). Our estimations point out that the
relative cosmic variance for ALHAMBRA is only 5–7 %.

The number density measurements of quiescent galaxies are summarised in Table 3.4 and illustrated in
Fig. 3.17 (coloured dots). It is noticeable that there exist a generalised lack of galaxies at z ∼ 0.6, which
is independent of the stellar mass. In order to ensure that this lack of galaxies is not a systematic or bias
introduced by our techniques, we check that the number density of the whole population of galaxies in
ALHAMBRA also present a lack of galaxies. To support this idea and as sanity check, we studied the
distribution of photo-z provided by the parent Gold catalogue instead of the provided by MUFFIT, and those
provided making use of other independent photo-z codes, as EAZY and LE PHARE. For EAZY, we allowed
the combination of its default templates; whereas for LE PHARE we chose the COSMOS SED templates,
which includes dust extinction. As BPZ (Benítez, 2000), both codes can apply constraints on the redshift
distribution during the χ2 fitting procedure, which have demonstrated to improve the photo-z predictions
(e. g. Benítez, 2000; Ilbert et al., 2006; Brammer et al., 2008). We therefore assumed the default priors of
each code: for EAZY the prior is on R band (Brammer et al., 2008), and for LE PHARE on I (Ilbert et al.,
2006). After running EAZY and LE PHARE, the retrieved photo-z distributions are analysed separately
for quiescent and star-forming galaxies, in order to discard that the galaxy deficit in the distribution is not
driven by a selection bias either. The photo-z distribution for our quiescent sample, see Fig. 3.15, shows
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Table 3.4: Logarithm of the number density, log10 ρN[h3 Mpc−3], for the quiescent galaxies in our sample at
different stellar mass and redshift bins.

0.1 ≤ z < 0.3 0.3 ≤ z < 0.5 0.5 ≤ z < 0.7 0.7 ≤ z < 0.9 0.9 ≤ z ≤ 1.1
9.6 ≤ log10 M? < 10.0 −2.75 ± 0.04 – – – –

10.0 ≤ log10 M? < 10.4 −2.57 ± 0.04 −2.71 ± 0.03 – – –
10.4 ≤ log10 M? < 10.8 −2.60 ± 0.04 −2.69 ± 0.03 −2.93 ± 0.03 – –
10.8 ≤ log10 M? < 11.2 −2.83 ± 0.04 −2.88 ± 0.03 −3.06 ± 0.03 −2.95 ± 0.02 –

log10 M? ≥ 11.2 −3.50 ± 0.08 −3.56 ± 0.05 −3.77 ± 0.05 −3.57 ± 0.04 −3.60 ± 0.04

Notes. These values were measured through the 1/Vmax formalism of each bin. All the bins are complete in stellar
mass, C = 0.95, otherwise appear dashed. All the values were obtained setting h = 1.

Table 3.5: Values ρ0 and γ that best fit our number density quantification (see Eq. 3.11) at different stellar
mass bins.

log10 ρ0 γ

10.0 ≤ log10 M? < 10.4 −2.36 ± 0.10 −2.40 ± 0.80
10.4 ≤ log10 M? < 10.8 −2.48 ± 0.10 −1.45 ± 0.79
10.8 ≤ log10 M? < 11.2 −2.78 ± 0.05 −0.67 ± 0.26

log10 M? ≥ 11.2 −3.49 ± 0.08 −0.35 ± 0.33

Notes. There is no ρ0 and γ fitting values for the lowest stellar mass bin, 9.6 ≤ log10 M? < 10., because this subsample
is only available at the lowest redshift bin, 0.1 ≤ z < 0.3. All the values were obtained setting h = 1.

a remarkable agreement among the three different photo-z codes. In fact, the three codes find a prominent
lack of galaxies at 0.5 < z < 0.7 (see grey region in Fig. 3.15), and the rest of structures are also similar
independently of the code used. Regarding the star-forming photo-z distribution, Fig. 3.16, there are more
subtle discrepancies among the output codes. Although at 0.5 < z < 0.7 BPZ2.0 (from Gold catalogue) and
EAZY also retrieve a lack of galaxies, indeed milder than the quiescent case, for LE PHARE this decrement
in number may be restricted at only 0.5 < z < 0.6 but it also exists. Consequently, the lack of red galaxies
at 0.5 < z < 0.7 is real and it is not associated to MUFFIT systematics or a biased selection. This shows
that even though ALHAMBRA comprises seven uncorrelated fields on the sky, some large scale structures
escape from this survey.

The number density trends are quantified through a redshift-dependent power-law function (solid lines
in Fig. 3.17) of the form:

ρN(z) = ρ0 (1 + z)γ . (3.11)

For the different stellar mass bins, we provide the values ρ0 and γ that best fit our number density values in
Table 3.5 (all the number density estimations at 0.5 ≤ z < 0.7 were removed from the fit). From Fig. 3.17,
we visualize three remarkable results:

• The number density evolution is well fitted by the power-law function Eq. 3.11.

• There is a general and clear trend in which the number density of quiescent galaxies tends to increase
with time up to the present.

• At decreasing stellar mass, quiescent galaxies show a more prominent increasing in their number
density. Thus, the most massive quiescent galaxies present γ values close to zero, and the least
massive galaxies larger values than indicate a larger evolution in number.

The least massive bin in our sample (9.6 ≤ log10 M? < 10.0) greatly reflects the stellar mass range in
which the stellar mass function of quiescent galaxies present a local minimum or valley (Drory et al., 2009;
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Figure 3.15: Photometric-redshift distribution and cumulative distribution function (CDF) of quiescent
galaxies from the ALHAMBRA Gold catalogue down to 0.1 ≤ z ≤ 1.5 using the codes BPZ2.0, EAZY,
and LE PHARE. To guide the eye, grey area encloses the redshift bin 0.5 ≤ z ≤ 0.7.
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Figure 3.16: Photometric-redshift distribution and cumulative distribution function (CDF) of star-forming
galaxies from the ALHAMBRA Gold catalogue down to 0.1 ≤ z ≤ 1.5 using the codes BPZ2.0, EAZY, and
LE PHARE. To guide the eye, grey area encloses the redshift bin 0.5 ≤ z ≤ 0.7.
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Figure 3.17: Evolution of the number density of quiescent galaxies in ALHAMBRA (solid lines) with red-
shift (X–axis), for different stellar mass bins (see inner-panel colours). Over-plotted, we show the evolution
on the number density of massive quiescent galaxies, log10 M? ≥ 11, with redshift from the previous work
of Pozzetti et al. (2010, dashed line), Moresco et al. (2013, dotted line), and Moustakas et al. (2013, dash-dot
line). In all cases, the number densities at the 0.5<z<0.7 bin are excluded from the fit as explained in the
text.

Tomczak et al., 2014), but owing to completeness reasons we cannot stablish the variation on its number
density. For larger galaxy masses, our fit establishes that the number density of quiescent galaxies ρN(z)
systematically grows ∼ 50, 25, 10, 5 % (from the 10.0 ≤ log10 M? < 10.4 bin to the log10 M? > 11.2 bin,
respectively) ∆z = 0.2 (see Table 3.5), at least wherever our sample is complete in stellar mass. Thereby, the
number density for the case log10 M? ≥ 11.2 shows the least steep growth in number density with a value
of 0.1 dex in the redshift range z = 0.1–1.1.

Ilbert et al. (2013) reported that massive quiescent galaxies, stellar masses of log10 M? > 11.2 dex,
suffer a rapid and efficient increase in number at 1 < z < 3. However, they do not exhibit a prominent
evolution since z ∼ 1, where the great number density variations of quenched galaxies are more focused
to the less massive systems (also observed by e. g. Davidzon et al., 2013), in agreement with our results
(see Table 3.5). In the work by Pozzetti et al. (2010), the authors found that the number density evolution
of quiescent galaxies (log10 M? > 11. dex) is not significant, ∼ 0.1 dex, since z ∼ 0.85 up to z ∼ 0.25;
while in this work this variation is ∼ 0.12 dex. Moresco et al. (2013) retrieved that quiescent galaxies
(log10 M? ∼ 10.5 dex) increase their number density by a factor of ∼ 80 % between z ∼ 0.65 and z ∼ 0.2
compatible with ours (60 %), and the massive ones (log10 M? > 11. dex) were compatible with no evolution.
Finally and with a different selection criteria, Moustakas et al. (2013) found out that quiescent galaxies in
the mass range 10.0 < log10 M? < 10.5 increase a factor of 60 % ± 20 % between redshift 0.2 and 0.6; for
10.5 < log10 M? < 11.0 around 40 % ± 10 % between z = 0.2–0.8 , and for 11.0 < log10 M? < 11.5 the
increment is 20 % ± 10 % at z = 0.2–1.0. For the same redshift and stellar mass bins than Moustakas et al.
(2013), we obtained number density variations of 90 % ± 40 %, 60 % ± 20 %, 40 % ± 20 % respectively,
that is, a slightly larger evolution of the density number respect them and where both results are close to an
agreement after accounting for the uncertainties. In Fig. 3.17, we illustrate the number density for the most
massive bin, log10 M? > 11.2, in this research along with those mentioned above.

In the "downsizing" scenario more massive systems were formed at higher redshifts than their less
massive counterparts. For observations at z . 1, a direct consequence of the "downsizing" is that the number
of less massive systems would increase up to the present days, since the more massive galaxies were mainly
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formed at an early formation epoch z f & 1.0 and the bulk of less massive systems is still being assembled
(z f < 1.0, see Thomas et al., 2005). An increment in number of less massive systems, and independently
of the quenching mechanism that move star-forming galaxies to the quenched sequence, would imply also
a growth in number of less massive quiescent galaxies, and therefore, our results favour a "downsizing"
scenario. This continuous arrival of new quenched galaxies additionally shows that less massive systems
are more largely affected by the "progenitor" bias, whereas in the more massive ones the inclusion of new
members is not so significant a priori.

3.7 The stellar populations of quiescent galaxies since z ∼ 1

This section includes the main results of this research, mainly focused on the evolution of the stellar
population distribution of ages, metallicities, and extinctions that mainly constitute this kind of systems
(Sects. 3.7.2– 3.7.4), which were obtained using MUFFIT and mixtures of two SSPs from the BC03 SSP
model set (see Sect. 3.2.1 for a brief summary).

3.7.1 Probability distribution functions of stellar population parameters

Previously to the distribution analysis of the different stellar population parameters, we should consider that
we are fitting galaxies scattered in a wide redshift range, where their stellar population uncertainties also
depend on redshift. Moreover, certain ranges of stellar-population parameters are intrinsically more subject
to SED-fitting errors (see fig. 11 in Díaz-García et al., 2015); for instance, old stellar populations (∼ 9 Gyr)
are more uncertain than young stellar populations, which are better constrained under similar signal-to-
noise ratio conditions. To illustrate this, the median of the age, metallicity, and extinction uncertainties
obtained by MUFFIT and the ALHAMBRA dataset is showed in Fig. 3.18. Apparently, the age uncertainties
decrease at increasing redshift, although at higher redshifts these are also younger, i. e. better determined,
and the relative errors are larger. In addition, at higher redshifts the age range of SSP models cannot be
much larger than the age of the Universe and a wider wavelength range of the rest-frame NUV regime
is observed allowing us to better constraint their stellar population parameters. This behaviour was also
observed by simulations (Díaz-García et al., 2015). As expected, the metallicity uncertainties are larger at
higher redshifts and at decreasing stellar masses. Regarding the extinction, the median uncertainty does not
present great dependencies with redshift, although the most uncertainty extinctions are only present at the
highest redshifts (see vertical bars in Fig. 3.18).

Consequently, the effects of uncertainties are able to modify some distribution parameters, such as its
median or width (ω, defined as the difference of the percentiles 84th and 16th of the distribution), making
difficult both a direct comparison among the distribution of the stellar-population parameters at different
redshifts and a precise reconstruction of the intrinsic distribution shape without noise effects.

For dealing with the above drawbacks and minimizing the impact of uncertainties on the distributions
of stellar population parameters, we made use of a maximum likelihood estimator method (MLE), which
constraints the most likely set of parameter values that maximizes the probability distribution describing
our sample. In particular, we adapted the MLE developed by López-Sanjuan et al. (2014) for removing
the observational errors from the intrinsic distributions of stellar population parameters in this work, that
is equivalent to deconvolve the observational errors from our desired stellar-population distributions, or at
least for minimizing their effects. As a result, we obtained a set of functional and analytical distributions
(distributions of age, metallicity, and extinction) fitted by log-normal distributions properly, that we re-
normalize with their number densities (see Sect. 3.6) in order to build the PDFs of age, metallicity, and
extinction for the first time. For a detailed presentation of the whole process to obtain the PDFs of the stellar
population parameters (including the MLE method specifically performed for the present research) and its
parametrization, we refer readers to Appendix D.

In Figs. 3.19 and 3.20, we illustrate the PDFs of mass-weighted formation epochs, ages, metallicities,
and extinctions for the quiescent galaxy population, taking the values obtained from the MLE at different
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Figure 3.20: As Fig. 3.19, but for the mass-weighted metallicities (left panels) and extinctions (right panels).
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Table 3.6: Medians of the mass-weighted age PDFs for quiescent galaxies, binned in stellar mass and
redshift. Top (bottom) numbers stablish the 84th (16th) percentile for each distribution.

AgeM [Gyr] z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 5.04+0.92
−0.78 – – – –

10.0 ≤ log10 M? < 10.4 5.14+0.64
−0.57 4.83+0.91

−0.77 – – –

10.4 ≤ log10 M? < 10.8 5.34+0.76
−0.67 4.86+0.89

−0.75 4.43+0.99
−0.81 – –

10.8 ≤ log10 M? < 11.2 5.56+0.88
−0.76 5.21+0.93

−0.79 4.88+0.97
−0.81 4.57+1.01

−0.83 –

log10 M? ≥ 11.2 6.32+1.39
−1.14 5.85+1.23

−1.01 5.42+1.08
−0.90 5.02+0.95

−0.80 4.65+0.83
−0.70

Notes. All the bins are complete in stellar mass, C = 0.95, otherwise appear dashed. For the 9.6 ≤ log10 M? < 10.0
case, these values were obtained by the MLE methodology assuming µ2 = µ1 = σ2 = σ1 = 0 owing to the low number
of galaxies.

Table 3.7: As Table 3.6, but for the mass-weighted formation epoch PDFs.

AgeM + tLB [Gyr] z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 7.53+0.88
−0.79 – – – –

10.0 ≤ log10 M? < 10.4 7.45+0.69
−0.63 8.86+0.89

−0.81 – – –

10.4 ≤ log10 M? < 10.8 7.84+0.79
−0.72 8.82+0.87

−0.79 9.92+0.95
−0.87 – –

10.8 ≤ log10 M? < 11.2 8.21+0.90
−0.81 9.13+0.92

−0.84 10.16+0.93
−0.85 11.31+0.94

−0.87 –

log10 M? ≥ 11.2 9.39+1.31
−1.14 10.05+1.22

−1.09 10.76+1.12
−1.01 11.52+1.00

−0.92 12.33+0.86
−0.80

redshifts and stellar masses (see Eqs.D.2–D.4 and Tables D.1–D.3 for the analytical expressions and their
parameters respectively). Notice that we do not provide the redshift-dependent PDFs of quiescent galaxies
in the stellar mass range 9.6 ≤ log10 M? < 10.0, because the reliability of the MLE method is compromised
owing to the low number of sources. Instead, and only for the least massive case, we applied the MLE
method assuming a non-redshift dependency of the PDF parameters (i. e. µ2 = µ1 = σ2 = σ1 = 0,
see Appendix D), to set the average values of the median and width of the stellar population parameter
distributions in the redshift bin 0.1 ≤ z < 0.3 (see values in Tables 3.7–3.9). We treat the detailed analysis
of each PDF (mass-weighted formation epoch, age, metallicity, and extinction) more intensively in the
subsequent Sects. 3.7.2, 3.7.3, and 3.7.4 respectively.

3.7.2 Formation epochs and ages

The aim of this section is to unveil the typical ages and formation epochs of quiescent galaxies in order
to constraint and discern the different scenarios or processes that are able to explain the evolution of these
galaxies with redshift. We mostly focus on the changes of both median and width (defined as the difference
between the 84th and 16th percentiles of the distribution) of the mass-weighted formation epoch and age
PDFs. In Fig. 3.21, we present these values during the last 8 Gyr (from z ∼ 1.1), which compose the main
results of this section. It is worth reminding that throughout this work, the mass-weighted formation epoch
is defined as the addition of the mass-weighted age (AgeM) and lookback time (tLB), which does not strictly
match with the definition of formation epoch in previous works (it is a proxy actually).

From Fig. 3.21 (panel a and c) and Tables 3.7 and 3.6, we observe that the medians of the mass-weighted
formation epoch and age PDFs are correlated with the stellar mass of quiescent galaxies as well, showing
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Figure 3.21: Evolution of the medians (top panels) and widths (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) PDFs of the quiescent population along the sam-
ple cosmic time for different stellar mass bins. The shaded regions delimit the 1 σ uncertainties of both
parameters. The square-shape markers illustrate the average median and width assuming for the MLE de-
convolution µ2 = µ1 = σ2 = σ1 = 0. Dashed black line illustrates the age of the Universe at different
redshifts assuming a ΛCDM cosmology with H0 = 71 km s−1, ΩM = 0.27, and ΩΛ = 0.73.

systematic variations that depends of the stellar mass. Our results evidence that more massive quiescent
galaxies present a larger stellar content of older stars than the less massive quiescent systems, which are
preferentially formed at more recent epochs showing younger stellar populations on average. In this sense,
the formation epoch and age PDFs built from the results provided by MUFFIT using the ALHAMBRA
dataset also agree with the "downsizing" scenario. Moreover, the redshift coverage and wide mass range of
galaxies in our sample allow us to track back the "downsizing" scenario of quiescent galaxies further than
the local Universe (up to z ∼ 1.0).

If quiescent galaxies had evolved passively (without any remain of star formation or completely quenched)
since they entered in the quiescent sample, the redshift at which the stellar mass was assembled would not
present any variation (zf constant) and the median in Fig. 3.21 would be constant. The median of the forma-
tion epoch PDFs of quiescent galaxies exhibits a continuous and general decrement towards lower redshifts
for all the stellar masses. For the most massive case, log10 M? ≥ 11.2 which extends in the largest redshift
range too, the formation epoch at z ∼ 1.0 was ∼ 12 Gyr (equivalent to a redshift formation zf ∼ 4.5), whereas
at z = 0.2 the median decreases up to ∼ 9 Gyr (i. e. at a redshift formation zf ∼ 1.5). As we can infer from
our results (see Fig. 3.21 and Table 3.7), the evolution of the median formation epochs is generalised for
the whole sample independently of the stellar mass range: the lower the stellar mass, the more dramatic
the evolution of the median formation epoch is. For the most massive quiescent sample the evolution of
the median is around 2.9 Gyr between z = 0.2 and z = 1.0, while this change would be of 3.1, 2.1, and
1.4 Gyr at decreasing stellar masses from z = 0.8, 0.6, and 0.4 down to z = 0.2 respectively. Regarding the
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Table 3.8: As Table 3.6, but for the mass-weighted metallicity PDFs.

[M/H]M z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 −0.21+0.2
−0.24 – – – –

10.0 ≤ log10 M? < 10.4 −0.08+0.15
−0.18 0.05+0.20

−0.25 – – –

10.4 ≤ log10 M? < 10.8 −0.00+0.14
−0.16 0.12+0.17

−0.20 0.15+0.18
−0.24 – –

10.8 ≤ log10 M? < 11.2 0.02+0.10
−0.12 0.15+0.14

−0.16 0.20+0.15
−0.19 0.17+0.17

−0.22 –

log10 M? ≥ 11.2 0.05+0.06
−0.07 0.16+0.11

−0.13 0.20+0.14
−0.17 0.19+0.16

−0.19 0.12+0.17
−0.21

ages (Fig. 3.21 and Table 3.6), the quiescent population presents older stellar populations at lower redshifts
independently of the stellar mass bin, as expected for passive or quenched systems. From the most massive
case log10 M? ≥ 11.2 down to 10 ≤ log10 M? < 10.4, the increment of ages are 1.7, 1.0, 0.9, and 0.3 Gyr
since z = 0.2 to z = 1.0, 0.8, 0.6, and 0.4 respectively.

Regarding the width of these distributions (panel b and d in Fig. 3.21 and Tables 3.7 and 3.6), all the
PDF exhibit similar width values fairly constrained in the range ∼ 1.0–2.5 Gyr, where the preferred or likely
value is close to 1.6 Gyr. Only the most massive bin (log10 M? ≥ 11.2) slightly exhibits a more prominent
difference with the rest of masses, with width values larger than ∼ 1.8 Gyr.

Our results point out that the evolution with redshift of the widths of the age/formation epoch PDFs is
mild. The widths of the mass-weighted age/formation epoch PDFs decrease at larger cosmic times, with
values in the range ωM ∼ 1–2.5 Gyr. There are subtle differences about the evolution of the width of the
mass-weighted age/formation epoch PDFs amongst different stellar mass bins; except for the most massive
bin, log10 M? ≥ 11.2, where results are compatible with an increment of the width since z ∼ 1.1 (ωM ∼ 1.6–
2.5 Gyr).

3.7.3 Evolution of the metal content

The metal content in quiescent galaxies also contributes to understand how these galaxies were formed and
how they have evolved since they quenched their star formation. Both the median and width of the mass-
weighted metallicity PDFs, see Fig. 3.22 and Table 3.8, shed light on the amount of metals that quiescent
galaxies typically present, as well as on how they have evolved from z = 1.1.

From the results in Fig. 3.22 (panel e) and Table 3.8, it is immediate to infer that there is a clear relation
between stellar mass and metallicity, in the sense that, at any redshift, the larger the galaxy mass, the larger
the metal content. This relation is usually referred as the stellar mass-metallicity relation (MZR), which has
been observed in previous and recent studies usually without distinction between quiescent and star forming
galaxies (Trager et al., 2000; Tremonti et al., 2004; Gallazzi et al., 2005; Panter et al., 2008; González
Delgado et al., 2014a). Our results agree with the MZR and confirm that this relation also exists for pure
quiescent galaxies. In addition, we can confirm that the MZR of quiescent galaxies is present not only at low
redshift but also at earlier times in the Universe. In general, quiescent galaxies present median metallicities
around solar and super-solar values. Only the least massive galaxies at the lowest redshift in our sample
exhibit sub-solar metallicities.

The median of the mass-weighted metallicity PDF also exhibits a dependency with redshift (see panel e
in Fig. 3.22 and Table 3.8). For the most massive galaxies, for which the redshift evolution can be evaluated
properly, we find that median metallicity increases from the earliest times up to a certain redshift, reaching
a maximum, after which the metallicity decreases again up to the present time. For instance, for galaxies
with log10 M? ≥ 10.8, there is an increase of their [M/H]50th

M from 0.1 dex at z ∼ 1 to a maximum value of
[M/H]50th

M ∼ 0.2 dex at z ∼ 0.60–0.65, to subsequently decrease reaching solar metallicity values at z = 0.1.
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Figure 3.22: Same as Fig. 3.21, but showing the probability distribution function (PDF) of the mass-
weighted metallicity.

For lower stellar masses, log10 M? < 10.8, there is also a general tendency in which the median metallicity
increases by ∆[M/H]50th

M ∼ 0.25 dex from z = 0.1 up to z ∼ 0.55. Whether or not these galaxies decrease
their metallicities at larger redshifts cannot be confirmed due to the completeness of our galaxy sample.
Nevertheless, our results suggest that the position of the maximum median-metallicity is also correlated with
the stellar mass, in the sense that the larger the galaxy stellar mass the higher the redshift of the maximum
median-metallicity. From Table D.2, we easily derive the redshift of the maximum as z[M/H]M = −µ1/(2µ2)
with values 0.66 ± 0.14, 0.62 ± 0.09, 0.57 ± 0.12, and 0.52 ± 0.26 at decreasing stellar masses respectively.

Regarding the width of the metallicity PDFs (panel f of Fig. 3.22 and Table 3.8), there are evidences
that the metallicity distribution of quiescent galaxies is wider at lower mass regimes, whereas for the more
massive ones the range of metallicity values is narrower. Therefore, the width of the metallicity PDF is anti-
correlated with the stellar mass, again in agreement with the local MZR. This behaviour is clearly observed
at any redshift in our sample up to z . 1.1. The width of the metallicity PDFs also present an evolution with
redshift, in the sense that the higher the redshift the wider the metallicity PDF. We do not appreciate that the
variation of the width is correlated with the stellar mass. At z ∼ 0.3 the width evolves ∆ω[M/H]M ∼ 0.1 dex
every ∆z = 0.2, while at z ∼ 0.7 is ∆ω[M/H]M ∼ 0.05 dex independently of the stellar mass range. It is worth
reminding that the widths of the PDFs that we present here have been corrected from the data uncertainties
that tend to broaden the observed distributions. In this sense, the widths of the PDFs should reflect the
intrinsic, real values of the population.

3.7.4 The extinction in the quiescent population

Although the extinction is not strictly a stellar population parameter, this is usually related with the star
formation processes that occur in the galaxy, and at the same time, it masks the colours of the underlying
stellar populations. Overall, the extinction PDF of quiescent galaxies derived in this research, see Fig. 3.23
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Table 3.9: As Table 3.6, but for the extinction PDFs.

AV z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 0.17+0.13
−0.07 – – – –

10.0 ≤ log10 M? < 10.4 0.19+0.21
−0.10 0.16+0.32

−0.11 – – –

10.4 ≤ log10 M? < 10.8 0.23+0.13
−0.08 0.21+0.22

−0.11 0.19+0.32
−0.12 – –

10.8 ≤ log10 M? < 11.2 0.22+0.21
−0.11 0.20+0.25

−0.11 0.17+0.28
−0.11 0.15+0.32

−0.10 –

log10 M? ≥ 11.2 0.27+0.04
−0.04 0.23+0.12

−0.08 0.20+0.19
−0.10 0.17+0.26

−0.10 0.15+0.33
−0.10

and Table 3.9, show predominant low extinctions irrespectively of the stellar mass or redshift. The extinction
values of our quiescent galaxies are typically below AV . 0.6, despite for our analysis with MUFFIT we
allowed extinction values as large as AV = 3.1. Indeed, the median extinctions for all the stellar masses and
redshifts do not exceed the value A50th

V = 0.3.
From Fig. 3.23 (panel g), we infer a subtle relation between the stellar mass and the extinction, so that the

median of the extinction PDF increases slightly with the stellar mass. This accounts for up to ∆A50th
V . 0.1

over the galaxy mass range of the sample, remaining approximately the same with along the cosmic time
under study. Regarding the evolution with redshift, we find that quiescent galaxies at higher redshifts tend
to exhibit extinctions lower than their counterparts at low redshift, reaching medians of the extinction PDF
of A50th

V . 0.2 for z ≥ 0.6.
The width of the extinction PDF is anticorrelated with the stellar masses: the lower the stellar mass

the larger the width of the PDF is, except for the case 10.8 ≤ log10 M? < 11.2. At increasing redshift
the width of the extinction PDF gets larger for all the stellar mass ranges, where less massive quiescent
galaxies present broader probability distributions at any redshift, and consequently present a larger range of
likely extinction values than the more massive ones. As in the metallicity case, there are evidences that the
distribution of extinction in quiescent galaxies suffer a process of "narrowing" when quiescent galaxies are
observed at more local redshifts. The rate of "narrowing" does not show a great dependence with the stellar
mass range under study. This broadening may be noticeable, and depending of the redshift range, it can be
doubled its width. Note that at 0.1 ≤ z < 0.2 and log10 M? ≥ 11.2, the assumption of linearity for σint(z)
and µ(z) in the extinction case is too strict, and we impose σint(0.1 ≤ z < 0.2) = σint(z = 0.2) = 0.14 ± 0.03
and µ(0.1 ≤ z < 0.2) = µ(z = 0.2) = −1.29 ± 0.09 (details in Appendices D and D.1).

3.8 The stellar content of quiescent galaxies using alternative SSP models

Any stellar population model is built from complex set of recipes that comprises stellar tracks or isochrones,
IMF assumptions, an either empirical or theoretical library of stars, etc. A direct consequence is that the stel-
lar population predictions retrieved from them can differs amongst different set of SSP models. Obviously,
our results are firstly constrained to the colour predictions established by the chosen set of SSPs, BC03 in
this work. In this section we explore how our stellar population predictions would change when another set
of SSPs is used instead. More precisely, the model set of EMILES (for a brief presentation see Sect. 3.2.1)
is a good candidate for this test as their large spectral coverage covers the ALHAMBRA spectral range.
In order to challenge both set of models and to discern how much the solutions can be altered only due to
different assumptions in their construction, we re-analysed the full ALHAMBRA data set using the SSP
model set EMILES and MUFFIT. The selection of the quiescent sample was also repeated with the same
criteria than in Sect. 3.3, but with the EMILES stellar population predictions. In this section the universal
Kroupa (2001) IMF was selected along with BaSTI and Padova00 stellar isochrones. The results obtained
for both theoretical isochrones are analysed in parallel. For further details of the PDF construction using
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Figure 3.23: As Fig. 3.21, but for the extinction probability distribution function (PDF).

EMILES SSP models, see Appendices D, D.2, and D.3

3.8.1 Formation epochs and ages with EMILES

The median of the mass-weighted age PDF points out that the correlation between the age of quiescent
galaxies and their stellar masses persists when the sample of EMILES SSP models is used, independently
of the isochrone election (see Table 3.10 and Fig. 3.24). The larger the mass of the galaxy, the older
the galaxy is. This correlation also agrees with the "downsizing" scenario and the results obtained using
BC03 SSP models (see Sect. 3.7.2). Moreover, the ages of these galaxies are older at lower redshifts, as
expected in this kind of galaxies in which the processes of star formation are specially low. We retrieved
that the median age of quiescent galaxies is about 5 Gyr at z ∼ 1 (for both isochrones and only confirmed
for log10 M? ≥ 11.2 owing to completeness), whereas for z ∼ 0.2 these ones present older ages in the
range 7.5–9.0 and 7.0–8.0 Gyr for BaSTI and Padova00 isochrones respectively. It is worth noting that
BaSTI isochrones provide ages older than those from Padova00, as the BASTI isochrones are bluer than the
Padova00 ones (A. Vazdekis 2016, priv. comm.). The mass-weighted ages retrieved from the model set of
EMILES are also older than the obtained for BC03, these differences can reach up to 2–3 Gyr (BaSTI) and
1.5–2 Gyr (Padova00) at z = 0.2 in comparison with the results for BC03 (Sect. 3.7.2). This constitutes an
indication that there is a strong dependency of the absolute values of the age on the SSP model set, at least
when these ages are retrieved using SED-fitting techniques based in colours.

The formation epochs retrieved from EMILES SSP models and MUFFIT (age plus lookback-time, see
Table 3.11, Fig. 3.25 and Sect. 3.7.2) show that quiescent galaxies are not consistent with a passive evolution.
In particular, the deviation from passiveness is more remarkable for BC03, whereas for EMILES the BaSTI
isochrones provide predictions closer to a passive evolution. Note that for a strict passive scenario, the
formation epoch would remain constant along the cosmic time. Under the EMILES colour predictions, the
bulk of stars in massive quiescent galaxies observed at z ∼ 1 (log10 M? ≥ 11.2) were formed at a formation
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Table 3.10: Medians of the mass-weighted age PDFs for quiescent galaxies using EMILES for both BaSTI
(top) and Padova00 (bottom) isochrones, binned in stellar mass and redshift. Top (bottom) numbers stablish
the 84th (16th) percentile for each distribution.

AgeM [Gyr] z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 7.69+0.98
−0.88 – – – –

10.0 ≤ log10 M? < 10.4 7.34+0.96
−0.85 6.99+0.88

−0.78 – – –

10.4 ≤ log10 M? < 10.8 7.75+0.92
−0.83 6.93+0.80

−0.72 6.20+0.69
−0.62 – –

10.8 ≤ log10 M? < 11.2 8.26+0.74
−0.68 7.20+0.66

−0.61 6.27+0.59
−0.54 5.47+0.53

−0.48 –

log10 M? ≥ 11.2 8.63+0.90
−0.81 7.49+0.75

−0.68 6.50+0.62
−0.56 5.64+0.51

−0.47 4.90+0.42
−0.39

9.6 ≤ log10 M? < 10.0 8.05+1.59
−1.33 – – – –

10.0 ≤ log10 M? < 10.4 6.96+1.52
−1.24 6.56+1.11

−0.95 – – –

10.4 ≤ log10 M? < 10.8 6.92+1.07
−0.92 6.40+0.92

−0.81 5.93+0.79
−0.70 – –

10.8 ≤ log10 M? < 11.2 7.36+0.92
−0.82 6.59+0.80

−0.72 5.90+0.70
−0.62 5.28+0.61

−0.54 –

log10 M? ≥ 11.2 7.67+0.94
−0.84 6.93+0.78

−0.70 6.26+0.64
−0.58 5.66+0.52

−0.48 5.12+0.42
−0.39

Notes. All the bins are complete in stellar mass, C = 0.95, otherwise appear dashed. For the 9.6 ≤ log10 M? < 10.0
case, these values were obtained by the MLE methodology assuming µ2 = µ1 = σ2 = σ1 = 0 owing to the low number
of galaxies.

redshift zf ∼ 6, as shown by the median of the formation epoch PDF, whereas the observed ones at z ∼ 0.2
is zf ∼ 2.5–3. For decreasing stellar masses, the variation of the formation epochs is more remarkable.

Using EMILES, the width of the mass-weighted age PDFs does not present a great dependency with the
stellar mass of quiescent galaxies. Although we retrieved that less massive systems also present wider age
distributions (see Figs. 3.24 and 3.25), the differences are very mild (∆σint

AgeM
< 1 Gyr, specially lower at

higher redshifts) and all the distributions present widths of the PDF in the range 1–2 Gyr. We do not find
great discrepancies after comparing the widths of the PDFs obtained with BaSTI and those obtained with
Padova00.

Finally, our results suggest that the width of the mass-weighted age PDFs is anti-correlated with redshift.
The lower the redshift, the wider the PDF distribution of the age. There is no significant evidence that this
result depends on the stellar mass range and EMILES isochrone. Consequently, all the stellar mass ranges
present a similar increase in width of ∼ 1 Gyr since z ∼ 1. After comparing with the results obtained for
BC03 (see dashed lines in Figs. 3.24 and 3.25), both model results show similar width ranges (σint

AgeM
∼ 1–

2 Gyr), but the BC03 ones are correlated with redshift and the width of the PDFs decreases at lower redshifts,
i. e. the opposite to the obtained using EMILES.

3.8.2 The metallicity evolution through EMILES SSP models

From the results obtained with MUFFIT and EMILES (including both isochrones), there is a clear correla-
tion between the stellar mass and the mass-weighted metallicity of quiescent galaxies (see Table 3.12 and
Fig. 3.26). The more massive the quiescent galaxy is, the more metal-rich it is. The results point out that the
MZR of pure quiescent galaxies is present since earlier epochs, with hints for a variation of its slope with
redshift (in agreement with BC03 predictions in Sect. 3.7.3).

At z ∼ 0.7–0.9, the differences in the median of the metallicity PDF for different galaxy masses is almost
negligible, quoting values of ∆[M/H]50th

M . 0.03 dex approximately. However, at lower redshifts of z ∼ 0.1,
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Table 3.11: As Table 3.10, but for the mass-weighted formation epoch PDFs.

AgeM + tLB [Gyr] z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 10.08+1.17
−1.04 – – – –

10.0 ≤ log10 M? < 10.4 9.65+0.99
−0.90 11.04+0.94

−0.87 – – –

10.4 ≤ log10 M? < 10.8 10.20+0.95
−0.87 10.93+0.87

−0.80 11.71+0.76
−0.71 – –

10.8 ≤ log10 M? < 11.2 10.85+0.82
−0.77 11.28+0.74

−0.70 11.73+0.65
−0.62 12.19+0.55

−0.53 –

log10 M? ≥ 11.2 11.35+0.88
−0.81 11.66+0.77

−0.72 11.98+0.66
−0.62 12.31+0.54

−0.52 12.64+0.41
−0.40

9.6 ≤ log10 M? < 10.0 10.52+1.70
−1.45 – – – –

10.0 ≤ log10 M? < 10.4 9.33+1.50
−1.29 10.61+1.18

−1.06 – – –

10.4 ≤ log10 M? < 10.8 9.48+1.06
−0.95 10.41+0.99

−0.91 11.44+0.90
−0.84 – –

10.8 ≤ log10 M? < 11.2 10.17+0.84
−0.78 10.76+0.76

−0.71 11.39+0.67
−0.64 12.05+0.57

−0.54 –

log10 M? ≥ 11.2 10.75+0.84
−0.78 11.24+0.75

−0.71 11.75+0.66
−0.63 12.28+0.56

−0.54 12.84+0.45
−0.44
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Figure 3.24: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted age
PDF using EMILES with BaSTI (left column) and Padova00 isochrones (right column) of the quiescent
population along the sample cosmic time for different stellar mass bins. The shaded regions delimit the
1 σ uncertainties of both parameters. The square-shape markers illustrate the average median and width
assuming for the MLE deconvolution µ2 = µ1 = σ2 = σ1 = 0. Dashed coloured lines are the same
parameters obtained using BC03 SSP models (see Sect. 3.7). Dashed black line illustrates the age of the
Universe at different redshifts.
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Figure 3.25: As Fig. 3.24, but for the mass-weighted formation epoch distributions.

the median of the metallicity PDF spans the range ∆[M/H]50th
M ∼ 0.1–0.4 dex depending of the stellar mass

bin, differences being more significant at lower masses. Consequently, these results, qualitatively consistent
for both BaSTI and Padova00 isochrones, suggest that the MZR of quiescent galaxies at earlier epochs
was flatter than in the present time. Noteworthy, BaSTI isochrones provide larger metallicities than the
Padova00 ones (∆[M/H]50th

M ∼ 0.1 dex, see Table 3.12 and Fig. 3.26), which is a direct consequence of
the use of different stellar isochrones even though the rest of ingredients of the SSP models are exactly
the same (BaSTI tracks are bluer than the Padova00 ones). To illustrate and for log10 M? ≥ 11.2, BaSTI
(Padova00) isochrones return solar and super-solar (sub-solar and solar) metallicities at any redshift, while
for 10.0 ≤ log10 M? < 10.4 are [M/H]50th

M ∼ −0.35 dex ([M/H]50th
M ∼ −0.25 dex). Concerning the BC03

metallicities, these are typically more rich in metals than the predicted by EMILES (see dashed line in
Fig. 3.26 and Sect. 3.7.3) at any redshift, whose isochrones are also different (BC03 uses Padova 1994
tracks). Although the most metal-rich BC03 models have metallicities of [M/H] = 0.55 dex, this value may
be overestimated owing to the poor coverage of the stellar library STELIB (the library feeding BC03 SSP
models, see Vazdekis et al., 2010) in the super-solar metallicity range, and the metallicity for these BC03
models may be lower consequently.

As for BC03 SSP models (Sect. 3.7.3), there are evidences of a decrease in the median of the mass-
weighted metallicity PDF of quiescent galaxies since z ∼ 1. This behaviour is intrinsic to the whole quies-
cent population and independent of the stellar mass, although at decreasing stellar mass this is steeper. For
quiescent galaxies of log10 M? ≥ 10.8, the median of the metallicity PDF shows larger variations for the
BaSTI isochrones (∆[M/H]50th

M ∼ 0.2 dex) than for the Padova00 ones (∆[M/H]50th
M ∼ 0.1 dex) from z = 1.1

to z = 0.1 (see also Table 3.12 and Fig. 3.26). Unlike BC03 SSP models, there are no hints for a maximum
in metallicity at intermediate redshift z ∼ 0.5–0.6, and the metallicity variations with redshift retrieved with
EMILES are milder than those obtained with BC03.

The values obtained for the width of the mass-weighted metallicity PDF are independent of the EMILES
isochrone. The less massive bins (log10 M? < 10.8) present widths in the range ω[M/H]M ∼ 0.3–0.5 dex up to
z ∼ 0.5 and they are compatible with the BC03 ones (see dashed lines in Fig. 3.26); whereas for log10 M? ≥
10.8 these are mainly lower with values ω[M/H]M ∼ 0.3 dex. In addition, the width of the metallicity PDF
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Table 3.12: As Table 3.10, but for the mass-weighted metallicity PDFs.

[M/H]M z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 −0.45+0.19
−0.16 – – – –

10.0 ≤ log10 M? < 10.4 −0.33+0.15
−0.17 −0.16+0.23

−0.28 – – –

10.4 ≤ log10 M? < 10.8 −0.18+0.16
−0.18 −0.08+0.19

−0.22 0.01+0.21
−0.26 – –

10.8 ≤ log10 M? < 11.2 −0.08+0.14
−0.17 −0.01+0.14

−0.17 0.05+0.14
−0.17 0.10+0.14

−0.17 –

log10 M? ≥ 11.2 −0.02+0.15
−0.17 0.03+0.14

−0.16 0.07+0.13
−0.15 0.12+0.12

−0.14 0.16+0.11
−0.13

9.6 ≤ log10 M? < 10.0 −0.55+0.22
−0.26 – – – –

10.0 ≤ log10 M? < 10.4 −0.44+0.16
−0.18 −0.29+0.21

−0.25 – – –

10.4 ≤ log10 M? < 10.8 −0.27+0.12
−0.14 −0.20+0.17

−0.19 −0.13+0.20
−0.24 – –

10.8 ≤ log10 M? < 11.2 −0.16+0.15
−0.17 −0.12+0.15

−0.17 −0.09+0.15
−0.17 −0.06+0.15

−0.17 –

log10 M? ≥ 11.2 −0.08+0.15
−0.18 −0.06+0.14

−0.16 −0.04+0.13
−0.15 −0.02+0.12

−0.14 0.00+0.11
−0.12
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Figure 3.26: As Fig. 3.24, but for the mass-weighted metallicity PDFs.
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Table 3.13: As Table 3.10, but for the extinction PDFs.

AV z = 0.2 z = 0.4 z = 0.6 z = 0.8 z = 1.0

9.6 ≤ log10 M? < 10.0 0.24+0.14
−0.12 – – – –

10.0 ≤ log10 M? < 10.4 0.25+0.18
−0.10 0.20+0.36

−0.13 – – –

10.4 ≤ log10 M? < 10.8 0.22+0.25
−0.12 0.21+0.33

−0.13 0.20+0.42
−0.13 – –

10.8 ≤ log10 M? < 11.2 0.27+0.16
−0.10 0.25+0.22

−0.12 0.23+0.29
−0.13 0.21+0.36

−0.13 –

log10 M? ≥ 11.2 0.23+0.19
−0.10 0.22+0.23

−0.11 0.22+0.27
−0.12 0.21+0.32

−0.13 0.20+0.36
−0.13

9.6 ≤ log10 M? < 10.0 0.22+0.27
−0.12 – – – –

10.0 ≤ log10 M? < 10.4 0.21+0.22
−0.11 0.19+0.39

−0.13 – – –

10.4 ≤ log10 M? < 10.8 0.23+0.27
−0.12 0.21+0.33

−0.13 0.19+0.40
−0.13 – –

10.8 ≤ log10 M? < 11.2 0.20+0.27
−0.11 0.19+0.32

−0.12 0.19+0.38
−0.13 0.18+0.44

−0.13 –

log10 M? ≥ 11.2 0.18+0.26
−0.11 0.18+0.28

−0.11 0.18+0.30
−0.11 0.18+0.31

−0.12 0.18+0.33
−0.12

for log10 M? < 10.8 exhibits a correlation with redshift (as for the BC03 case). Nevertheless, for quiescent
galaxies of log10 M? ≥ 10.8, this is not the case and they present a constant width of ω[M/H]M ∼ 0.3 dex.

3.8.3 The evolution of extinction using EMILES

We do not appreciate significant differences in the medians of the extinction PDFs amongst the stellar mass
bins of quiescent galaxies (see Table 3.13 and Fig. 3.27), where all the values retrieved are compatible
at a 1 σ confidence level for both BaSTI and Padova00 results. The medians of extinction PDFs range
values of A50th

V ∼ 0.2–0.3 up to z = 1.1 with maximum extinction values of AV . 0.6, in agreement with
BC03 predictions (see Sect. 3.7.4). We also find out that there is a subtle increment of extinction for the
less massive bins in our sample (log10 M? ≤ 10.8) at decreasing redshifts, while for the massive ones
(log10 M? ≥ 10.8) the median extinction remains constant A50th

V ∼ 0.2. The results obtained for BC03 SSP
models (see dashed lines in Fig. 3.27 and Sect. 3.7.4) present a correlation between the stellar mass of the
quiescent galaxy and the median of the extinction PDF, which also evolves with redshift, unlike EMILES
where these values are more similar amongst stellar mass bins and almost constant with redshift.

Moreover, the lower the stellar mass, the wider the extinction PDF. Thereby, the less massive quiescent
galaxies exhibit a wider range of extinctions, which agrees with the BC03 predictions. Moreover, the ex-
tinction distributions are narrower at lower redshifts, although this correlation is slightly less remarkable at
larger stellar masses. For BC03, we also obtain that the extinction distributions of quiescent galaxies are
narrower at lower redshifts, but this trend does not depend of the stellar mass.

3.9 Constraints on the SFH

The large number of degrees of freedom involved in stellar population studies increases the difficulty of
retrieving the stellar population parameters of galaxies. Frequently, many authors constrain some of them
basing their assumptions in previous studies in order to reduce the uncertainties in the rest of parameters. In
this section, we explore the consequences of several assumptions often used in the literature (e. g. constant
solar metallicity or low extinction priors) on the stellar-population results retrieved in Sects. 3.7 and 3.8.

As three sets of SSPs with different recipes are involved, we study the consequences of different SFH
assumptions on the results of each SSP model set separately. The impact of these SFH assumptions was
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Figure 3.27: As Fig. 3.24, but for the extinction PDFs.

determined rerunning MUFFIT with all the galaxies from the ALHAMBRA survey, and repeating the selec-
tion of the quiescent sample (except in some cases, details below) as described in Sect. 3.3 for each model
set, but with the SFH constraints detailed below:

i) Constant values of extinction. Under this constraint, we assume that all the quiescent galaxies present
similar extinction values, independently of their stellar masses and redshift.

ii) Fixed metallicity values. All the quiescent galaxies have a constant solar metallicity.

iii) Closed-box enrichment of metals. We assume a continuous enrichment of metals in the ISM of all the
galaxies. For addressing this assumption, the young component in the mixture of the two SSP models
of MUFFIT has to be more rich in metals than the one of the old component.

iv) Constant metallicity during the assembly of the galaxy. For this case, the metallicity of the young and
old components in the mixture of SSPs is the same.

v) Fall of metal-poor cold gas from the cosmic web. There is a continuous fall of cold gas from the cos-
mic web, which is more poor in metals than the one in the ISM. Consequently, the young component
in the mixture of SSPs is more metal poor than the old component.

vi) Stellar population predictions assuming a constant and local MZR. At any redshift, we assume that
quiescent galaxies exhibit a metallicity equal to the observed one in the local Universe, determined
by the MZR as a function of the stellar mass. This test is only performed for EMILES with BaSTI
isochrones.

Note that just for cases (i), (ii), and (vi) these constraints were only applied on those galaxies classified as
quiescent in Sects. 3.7 and 3.8. Otherwise, the SFH constraints may be too severe.
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After studying the impact of these constraints on the SFH, we shed interesting results:

• The main qualitative insights obtained in Sects. 3.7 and 3.8 remain unaltered after setting the SFH
constraints presented above, that is, the evolution of quiescent galaxies is not compatible with a pas-
sive evolution and there is a continuous decrease in metallicity since z ∼ 1.

• Different SFH constraints can introduce non-negligible systematics that produce quantitative alter-
ations of the values of age, metallicity, and extinction of quiescent galaxies.

• The constraints on the SFH are a source of (quantitative) uncertainties that can have a larger impact
than the proper uncertainties during the determination of the stellar population parameters in multifil-
ter surveys like ALHAMBRA.

For further details, we refer readers to Appendix E, where we detail the changes on the stellar-population
parameters for quiescent galaxies using BC03 (Appendix E.1) and EMILES (Appendix E.2) under the SFH
constraints mentioned above. The whole set of figures of the present section is collected in Appendix E.3.

3.10 Comparison with previous studies

The main goal of this chapter is to present how quiescent galaxies evolve since z ∼ 1. Although this
topic has been addressed in the past, it was mainly performed through spectroscopic techniques. Actually,
these previous studies were mainly carried out by stacked spectra, where the intrinsic dispersion in the
distributions of stellar population parameters cannot be explored. In addition, metallicity predictions by
spectroscopic data at intermediate redshifts (z ∼ 1) are usually biased to provide uncertain values. For the
first time, we explore the evolution of the quiescent population only using photometric data to determine
PDFs of age, metallicity, and extinction since z ∼ 1. Therefore, and whenever possible, the ages and
metallicities of quiescent galaxies from previous studies (see Table 3.14) are compared with ours at different
stellar mass and redshift ranges. Below, we describe the data, analysis techniques, and stellar population
results of several previous work to compare with the results achieved in this thesis.

• In the work by Vergani et al. (2008), the authors studied the influence of the stellar mass in the age
of galaxies beyond the local Universe by a complete sample of 4 048 galaxies from the VIMOS VLT
Deep Survey (VVDS, Le Fèvre et al., 2003) in the redshift interval 0.5 ≤ z ≤ 1.3. This sample
differs from ours in that there exists no colour pre-selection of galaxies, while in our work we focus
on the quiescent sample. Through the spectroscopic data in the VVDS-F02 field, they retrieved stellar
masses, redshifts and the D4000 values (interpreted as age indicator).

Larger D4000 values were retrieved for high-mass galaxies (interpreted as older stellar populations),
whereas less massive galaxies show lower D4000 values. As in this thesis, these results evidence that
the stellar populations of more massive galaxies were formed at earlier epochs in the Universe. In
both studies, the results are compatible with the "downsizing" assembly, and in agreement with the
fossil record method predictions at z < 0.1 (e. g. Gallazzi et al., 2005; Jimenez et al., 2007). Thanks
to MUFFIT and the ALHAMBRA features, we are in a privileged position to complement the results
of Vergani et al. (2008) setting milestones in the formation epochs of these galaxies since z = 1 up to
the present days.

In Vergani et al. (2008), the authors also obtained that both redder and massive galaxies presented
lower EW[O II] values suggesting that contain a relative low star formation, and the most efficient star
formation episodes are restricted to be in the less massive systems, as we derive from the results in
Sect. 3.4.1 in which the SFR per unit of mass, or sSFR (see Fig. 3.8), of massive quiescent galaxies are
also the lowest ones (also in agreement with previous work, e. g. Papovich et al., 2006; Zheng et al.,
2007; Pérez-González et al., 2008; Damen et al., 2009). Consequently, we are also getting proves that
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Table 3.14: Brief description of papers trying to constraint the stellar population parameters of quiescent
galaxies.

References Redshift Stellar mass Number Parameters

Vergani et al. (2008)† 0.5 ≤ z ≤ 1.3 M? > 10 9.6 4 048 Age
Siudek et al. (2016)† 0.4 < z < 1.0 1010 < M? < 1012 3 991 Age
Sánchez-Blázquez et al. (2009)†† 0.4 < z < 0.8 σ > 100 215 Age, [M/H]
Schiavon et al. (2006)†† 0.7 < z < 1.0 σ & 170 1 160 Age, [M/H]
Choi et al. (2014) z < 0.7 10 9.6 < M? < 1011.8 2 400 Age, [M/H]
Gallazzi et al. (2014) z ∼ 0.7 M? > 1010.5 33 Age, [M/H]
Belli et al. (2015) 1.0 < z < 1.12 M? > 1011.1 12 Age
Peng et al. (2015) 0.05 < z < 0.09 M? > 10 9.5 22 168 Age, [M/H]
Citro et al. (2016) 0.02 < z < 0.3 M? > 1010.8 24 488 Age, [M/H], AV

Fumagalli et al. (2016) 0.5 < z < 2.0 M? > 1010.8 248 Age

Notes. From left to right, reference of the work, redshift bin, stellar mass range of the sample, number of galaxies, and
stellar population parameters explored. All the stellar masses (velocity dispersion, σ) are in solar units [M�] (km s−1).
All the work involve spectroscopic data.
(†) In the work by Vergani et al. (2008); Siudek et al. (2016), line strength indices are used as age proxy.
(††) In the work by Schiavon et al. (2006); Sánchez-Blázquez et al. (2009), velocity dispersions are used as stellar
mass proxy.

the more efficient star formation episodes (higher SFRs) in quiescent galaxies are taking place in less
massive systems.

• Using a subset of 3 991 quiescent galaxies from VIMOS Public Extragalactic Survey (VIPERS,
Guzzo et al., 2014, effective area of 24 deg2 and i′AB < 22.5), the work by Siudek et al. (2016)
constrained the evolution and SFHs of this kind of galaxies at 0.4 < z < 1.0. These galaxies were
observed with the spectrograph VIMOS (Le Fèvre et al., 2003, spectral coverage λλ 5 500–9 500 Å,
1′′ slit, R = 230, and mounted on the ESO very large telescope), to subsequently perform a stacking in
stellar mass and redshift bins. Quiescent galaxies were chosen through an evolving colour cut U − V
(Fritz et al., 2014) and without visually detected emission-lines ([O II]λ 3 727 and/or HδA), reaching
stellar masses down to log10 M? ∼ 10.0 in the lowest redshift bin. Although the selection process of
quiescent galaxies differs from ours, the results may be compatible as there is a colour criterion along
with a removal of galaxies with emission lines, which are related to dusty star-forming galaxies.

The authors obtained that the low mass quiescent galaxies always present lower D4000 and higher
HδA indices (i. e. younger populations) as compare to the more massive ones in the whole redshift
range (0.4 < z < 1.0). This mainly implies a tight correlation between the age and stellar mass in
quiescent galaxies up to z ∼ 1.0, in agreement with our results and the "downsizing" scenario. After
estimating the equivalent ages and formation epochs, and having rejected the influence of metallicity
on the results, they also found that the formation epochs of quiescent galaxies vary depending on the
redshift in which quiescent galaxies are observed. In agreement with our results (further details in
Secs. 3.7 and 3.8), the larger the redshift of these galaxies, the earlier their formation epochs, which
is more prominent at lower stellar masses. Consequently, they also agree that the quiescent galaxy
population is suffering modifications in their average stellar content via "frosting" (remains of star
formation processes), mergers, the "progenitor" bias, or other mechanisms.

• Sánchez-Blázquez et al. (2009) focused on the stellar populations of RS galaxies belonging to 24
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cluster and group environments at 0.4 < z < 0.8. Their parent dataset was composed of 215 spectra
from the ESO Distant Cluster Survey (1′′-wide slit and spectral range λλ 3 670–4 150 Å) comple-
mented with photometric data. These RS galaxies were defined as those with secure spectroscopic
redshifts, without strong emission lines (equivalent widths [O II]λ 3 727 EW < 7 Å), and colours be-
tween ±0.3 mag to the best-fitting linear relation (slope −0.09) to the red part of the colour-magnitude
relation (V − I versus I). As the signal-to-noise is low individually, the authors stacked the spectra
in three different redshift bins (z = 0.45, 0.55, and 0.75) and velocity dispersions (σ < 175 km s−1

and σ > 175 km s−1). To retrieve ages and metallicities from the stacked spectra, they carried out a
simultaneous fit through a χ2-test of the Lick indices Fe4383, CN2, HδA, and HγF. For more massive
galaxies (σ ∼ 230 km s−1 or log10 M? ∼ 11.3 using eq. 2 in Thomas et al., 2005), the authors found
that quiescent galaxies have larger ages at lower redshifts, in qualitative accordance with our results
(see top panels in 3.28–3.30). They claim this can be compatible with a passive evolution at 1 σ

uncertainty level (formation redshift zf > 1.4), but given the uncertainties they do not confirm it.

Regarding metallicity, the work by Sánchez-Blázquez et al. (2009) concludes that their measurements
are compatible with no variation with redshift given their uncertainties. Interestingly, the most massive
galaxies in their sample exhibit hints for a decrease in metallicity with the decreasing redshift, which
would be in qualitative agreement with our results. For less massive systems (σ ∼ 120–150 km s−1,
i. e. log10 M? ∼ 10.3), they show neither age or metallicity evolution within the errors. Overall,
they concluded that massive red galaxies are compatible with a passive evolution, whereas the low
mass systems of the sample need either a continuous level of star formation to maintain a constant
age or the RS is in a continuous build-up adding new and younger galaxies. In this framework, this
thesis supports a non constant metallicity in massive and red systems (largely populated by quiescent
galaxies) and the necessity of a process for including younger stars in these galaxies, specially in
lower mass systems. Nevertheless, it is noteworthy that the work by Sánchez-Blázquez et al. (2009)
might differ from ours in some aspects,as environment plays a role on the stellar population properties
of galaxies (e. g. Sánchez-Blázquez et al., 2003; Eisenstein et al., 2003; Thomas et al., 2005; Trager
et al., 2008; Thomas et al., 2010).

• As part of the DEEP2 galaxy survey, Schiavon et al. (2006) analysed stacked spectra of field RS
galaxies at z ∼ 0.9 from the Keck DEIMOS (Faber et al., 2003) spectrograph to retrieve ages and
metallicities. The field RS galaxies were selected through a CMD, U − B ≥ 0.25 and MB = [−21.76,
−20.76] (both in Vega system), where the colour U − B and absolute magnitude MB were derived
from the CFHT photometry (Willmer et al., 2006). In addition, all red galaxies with emission larger
than [O II]λ 3 727 EW ≥ −5 Å were removed from the sample minimizing the contamination due to
reddened late-type galaxies (contamination at the 5 % level), which is almost equivalent to our sample
selection.

The ages and metallicities in this paper were derived from the absorption line strengths HδF and
Fe4383, using Schiavon (2007) models with different [α/Fe] values. For a fair comparison, we per-
formed a similar sample selection of quiescent galaxies through the photometric conversions from
the Vega to the AB system in DEEP2 (Willmer et al., 2006), for establishing the equivalent range
of stellar masses. It corresponds to quiescent galaxies with 1.06 ≤ U − B ≤ 1.41 (AB system) and
absolute magnitudes in the range MB = [−21.87, −20.87] (AB system). To convert the ALHAMBRA
magnitudes to the rest-frame UB ones, as in Schiavon et al. (2006), we followed the process explained
in Sect. 2.3.2.6, that is, we rebuilt the combination of best-fitting models retrieved during the MUFFIT
analysis and we convolved them (rest-frame) with the UB bands instead.

The bulk of ALHAMBRA quiescent galaxies in the range 1.06 ≤ U − B ≤ 1.41 and MB = [−21.87,
−20.87] at 0.75 ≤ z ≤ 0.95 have stellar masses of log10 M? ∼ 10.7–11.1 dex (16th and 84th per-
centiles respectively). If we split the sample in the same three colour bins as in Schiavon et al. (2006,
U − V = 1.06–1.16, 1.16–1.26, and 1.26–1.41), we observe that the redder the quiescent galaxy, the
higher the stellar mass (median values of log10 M? ∼ 10.8, 10.9, and 11.0 dex respectively). So, the
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most representative stellar mass bin in our sample for comparing with our age and metallicity predic-
tions is 10.8 ≤ log10 M? < 11.2. The main result obtained by Schiavon et al. (2006) is that the ages of
RS galaxies at z ∼ 0.9 are not compatible with a passive evolution, after comparing them with the lo-
cal SDSS counterpart (spectroscopic catalogue of Eisenstein et al., 2003). In particular in their work,
RS galaxies at z ∼ 0.9 present luminosity-weighted SSP ages of ∼ 1.2 and 1.7 Gyr, the latter for SSP
models of [α/Fe] = +0.4, which are significantly younger than the ones obtained by MUFFIT for the
ALHAMBRA quiescent galaxies (see Figs. 3.28–3.30, mass-weighted ages of 4.5–5 Gyr for BC03
and EMILES respectively). To explain qualitatively these differences, we must take into account that
luminosity-weighted ages are systematically younger than mass-weighted ones, and the fact that the
use of one SSP leads to ages younger than the ones derived from the mixture of two or several SSPs,
as in this thesis. Regarding metallicities, there is a reasonable agreement between the iron abundances
obtained by Schiavon et al. (2006) ([Fe/H] = [0, +0.3] dex) and the ones by MUFFIT (0.12, 0.13,
−0.04 dex for BC03, BaSTI, and Padova00).

The stellar populations of SDSS RS galaxies (z ∼ 0.15) obtained by Schiavon et al. (2006) are from
∼ 3 to 5 Gyr and super-solar metallicities, whereas assuming a passive evolution this value should be
over 6 Gyr. The non-passive evolution of RS galaxies reported by Schiavon et al. (2006) is in perfect
agreement with this thesis, which is obtained with all the different SSP models used in this work,
being stronger for BC03 and milder for EMILES. In particular, Schiavon et al. (2006) concluded
that it is necessary the inclusion of young/intermediate-age stars in RS galaxies in order to explain the
evolution in age in this kind of galaxies by at least two scenarios: the so-called "frosting" models (e. g.
Trager et al., 2000), with remains of in-situ star formation; and the "progenitor" bias or "quenching"
models, by the incorporation of new galaxies to the quiescent population later on (e. g. Bell et al.,
2004; Faber et al., 2007).

• Choi et al. (2014) analysed the stellar populations of stacked spectra of quiescent galaxies up to
z < 0.7. The spectroscopic data were obtained from the AGN and Galaxy Evolution Survey (AGES,
Kochanek et al., 2012), which was extended up to 9.6 < log10 M? < 11.8 dex to be complete in mass
at the lowest redshift bin. Instead of a colour-colour selection, the quiescent sample was defined from
the individual sSFR and stellar mass values. From a parent sample of 2 400 quiescent galaxies, the
authors stacked the spectra in different bins of redshift and stellar mass, to perform an analysis of
their stellar population parameters. They computed SSP equivalent ages and abundances of elements
such as [Fe/H] through a full SED-fitting of continuum-normalised spectra in the wavelength range
λλ 4 000–5 500 Å.

As in this thesis, there exists a clear influence of the stellar mass on the age, in the sense that quiescent
galaxies are older at lower redshifts, and, at fixed redshift the most massive ones are older. On the
other hand, the authors did not find evidences in favour of a variation of the metallicity with redshift
or stellar mass. From the derived SSP-equivalent ages, Choi et al. (2014) proposed that quiescent
galaxies present little modifications in their ages since z < 0.7 due to a composed passive evolution
(or a continuous process of low star formation). Albeit for less massive systems, where their sample
is more limited, their age evolution is shallower. Less massive systems show a better the agreement
with our results. Differences in the set of models and the use of SSP-equivalent ages could drive the
observed differences.

Regarding metallicities, unlike the predictions in this thesis, the authors do not clearly retrieve the
MZR at different redshifts, including the local Universe (Gallazzi et al., 2005; Sánchez-Blázquez
et al., 2009; Gallazzi et al., 2014). Besides, they state that they are potentially affected by aperture
effects. Therefore, we do not consider their metallicity estimations are reliable enough.

• Another work dealing with stellar populations of quiescent galaxies at the redshift range of ALHAM-
BRA is Gallazzi et al. (2014). In this paper, the authors explore the stellar content of 33 quiescent
galaxies at z ∼ 0.7 with stellar masses M? > 3 × 1010 M� from the E-CDFS (Wolf et al., 2004, Vega
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Figure 3.28: Comparison of ages (top panel) and metallicities (bottom panel) of quiescent galaxies from
several work (details in the text, see legend for references) and our results (BC03 SSP models) at the redshift
range 0 < z < 1.2. The mass-weighted ages and metallicities retrieved using MUFFIT and ALHAMBRA
data are illustrated with solid lines, whereas the coloured dashed lines correspond to luminosity weighted
ages. The ages and metallicities retrieved from other work are colour coded in concordance with their
proximity to the stellar mass bins of our quiescent sample (see inset). Dotted line shows the Universe age.
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Figure 3.29: As Fig. 3.28, but for our results using EMILES SSP models and BaSTI isochrones.
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Figure 3.30: As Fig. 3.28, but for our results using EMILES SSP models and Padova00 isochrones.
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magnitudes R < 22.7 and spectroscopy with IMACS in the spectral range λλ 6 500–9 500 Å). The
age and metallicity of each galaxy was derived by a Bayesian statistical approach based on a multiple
fit to age- (D4000, Hβ, and HδA+HγA; Worthey & Ottaviani, 1997, for the last one) and metallicity-
sensitive ([Mg2Fe] and [MgFe]′) absorption features, and a Monte Carlo library of models built from
BC03 SSP models and various SFHs (same metallicity in the SFH of each model).

Gallazzi et al. (2014) found out that the age-stellar mass relation is also present for quiescent galaxies
at z ∼ 0.7. Furthermore, the ages were non-compatible with a simple passive evolution because
they are ∼ 2 Gyr lower than the obtained with a similar methodology in the local SDSS counterpart
(more precisely in Gallazzi et al., 2005). This strongly favours our conclusions in this aspect, not
only quiescent galaxies are older at larger cosmic times, but the ageing that they would suffer with
respect to a complete passive scenario is delayed too. Moreover, they obtained that the age-stellar
mass relation is also compatible with the slope retrieved for quiescent galaxies in SDSS.

The authors found that there is a relation between metallicity and stellar mass at z ∼ 0.7 as well, but
this one is slightly lower than the obtained for the local Universe (∼ 0.04 dex from Gallazzi et al.,
2005), which would suggest an enrichment of metals in quiescent populations. In addition, the slope
of the metallicity at z ∼ 0.7 is slightly lower (0.11±0.1) in comparison to the local one (0.15±0.003),
but it is compatible with no evolution within the uncertainties (even larger). However, as we already
discussed above, the combination of different photometric apertures and the existence of metallicity
gradients has an impact on the Gallazzi et al. (2005) local metallicities (see Sect. 2.5.5), which may
affect the conclusions about the evolution of metallicity in Gallazzi et al. (2014). Gallazzi et al. (2005)
estimated than the SDSS aperture effects that typical metallicity gradients can lead to metallicity
differences of ∼ 0.15–0.2 dex for log10 M? & 10, that if confirmed would make the metallicity of
quiescent galaxies to lie on slightly lower metallicities as we obtained from BC03 and EMILES SSP
models in this thesis. Age gradients use to be shallower than metallicity ones (Wu et al., 2005;
Sánchez-Blázquez et al., 2007; La Barbera et al., 2012; Eigenthaler & Zeilinger, 2013), and therefore,
it is not expect a large impact on age due to aperture effects. Notice that in Fig. 3.28 the mass-weighted
age predictions of MUFFIT+BC03 are in very good agreement with those provided by Gallazzi et al.
(2014, also BC03 models), however we obtain larger super-solar metallicities of ∆[Fe/H] ∼ 0.1 dex.
For EMILES models (Figs. 3.29 and 3.30), the ages provided by MUFFIT are ∼ 1.5 Gyr older.
For BaSTI isochrones the agreement with metallicity is remarkable, but for the Padova00 ones we
retrieved lower metallicities of ∆[Fe/H] ∼ 0.15 dex.

• From Keck LRIS spectra and photometric data, the stellar population parameters of 51 quiescent
galaxies at 1 < z < 1.6 were retrieved by Belli et al. (2015). They estimated ages, metallicities, and
extinctions of each galaxy via SED-fitting techniques by the Bayesian code pyspecfit (Newman
et al., 2014) and BC03 τ-models (metallicity fixed around solar values). At 1.0 < z < 1.12, there are
12 galaxies (with median stellar mass of log10 M? ∼ 11.1) overlapping with the redshift upper-limit
of our sample, whose median stellar populations allow us to compare with our massive galaxies at the
redshift upper-limit z ∼ 1.1 (see Figs. 3.28–3.30).

For these 12 massive quiescent galaxies, the median age, metallicity, and extinction are 2.3 Gyr,
−0.1 dex, and 0.36 respectively. At the redshift upper-limit, MUFFIT retrieved that massive quiescent
galaxies in the range 10.8 ≤ log10 M? < 11.2 exhibit ∼ 4.2 Gyr of age, metallicities [Fe/H] = −0.05,
0.0, and 0.18 dex (BC03, EMILES+Padova00, and EMILES+BaSTI respectively), and extinctions of
AV ∼ 0.2. The discrepancies in age and extinction with Belli et al. (2015) can be partly explained
by the assumption of metallicities around solar values. As we analyse in Sects. E.1.2 and E.2.2 (see
also Figs. E.3, E.4, E.27, and E.28), this assumption alters the stellar population parameters getting
younger ages and larger extinction values at z ∼ 1.1, which would support our stellar population
predictions.

• Aimed at exploring the responsible mechanisms for quenching galaxies, Peng et al. (2015) built sam-
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ples of star-forming and quiescent galaxies to study both the metallicity- and age-stellar mass relations
in the local Universe. These relations were derived through galaxies from SDSS at 0.05 ≤ z ≤ 0.085
and the quiescent sample was composed of 22 618 galaxy spectra (signal-to-noise ratios larger than
20 per spectral pixel), with red U − B colours and without Hα emission. Ages and metallicities for
common galaxies with the parent sample were taken from Gallazzi et al. (2005). Thereby, we may
expect aperture effects on metallicities. Peng et al. (2015) results differ with Gallazzi et al. (2005)
conclusions in that these ones were obtained for quiescent and star-forming galaxies separately and
not only for the total population. The authors determined that the metallicity- and age-stellar mass
relations are also present in the more local Universe for quiescent galaxies (and for star-forming as
well), even when both red and blue populations are studied separately.

After comparing the age estimations provided by MUFFIT and BC03 (EMILES+BaSTI) SSP models
with the Peng et al. (2015) ones, the latter are ∼ 1.5 Gyr older (younger) with a similar slope in the
age-stellar relation for log10 M? ≥ 10 (Figs. 3.28 and 3.29). In Fig. 3.30, the EMILES+Padova00
age-stellar mass relation is steeper and less prominent, but the range of ages for quiescent galaxies
is qualitatively the same than the provided in Peng et al. (2015). Regarding metallicity, there is
a shift of ∼ −0.2 dex between our BC03 and EMILES+BaSTI values and the provided by Peng
et al. (2015). For the Padova00 ones, with the lowest metallicity values, this shift is even larger
(∆[Fe/H] ∼ −0.3 dex). Although if we account for the aperture effects (0.15–0.2 dex, Gallazzi et al.,
2005), these differences are much relaxed and the metallicity predictions provided by MUFFIT and
ALHAMBRA for quiescent galaxies agree well with the Peng et al. (2015) ones.

• Recently, Citro et al. (2016) focused on the SFH of massive and red early-type galaxies through
the "archaeological" approach of SDSS galaxies. They selected a sample of 24 488 massive galaxies
(log10 M? > 10.75) with redshift 0.02 < z < 0.3, red colours (matching the early-type template
colours of Ilbert et al., 2006), and without strong emission lines ([O II]λ 3 727 EW > −5 Å and
Hα EW > −5 Å). The stellar population parameters of this population were retrieved through stacked
spectra in different bins of stellar mass and redshift, using STARLIGHT with BC03 and Maraston &
Strömbäck (2011) SSP models.

The authors retrieved from their SED-fitting results that the mass-weighted ages increases with stellar
mass and these are systematically older at lower redshifts with values between ∼ 10–13 Gyr at z ∼
0.02 and z ∼ 0.3 respectively. The less massive quiescent galaxies (10.75 < log10 M? < 11) are
younger than the most massive ones (log10 M? > 11.5) by 0.4 Gyr and 0.2 Gyr using BC03 and
Maraston & Strömbäck (2011) models respectively. These ages are substantially older in comparison
with ours, in the range 7–9 Gyr, although the age–stellar mass relation is also present. They also
obtained that the local passive galaxies have mass-weighted super-solar metallicities of [M/H] ∼
0.16 (0.13) dex using BC03 (Maraston & Strömbäck, 2011) SSP models with little differences among
contiguous stellar mass bins. These metallicities are also larger than ours at z ∼ 0.1 that are around
solar values. The discrepancies between the use of BC03 models instead of the Maraston & Strömbäck
(2011) increases for the extinction predictions. While for BC03 they obtained typical extinction values
of AV ∼ 0.08 (AV < 0.2), for Maraston & Strömbäck (2011) these values increases up to AV ∼ 0.16
(AV < 0.25), that is, these extinction values are lower than the ones obtained in this thesis. For both
model sets, they retrieved an increase of extinction since z ∼ 0.3 up to z ∼ 0.1 of ∆AV ∼ 0.1, where
for BC03 it is remarkable that at increasing stellar masses the extinction is lower than the less massive
ones, but this is not the case for Maraston & Strömbäck (2011) for which all the stellar masses present
compatible dust extinctions.

• Making use of spectroscopic data from the 3D-HST survey, Fumagalli et al. (2016) estimated the ages
of quiescent galaxies at 0.5 < z < 2.0. They used 248 quiescent spectra from the low-resolution Wide
Field Camera (WFC3, grism onboard HS T and spectral coverage λλ 11 000–16 000 Å). They defined
their quiescent sample using a rest-frame UV J-diagram, although without extinction corrections as
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in the present thesis. Only the more massive galaxies (log10 M? > 10.8) were selected in order
to stack all the spectra in three redshift bins. Every stacked spectra was normalised by its proper
continuum for avoiding degeneracies with extinction, focusing the analysis on the absorption spectral
lines. Three different sets of SSP models were challenged for claiming the ages and results of the
spectrum stacks: BC03, Flexible Stellar Population Synthesis (FSPS10, Conroy & Gunn, 2010), and
C3K (Conroy, Kurucz, Cargile, & Castelli, in prep.) models. The age estimation was performed for
every normalised stack carrying out a least-square minimization of the 3 model sets (to SSPs) and
forcing solar metallicities.

As a result, the ages of quiescent galaxies present a large spread in age due to the use of different model
sets, although they are usually below half of the age of the Universe in the explored redshift ranges.
Our analysis at the same redshift ranges yields older mass-weighted ages, but the luminosity weighted
ages provide a good agreement with our predictions for both BC03 and EMILES SSP models. It is
remarkable that the extrapolation at z = 1.25 of the mass-weighted ages (BC03 and EMILES) also
match with the ages derived by Fumagalli et al. (2016) and BC03 models. Although, as we studied in
Sect. 3.9, the solar metallicity constraint imposed by Fumagalli et al. (2016) can produce systematics
in the retrieved ages.

In summary, there is a general consensus since z ∼ 1, in good agreement with our results, in which
quiescent galaxies get older with cosmic time independently of their stellar masses. In addition, the "down-
sizing" scenario is well reproduced by several of the studies in this section, as well as the results obtained by
MUFFIT using the ALHAMBRA dataset and different sets of SSP models (BC03 and EMILES). Despite
the good agreement among studies, there is large spread on the age values that are strongly related to the use
of different techniques, stellar population models, and SFH assumptions. Concerning metallicities, there are
less estimations and with larger uncertainties, but most results point out that quiescent galaxies have around
solar and super-solar metallicities (the more metal-rich ones are also the most massive), with hints for the
MZR being in place since earlier epochs. The difficulty to disentangle the evolution with redshift of the
metal content in quiescent galaxies comes, primarily, by the fact that for these galaxies it is expected to be
mild (∼ 0.1 dex) during the last 8 Gyr, provided that most of their star formation seemed to happen at high
redshifts. In addition, measuring a precise metallicity evolution through spectroscopic data has technical
limitations, like (i) the need of high signal-to-noise ratio spectra at high redshifts, (ii) the existence of large
data sets of galaxies along redshift, and (iii) the fact that the reference metallicity at the local Universe is
based on SDSS data, which may be affected by aperture effects. We believe that the combination of MUF-
FIT and the ALHAMBRA data in this thesis provides unique advantages: we are not affected by the aperture
bias and there is a large number of galaxies to fully populate the different bins in redshift and stellar mass,
which along with an homogeneous analysis all over the redshift range, allows us to be sensitive to this little
variations and perform an statistical analysis of the sample properly.

3.11 Summary and conclusions

Using the dataset provided by the ALHAMBRA multi-filter photometric survey and our optimised SED-
fitting tool MUFFIT (extensively detailed in Chapter 2) with both BC03 and EMILES SSP models, we
explore the stellar content of quiescent galaxies since z = 1.1, or during the last 8 Gyr (60 % of the age of
the Universe), as well as how these galaxies have evolved and assembled their stellar populations.

The selection of the quiescent sample is carried out carefully in order to minimize as much as possible the
number of contaminants, mainly faint stars and dusty star-forming galaxies. In brief, we improve the colour-
colour UV J diagram taking the extinction estimations provided by MUFFIT into account for generating a
dust-corrected UV J diagram, which minimizes the contamination of dusty star-forming galaxies. Moreover,
we carry out a one-by-one visual inspection to remove those sources whose photometry can be compromised
(e. g. bad CCD regions or bad photometric apertures) and spurious detections. Using the stellar version
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of MUFFIT, we remove the faint stars of the ALHAMBRA catalogue with magnitudes ranging 22.5 ≤
mF814W ≤ 23. After comparing with the morphological classification of COSMOS for a common sample
of sources, the contamination due to faint stars is reduced from 24 % to 4 %. Finally, we estimate the
stellar mass completeness of our sample of quiescent galaxies in ALHAMBRA applying a novel method for
defining an analytic function for the stellar mass completeness that yields a final sample of 8 547 galaxies at
0.1 ≤ z ≤ 1.1 with a photo-z accuracy of σNMAD = 0.006.

We also develop a reliable methodology to take advantage of our SED-fitting results (based on mixture
of two SSPs) and make predictions of SFR and sSFR. The exploration of the distribution of SFR and sSFR
values in the stellar mass plane reveals a bimodality, where the main sequence of galaxies (star-forming
galaxies) populate the upper SFR and sSFR values. In addition, the more massive quiescent galaxies exhibit
larger SFRs than their lower mass counterparts. However, the most efficient process of star formation
in the quiescent population reside in the low mass systems, whereas the massive ones present the lowest
sSFR of the quiescent population. We confront our SFR predictions based in the UV luminosity at around
2 800 Åwith an independent SFR tracer based in the 24 µm luminosity or dust emission, getting a satisfactory
agreement that supports that the DSF of the sample were removed properly.

From the dust-corrected UV J-diagram, we find out striking results:

• A significant part of the galaxies that reside in the green valley are actually obscured star-forming
galaxies (∼ 65 %). These reveal intrinsic colours (mF365 − mF551)int proper of the star-forming pop-
ulation, although their great dust content redden their colours. This also implies that the green valley
is less populated than expected.

• Down to mF814W = 23, the histogram of the (mF365 − mF551)int colour exhibits a local minimum at
∼ 1.45 that can be imposed as the bluest colour limit to fairly select the quiescent sample, which
remains roughly constant since z ≤ 1.1. Consequently, galaxies with intrinsic colours at (mF365 −
mF551)int ∼ 1.45 are less frequent, constituting what can be considered as the true green valley.

• Red galaxies that belong to the star-forming sample after the dust correction (intrinsic mF365−mF551 <

1.5) are typically concentrated close to the edges of UV J diagrams (e. g. Williams et al., 2009;
Moresco et al., 2013), supporting the reliability of the extinction values provided by MUFFIT.

• Quiescent galaxies selected through a classical UV J diagram (not corrected from dust effects) are
typically contaminated by a ∼ 20 % of dusty star forming galaxies. Our results clearly establish that
this contamination is less severe for massive galaxies (log10 M? ≥ 11, 2–8 % from z ∼ 0.1 to z ∼ 1.1)
than for the least massive ones (40 %, for 9.2 ≤ log10 M? ≤ 9.6 at 0.1 ≤ z ≤ 0.3).

The analysis of the distribution of stellar population parameters of quiescent galaxies on a dust-corrected
UV J-diagram reveals that there exist a close correlation between the position of each galaxy in this diagram
and its age, metallicity, extinction, and stellar mass. We conclude that:

• The more massive quiescent galaxies lie on the redder parts of the UV J-diagram at larger cosmic
times. At larger redshifts, z ∼ 1, massive quiescent galaxies present a larger spread of (mF365 −
mF551)int colours (1.5 ≤ (mF365 − mF551)int ≤ 2.0) than at z ∼ 0.2, where they lie on the upper and
redder parts of the UV J-diagram (mF365 − mF551)int ∼ 2.0.

• The whole quiescent sample shows an expected low dust content (96 % of galaxies present AV ≤ 0.6),
where quiescent galaxies with bluer intrinsic colours, (mF365−mF551)int . 1.7 and (mF551−J)int . 1.2,
are also the galaxies with larger extinction values (AV & 0.4).

• We find out a correlation of the colour (mF365−mF551)int with the age of quiescent galaxies. The older
ages present the redder (mF365 − mF551)int colours, populating the upper parts of the UV J-diagram
((mF365 −mF551)int > 1.8). On the other hand, the younger quiescent galaxies present the bluer colour
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of the diagram. Although there is a correlation with the (mF365−mF551)int colour, age is also dependent
of the (mF551 − J)int colour. Thus, to carry out an accurate determination of the age, it is necessary
both (mF365 − mF551)int and (mF551 − J)int colours.

• The metallicity distribution in the UV J-diagram is tightly correlated to the colour (mF551 − J)int and
weakly to (mF365−mF551)int. The most metal rich quiescent galaxies ([M/H]M > 0.1 dex) also present
the reddest colours (mF551 − J)int > 1.1.

• Dust corrections play an important role in understanding how quiescent galaxies distribute inside the
UV J diagram as a function of their parameters: mass, age, metallicity and extinction. Without dust
corrections, quiescent galaxies with large dust contents are in the upper parts of the UV J-diagram
as predicted by extinction laws. The correlation between age and the colour (mF365 − mF551) is
weaker than with (mF365 − mF551)int, whereas metallicity still correlates with (mF551 − J) but also
with (mF365 − mF551).

It is well known that there is an increasing number of quiescent galaxies from high redshift to the present
time. After exploring the number densities of quiescent galaxies at 0.1 ≤ z ≤ 1.1, we confirm this result,
as well as the variation of their number densities are well reproduced by a power-law function (as proposed
by Moustakas et al., 2013). Moreover, the increasing number density for less massive galaxies is more
striking than for the most massive ones (∼ 50 % and 5 % every ∆z = 0.2 for 10 ≤ log10 M? < 10.4
and log10 M? ≥ 11.2 respectively). The above numbers agree within a "downsizing" picture in which less
massive galaxies were formed in more recent epochs than the massive ones.

Finally, we shed light on the stellar population parameters of quiescent galaxies, along with its evolu-
tion, since z = 1.1 through the stellar population distributions built from the analysis results provided by
MUFFIT. Indeed, we construct the probability distribution functions (PDF) of mass-weighted age/formation
epoch, metallicity, and extinction during the last 8 Gyr, using a maximum likelihood estimator in order to
deconvolve the uncertainty effects from these distributions and to parametrize them as function of redshift
and stellar mass. This allows us to determine the evolution of the typical parameters (age, metallicity, and
extinction), as well as to explore the intrinsic dispersion of the distributions of parameters. As expected,
we find that the PDFs of the galaxy ages, metallicities and extinctions are strongly dependent on the SSP
models used during the diagnostic SED-fitting process (BC03 and EMILES), although we still retrieve very
interesting and striking results in common for both model sets:

• Quiescent galaxies are older at larger cosmic times, but these values are not compatible with a sim-
ple passive evolution, that is, there must be an incoming of new galaxies from the blue cloud and/or a
mechanism including new stars of young and intermediate ages in their stellar populations (e. g. merg-
ers, frosting, fall of cold gas, etc.) that slows down their ageing. In addition, the larger the galaxy
mass the older the stellar population at any redshift, supporting the "downsizing" scenario up to z ∼ 1.
Regarding the widths of the mass-weighted age PDFs (intrinsic dispersions), these present values of
ωAgeM ∼ 1–2 Gyr and a slight correlation with the stellar mass and redshift dependency.

• For BC03 and EMILES SSP models, quiescent galaxies show predominantly solar and super-solar
metallicities, except for the local and less massive quiescent galaxies, which reveal sub-solar metal-
licities. Furthermore, the galaxy mass-metallicity relation seems to be present since earlier times, with
hints of being steeper at lower redshifts.

• We find evidences for a decrease of the median of the metallicity PDF of quiescent galaxies since z ∼
0.6–1.1, depending on the SSP models (BC03 and EMILES respectively). This decrement amounts to
0.1–0.2 dex and it is consistently recovered irrespective of the SSP models and isochrones employed
during the analysis. At decreasing stellar masses the range of mass-weighted metallicities increases,
and therefore, there is a dependency of the width of this PDF with stellar mass. The width of the
mass-weighted metallicity PDF is broader at larger redshifts, where more massive galaxies present
the narrower PDFs.
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• All the quiescent galaxies present low extinction values AV < 0.6, with median values in the range
AV = 0.15–0.3. For BC03 SSP models, there is a dependency with stellar mass and redshift, in the
sense that more massive galaxies also present larger extinctions by dust and the extinction increases at
lower redshifts. However for EMILES SSP models, all the quiescent galaxies exhibit extinction values
of AV ∼ 0.2 independently of the stellar mass bins explored or redshift. As in the metallicity case,
the width of the extinction PDF becomes larger at higher redshifts, i. e. a lower spread of extinction
values in the local Universe, specially in the more massive galaxies.

The consistency of these results are studied imposing different constraints on the SFH of the models
as well, such as constant extinction, constant solar metallicity, a closed-box enrichment of metals, fall of
metal-poor cold gas, etc. In addition, we determine the systematics effects and the modifications of the
stellar population predictions as a result of these constraints. In some cases, these ones can alter well
studied relations as the MZR or the "downsizing" scenario. All the results are compared with the obtained
from previous studies, including spectroscopic data and different analysis techniques (e. g. Lick indices),
providing a good agreement with many of the conclusions and aspects treated in this chapter. The decrease
in metallicity since high redshift up to the present time obtained for quiescent galaxies in this thesis cannot
be assessed from current spectroscopic work as metallicity uncertainties are typically very large and, in
addition, aperture effects can drive the spectroscopic results obtained for SDSS data.
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4
The impact of mergers, "frosting" and the "progenitor" bias

on the global populations of quiescent galaxies

In greatness, life and death merge.

Dejan Stojanovic

In this chapter, we aim at shedding light on the impact of mergers, "frosting" (remnants of star forma-
tion), and "progenitor" bias in the evolution of quiescent galaxies, both number density and stellar pop-
ulation properties. In particular, we focus on the evolution of the massive quiescent population. For the
present work, we define massive quiescent population to those galaxies with stellar masses above the stellar
mass limit M?,lim. This stellar mass limit is an arbitrary limit and it is fixed at log10 M?,lim = 11.2 (the
stellar mass bin that is complete in stellar mass up to z ∼ 1 in ALHAMBRA), although we developed our
methodology for a generic mass limit and other stellar mass limit would be able to be imposed. Making use
of the results obtained in Chapter 3, we carried out a phenomenological model, in which the distributions
of stellar population parameters (both mass-weighted age and metallicity) of massive quiescent galaxies are
evolved since z = 1 down to z = 0.2 under the only effects of mergers, "frosting", and the "progenitor"
bias. Moreover, as we determined the distributions of stellar populations of this subsample (see Sects. 3.7
and 3.8), we compare at any redshift (0.2 ≤ z ≤ 1.0) whether our phenomenological model reproduces
the observations, which also constitutes a challenge for the proper SSP models used for determining stellar
population properties (both BC03 and EMILES) discerning whether they are self-consistent with their pre-
dictions. Consequently, this novel phenomenological model is half way between the "archaeological" and
the "look-back" approaches (see below). As we detail below, mergers and "progenitor" bias are observation-
ally determined, and therefore, we are able to set upper-limit constraints on the level of "frosting", because
the evolution in number with redshift (stellar population distributions as well) of massive quiescent sample
is continuously confronted along the whole redshift range explored 0.2 ≤ z ≤ 1.0.

4.1 Introduction

During the last decade, many authors tried to established the evolution or star formation history of galaxies
from the study of their local stellar populations. This methodology is usually referred as "archaeological"
approach or fossil record methods, and it has been extensively used for determining the stellar content of
galaxies through their integrated properties or by their spatially-resolved stellar populations (e. g. Cid Fer-
nandes et al., 2005; Gallazzi et al., 2005; Thomas et al., 2005; Ferré-Mateu et al., 2013; Trujillo et al., 2014;
Belli et al., 2015; McDermid et al., 2015; González Delgado et al., 2015; Citro et al., 2016; Zheng et al.,
2016; Goddard et al., 2017). These predictions are based on the SED reconstruction of galaxies, as well
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as spectral indices sensitive to stellar population parameters (such as age, metallicity, α enhancement, IMF,
etc.), usually using stellar population models with different SFH or including burst of various durations.
Alternatively, the comparison between the stellar populations of similar samples at higher and nearby red-
shifts, "look-back" studies, provides complementary constraints in order to explain how galaxies evolved
from the past until building-up their present stellar content (e. g. Schiavon et al., 2006; Sánchez-Blázquez
et al., 2009; Choi et al., 2014; Gallazzi et al., 2014; Fagioli et al., 2016; Gargiulo et al., 2016; Siudek et al.,
2016). Whilst the "look-back" studies constitute a direct comparison of the galaxy evolution, any interpre-
tation of the results is limited by "progenitor" bias (van Dokkum & Franx, 2001). In fact, recent studies
point out that there is an increasing number of quiescent galaxies since z ∼ 3 (see Sect. 3.6, e. g. Drory
et al., 2009; Pozzetti et al., 2010; Ilbert et al., 2010; Cassata et al., 2011; Davidzon et al., 2013; Ilbert et al.,
2013; Moustakas et al., 2013; Moresco et al., 2013; Tomczak et al., 2014) that support an scenario in which
quiescent galaxies are largely affected by "progenitor" bias. Other recent results advocate for a reduction
in the number of massive star-forming galaxies (Bell et al., 2007; Davidzon et al., 2013; Ilbert et al., 2013;
Moustakas et al., 2013), which also explains the observational growth in size of massive quiescent galaxies
(see also Chapter 5, e. g. Shankar & Bernardi, 2009; Belli et al., 2015; Fagioli et al., 2016; Gargiulo et al.,
2016; McDermid et al., 2015; Williams et al., 2016) and the scatter in the red sequence (Harker et al., 2006;
Ruhland et al., 2009), which also supports the necessity for including their effects.

Mergers are an efficient mechanism for the creation of spheroid-like galaxies by the merging of gas-
rich disks (Toomre, 1977; Schweizer & Seitzer, 1992; Barnes & Hernquist, 1996), as well as to modify
colours of galaxies. In addition, many authors suggest that massive early-type galaxies were assembled by
major mergers, in which a temporary quasar activity can be also present (Benson et al., 2003; Croton et al.,
2006; Somerville et al., 2008; Hopkins et al., 2008b, 2009c; van der Wel et al., 2009; López-Sanjuan et al.,
2013). Some results agree with an scenario in which the bulk of stars, specially in massive galaxies, were
built up to z ∼ 1, and then these galaxies have suffered numerous merger events in a hierarchical context
(Bundy et al., 2007; White et al., 2007; Wake et al., 2008; Skelton et al., 2012; Ferreras et al., 2014), which
can alter their stellar content. One of the limitations to explore the influence of mergers is that the time
scale of a merger is dependent of the properties of the progenitor galaxies, as well as the orbit (Lotz et al.,
2010a,b), although recent cosmological simulations (e. g. Springel et al., 2005; Kitzbichler & White, 2008)
are facilitating these issues. In the early attempt by Skelton et al. (2012), authors showed that the presence of
mergers reconstruct better the evolution of the RS than a passive evolution of galaxies in the RS. In the same
work, the evolution of both mass and luminosity functions since z ∼ 1 are better reproduced when mergers
are included in their model of evolution. The predictions rather agree when wet mergers and "progenitor"
bias are also accounted (see also Faber et al., 2007), specially the predictions on their color-magnitude
evolution. Furthermore, recent studies based on the radial stellar population profiles in early-type galaxies
(González Delgado et al., 2014b, 2015; Wilkinson et al., 2015; Goddard et al., 2017; Zheng et al., 2016)
show flat age and shallow negative metallicity radial profiles, which agree with an assembly of these galaxies
via major mergers (using SPH methodologies and cosmological simulations Kobayashi, 2004; Hirschmann
et al., 2015). Nevertheless, the common presence of mergers, specially in the quiescent population (López-
Sanjuan et al., 2012), are not properly treated for studying the impact that have this mechanism on the stellar
population parameters or on their integrated properties, such age and metallicity. Generally, the impact of
mergers is only mentioned for the interpretation of the results, as an external contribution (rather when the
rest of mechanism cannot explain the evolution of galaxies), but without estimating its impact on the results.

This chapter is organized as follows. Sections 4.2, 4.3, and 4.4 detail the inclusion and methodology for
treating mergers, "frosting", and "progenitor" bias in our phenomenological model respectively. In Sect. 4.5,
the stellar mass loss due to intrinsic stellar evolution is also treated. Along Sect. 4.6, the individual effects
of mergers, "frosting", and "progenitor" bias on the massive quiescent population are detailed, whereas in
Sect. 4.7 the global effect of these mechanisms is described. A brief summary of the chapter, as well as the
conclusions, are presented in Sect. 4.8.

Along this chapter we assume a ΛCDM cosmology with H0 = 71 km s−1, ΩM = 0.27, and ΩΛ = 0.73.
All magnitudes are in AB-system (Oke & Gunn, 1983). The stellar masses are given in solar mass units
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[M�].

4.2 Mergers as mechanism to alter the stellar population distributions of
quiescent galaxies

There are two main ways in which a merger can alter the stellar populations of the massive quiescent popula-
tion. The first one is by the modification of the stellar populations of the already quiescent galaxies through
accretion of the stellar content from satellite galaxies. On the other hand, the resultant increase in stellar
mass by merger events can promote galaxies below M?,lim, with other stellar populations or SFHs, towards
the most massive bin, which also modifies the number of galaxies in the massive sample. Consequently,
there are several channels of merger or scenarios that can contribute to modifying the stellar content of
quiescent galaxies since z = 1.0.

We distinguish three merger contributions or main channels:

i) Galaxies that without belonging to the massive quiescent sample (M? < M?,lim, for this work the
mass limit is established at log10 M?,lim = 11.2) after a merger exceed this mass limit and they are also
quiescent galaxies, that is, increasing the number density of the massive ones and adding members
with a different stellar content (hereafter the channel "new"). For instance, 2 galaxies of log10 M? =

11 (< M?,lim) merge into 1 new galaxy of log10 M? = 11.3 (> M?,lim). The net balance in the number
counts of the population under study is adding a new galaxy to the sample.

ii) Massive quiescent galaxies that experiment a merger event with galaxies outside this subpopulation
(quiescent galaxies with stellar masses below M?,lim or star-forming galaxies) modifying their stellar
content without altering the number density (referred as channel "in"). For instance, 2 galaxies of
log10 M? = 11 (< M?,lim) and log10 M? = 11.3 (> M?,lim and quiescent galaxy) merge into 1 new
galaxy of log10 M? = 11.5 (> M?,lim). The net balance in the number counts of the population under
study remains unaltered.

iii) Mergers amongst massive quiescent galaxies (in the following channel "out"), which will not substan-
tially alter the stellar content, but decreasing in number the population of quiescent with M? ≥ M?,lim.
For instance, 2 quiescent galaxies of log10 M? = 11.3 (> M?,lim) merge into 1 new galaxy of
log10 M? = 11.6 (> M?,lim). The net balance in the number counts of the population under study
is loosing 1 member.

In all cases, the stellar populations of the new galaxy will be determined by the ones of its progenitors
and the type of merger event. The basic definitions and parameters concerning mergers in our phenomeno-
logical model are briefly explained in Sect. 4.2.1. The determination of the contributions of mergers to the
massive quiescent sample via channels "new", "in", and "out" are detailed in Sects. 4.2.2, 4.2.3, and 4.2.4
respectively. The methodology for determining the impact of mergers on the stellar population distributions
of the massive quiescent sample is presented in Sect. 4.2.5.

4.2.1 Basic definitions and some parameters involved in mergers

We introduce the numerous factors that are taken into account in order to estimate the influence of mergers
on the massive quiescent population, as well as the concepts and receipts from previous work in order to
support these assumptions.

4.2.1.1 The merger rate of galaxies

Many authors have studied the merger fraction of galaxies departing from both spectroscopic and photomet-
ric data from cosmological surveys (e. g. Conselice, 2006; Bluck et al., 2009; López-Sanjuan et al., 2009,
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2010; Xu et al., 2012; López-Sanjuan et al., 2015b), in which the definition of merger fraction for major
and minor mergers, fMM and fmm respectively, is not universal. For instance, in López-Sanjuan et al. (2013)
authors defined the merger fraction as the number of close pairs, Nm, divided by the number of galaxies
targeted, Ng. Formally,

fMM,mm =
Nm

Ng
, (4.1)

where a close pair is defined as a couple of galaxies separated by a projected radius in the sky-plane rmin
p ≤

rp ≤ rmax
p (e. g. rmin

p = 0 and rmax
p = 20–30 h−1 kpc), and the relative velocity between candidates, ∆v, has

to satisfy that ∆v ≤ ∆vmax (e. g. ∆vmax = 500 km s−1). In addition, the mass or luminosity ratios in close
pairs (for this work defined as the stellar mass ratio between the principal and the companion galaxies in
the pair, µ = Mp/Mc) is defined for distinguishing between major (µMM) and minor mergers (µmm), and for
its definition there is no consensus either. Throughout this work, we refer as major merger to those mergers
in which the mass ratio between the companion and principal galaxies in the pair satisfies 1/4 ≤ µMM ≤ 1;
whereas for minor merger mergers this range is 1/10 ≤ µmm ≤ 1/4. Consequently, the definition of fMM,mm
may change, as the values for rmin

p , rmax
p , ∆vmax, and µMM,mm can differ amongst different studies. For

solving this drawback, López-Sanjuan et al. (2013) proposed a quantification of the fraction merger rate that
allows us to convert fMM and fmm to different definitions. Formally,

fMM(20, 1/4) = Cp × F(µMM) ×
(
20h−1 kpc

rmax
p

)0.95

× fMM(rmax
p , µMM) , (4.2)

where the factor Cp =
rmax

p

rmax
p −rmin

p
accounts for the missing close companions at rmin

p , 0, F(µMM) converts

merger fractions to alternative definitions of mass ratio ranges, and fMM is normalised to rmax
p = 20 h−1 for a

mass ratio 1/4 ≤ µMM ≤ 1. The function F(µMM) was observationally derived as F(µ) ∝ µs and established
by López-Sanjuan et al. (2011) as

F(µMM) = fMM

(
µ

µMM

)s

. (4.3)

The parameter s for this work is fixed to s = −0.9± 0.4, which was derived observationally (López-Sanjuan
et al., 2011, 2012; Xu et al., 2012). From the results obtained in López-Sanjuan et al. (2011), Eq. 4.2 is
also valid for minor mergers. It is noteworthy mentioning that Eq. 4.2 demonstrated to conciliate merger
fractions from various surveys properly, such as Lin et al. (2008); de Ravel et al. (2009); López-Sanjuan
et al. (2011); Xu et al. (2012).

Although fMM and fmm are observationally constrained, there exist the necessity of a physical parameter
in order to quantify the influence of mergers on the quiescent population. Note that each close pair resides
in a different potential well, and the distance between them is also a parameter that determines when a close
pair of galaxies will finally merge. Consequently, the definition of a major and minor merger rate per galaxy
and Gyr (RMM and Rmm respectively) is necessary for our aims. RMM and Rmm must take all the factors
mentioned above into account, as well as the efficiency of mergers because part of the close pairs will not
finally merge (fly-by). For obtaining RMM,mm through fMM,mm, we followed de Ravel et al. (2009)

RMM = fMMCMMT−1
MM , (4.4)

Rmm = fmmCmmT−1
mm , (4.5)

where CMM(Cmm) is the fraction of the observed close pairs that finally merge in a typical time scale
TMM(Tmm). The typical time scales can be determined from the cosmological simulations of Kitzbichler
& White (2008), which are based on the Millenium simulation (Springel et al., 2005). Actually, these time
scales also include the factors CMM and Cmm, so in the following we can assume CMM = Cmm = 1. To
illustrate, the typical time scale for early-type galaxies is TMM = 1.0 ± 0.2 Gyr for rmax

p = 30h−1 kpc,
∆vmax = 500 km s−1 and log10 M? = 11.2 dex.
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For our model of mergers and its influence in the quiescent population, we assumed the major and minor
merger rate prescriptions retrieved in López-Sanjuan et al. (2012, 2013) from COSMOS-zCOSMOS and
MASSIV projects respectively (which also includes a compilation of various merger fractions at different
redshifts from other surveys). These merger rates were also parametrised by a redshift power-law, making
easy their application in our redshift range, and separated in early and late types. Our first assumption is that
the merger rate of early-type galaxies should be quite similar to the quiescent ones. For major mergers, the
merger rates of star-forming and quiescent galaxies are respectively,

RSF
MM = (1.37 ± 0.8)10−3(1 + z)3.95±0.12 [Gyr−1] , (4.6)

RQ
MM = (3.0 ± 0.6)10−2(1 + z)1.8±0.3 [Gyr−1] , (4.7)

whereas for minor mergers, the merger rate is compatible with constant values since z = 1 of the form:

RSF
mm = (2.3 ± 1.0)10−2 [Gyr−1] , (4.8)

RQ
mm = (6.0 ± 0.8)10−2 [Gyr−1] . (4.9)

Note that Eqs. 4.6–4.9 are defined as the merger rate per galaxy and Gyr, where the only distinction is that
the principal galaxy is star-forming or quiescent.

4.2.1.2 Number density of mergers

The number of minor and major mergers that an individual galaxy suffers along a period of cosmic time
(Nmm and NMM respectively) can be easily obtained from the merger rate as:

NMM,mm(z1, z2) =

∫ z2

z1

RMM,mm dz

(1 + z) H0
√

ΩΛ + ΩK(1 + z)2 + ΩM(1 + z)3
. (4.10)

The number of minor and major mergers undergone by a quiescent galaxy at the redshift range 0.2 ≤ z ≤ 1.0,
using the merger rates in Eqs. 4.9 and 4.7, are respectively Nmm = 0.32 ± 0.05 and NMM = 0.35 ± 0.09.
Consequently, almost one third of quiescent galaxies at z = 1.0 will suffer at least one major and one
minor merger. This striking result points out that mergers can significantly contribute to the build-up of
the nowadays quiescent population, as well as modifying the stellar content of these galaxies through the
incorporation of ex-situ stellar populations or gas from less massive systems. Note that quiescent galaxies
are expected to have stellar populations that correlate with stellar mass, i. e. the well known MZR and
"downsizing", and therefore, pieces of younger and more metal poor systems will fall from less massive
galaxies during the merger. The impact is stronger after accounting for those galaxies with stellar masses
below M?,lim, which are able to suffer merger events as well, but also increasing in mass as to exceed this
mass limit (we treat all these effects in Sects. 4.2.2–4.2.4).

In order to estimate the relative contribution of mergers in the massive quiescent sample (or the number
density of galaxies affected), we based our estimations on the parent model by López-Sanjuan et al. (2013).
The number density of sources affected by mergers, ρch, at the redshift range z1 ≤ z < z2 is formally
expressed as

ρch =

∫ z2+∆z2

z1+∆z1

∫ M?,2

M?,1

Φ(z,M?)RMM,mm(z) Ech(M?, µ) dM?dz , (4.11)

where the subindex "ch" is referred to the merger channel (further detailed in Sects. 4.2.2–4.2.4), Φ is the
stellar mass function (MF) of the principal galaxy in the merger (quiescent or star-forming), Ech the merger
efficiency function of the merger channel (related with the range of stellar masses that contributes to the
massive sample and based in Eqs. 4.2 and 4.3; e. g. for quiescent galaxies with log10 M? = 10.9, these
increase the density number of quiescent galaxies with M? ≥ M?,lim only for major mergers with µMM = 1
and the major merger rate is defined for mass ratios 1/4 ≤ µMM ≤ 1 in Eq. 4.7), M?,1 and M?,2 limit
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the stellar mass range that contributes in the channel (e. g. when exploring the number density of galaxies
above M?,lim that experiment a minor merger, we set M?,1 = M?,lim and M?,2 = ∞), and ∆z1,2 reflects
the coalescence time of the merger (i. e. the cosmic time after the merger event to consider that the merger
remnant belong to the sample under study) that for this work is null, because the selection criteria is based in
colours and it is therefore supposed to be instantaneous (superposition of the stellar population luminosities
in the pair).

4.2.1.3 Fraction of red and blue companions

The merger rates proposed for this work, Eqs. 4.6–4.9, do not distinct the spectral type of the companion
galaxy in the merger, that is, there is no distinction whether the companion galaxy is red or blue. To
convert these merger rates in which the companion galaxy is quiescent or star-forming, we resorted to the
observational results by López-Sanjuan et al. (2012), where the authors determined that the fraction of red
(blue) companion galaxies in mergers is 65 % (35 %) for both minor and major mergers. This result is
also independent whether the principal galaxy is quiescent ( fQ,Q = 0.65 and fQ,SF = 0.35) or star-forming
( fSF,Q = 0.65 and fSF,SF = 0.35). To convert Eqs. 4.6–4.9 for a case in which the companion galaxy in
the close pair is a certain spectral type, we multiply them by these factors. For instance, for obtaining the
major merger rate between quiescent galaxies (both the principal and the companion belong to the quiescent
population), we must multiply Eq. 4.7 by fQ,Q = 0.65.

4.2.1.4 Wet and dry mergers: the gas fraction

The common presence of red galaxies in mergers (see Eqs. 4.6–4.9 and Sect. 4.2.1.3) implies that the ma-
jority of mergers are "dry" mergers or with low gas content, whereas "wet" mergers, which contains larger
reserves of gas, are less frequent. In spite of mergers that provide new amount of gas are less frequent, we
account for this accretion of new gas.

Based on the simulations by Hopkins et al. (2009a), a merger of two close galaxies induced star forma-
tion processes, in which part of the cold gas belonging to the involved galaxies is transformed into stars.
Owing to the proper evolution of galaxies, these fractions of gas vary with redshift and stellar mass (e. g.
Bell, 2003; Kannappan, 2004; Erb et al., 2006; Reddy et al., 2006; Dalcanton, 2007). For quiescent galaxies,
in which the star formation process has been quenched, we assumed that the fraction of gas is negligible
or null in any case, f Q

gas(z,M?) = 0. For star-forming galaxies, we used the parametrization provided by
Rodrigues et al. (2012) for estimating its gas fraction, f SF

gas(z,M?), which is a function of the stellar mass and
cosmic time of the form:

f SF
gas(z,M?) =

Mgas

M? + Mgas
=

1

1 +
(
M?/10A(t))B(t) , (4.12)

where t is the cosmic time between redshift z and the present, and

A(t) = 9.15 + 0.13t , (4.13)

B(t) = 0.5 + 13.36 × exp−38.02/t . (4.14)

The assumption of that all the expected gas in the close pair is transformed into stars may result quite
strong. For this reason, we assumed the prescription by Hopkins et al. (2009a), which is analytically ex-
pressed and estimated from simulations. Thus, the fraction of initial gas that will finally be transformed into
stars is

fburst =
2µ

1 + µ
fT,gas(1 − fT,gas) , (4.15)

where µ is the mass ratio between the close pair components and fT,gas is the total mass gas fraction in the
pair.
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Combining both Eqs. 4.12 and 4.16, we obtain that the fraction of mass created into new stars ( fsf)
respect the total stellar mass involved in the merger (both principal and companion galaxies) is

fsf(z,M?) =
fburst Mgas

M?
=

2µ
1 + µ

f 2
T,gas , (4.16)

where fT,gas is null when both galaxies in the pair are quiescent and for the star-forming ones is expressed
by Eq. 4.12. Note that in those mergers in which both galaxies are quiescent fsf = 0, in the rest of cases
there is at least one star-forming galaxy with gas available to increase the stellar mass of the initial close
pair. Moreover, each galaxy in the close pair can present different stellar mass values and spectral types,
which allow us to distinguish the fraction of mass from new stars created during a merger for the principal
and the companion galaxy in the pair.

4.2.2 Number density of mergers via channel "new"

The channel "new" is specially important as this increases the number of quiescent massive galaxies and the
members of the pairs contain different stellar populations ("downsizing" and MZR) associated to different
SFH. For the present channel, we can distinguish two scenarios: mergers between two already quiescent
galaxies (Sect. 4.2.2.1), and mergers between a quiescent and a star-forming galaxy (Sect. 4.2.2.2). Taking
advantage of Eq. 4.11 and dealing with minor and major mergers separately, we estimate the increment in
number density by the "new" channel.

4.2.2.1 Mergers of quiescent galaxies below M?,lim

As both galaxies in the pair are below M?,lim and the fraction of gas is negligible ( fT,gas = 0), the merger
efficiency function in Eq. 4.11 will account for the stellar mass of the principal galaxy in the pair and the
range of µ values that are able to exceed M?,lim, and thus increasing in number the massive quiescent sample.
Formally,

EQ,Q
new (M?, µ,M?,lim) =


0, if M? < M1,

fQ,Q ×
(
µ1
µmin

)s
, if M1 ≤ M? < M2,

fQ,Q, if M? ≥ M2,

(4.17)

where fQ,Q reflects the fraction of red companions in the pair ( fQ,Q = 0.65 for this work), µmin and µmax are
the limit mass ratios of the merger rate (for minor mergers µmin = 1/10 and µmax = 1/4, whereas for the
major ones µmin = 1/4 and µmax = 1), and

M1 =
M?,lim

1 + µmax
, (4.18)

M2 =
M?,lim

1 + µmin
, (4.19)

µ1 =
M?,lim

M?
− 1 . (4.20)

The number density of new sources owing to mergers between quiescent galaxies is,

ρQ,Q
new = ρQ,Q

new,MM + ρQ,Q
new,mm =

∫ z2

z1

∫ M?,lim

0
ΦQRQ

MM EQ,Q
new (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ M?,lim

0
ΦQRQ

mm EQ,Q
new (µmin = 1/10, µmax = 1/4) dM?dz , (4.21)

where ΦQ refers to the MF of quiescent galaxies. Note that the derivation of MF is key for determining
the number of galaxies at any stellar mass and redshift. We devote Appendix F to describing the novel
methodology developed in this work for deriving Schechter-like MFs that are also redshift dependent.
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4.2.2.2 Mergers between star-forming and quiescent galaxies below M?,lim

As above, there are quiescent galaxies with stellar masses below M?,lim that after the merger will increase
in mass as to exceed this limit, but where the companion is a blue or star-forming galaxy. In the same sense,
there are star-forming galaxies that after a merger with a quiescent galaxy becomes as red as to incorporate
the merger remnant in the massive quiescent population.

When a quiescent galaxy with stellar mass below M?,lim experiments a merger with a star-forming one,
the efficiency function is expressed as follow,

EQ,SF
new (M?, µ,M?,lim) =


0, if M? < M3,

fQ,SF × εQ,SF
c ×

(
µ2
µmin

)s
, if M3 ≤ M? < M4,

fQ,SF × εQ,SF
c , if M? ≥ M4,

(4.22)

where fQ,SF reflects the fraction of blue companions in the pair ( fQ,SF = 0.35 for this work), εQ,SF
c the

efficiency of the colour in the merger (which accounts that a merger of a blue and a red galaxy can provide
either a red or a blue more massive galaxy), and

M3 =
M?,lim

(1 + µmax)(1 + fsf)
, (4.23)

M4 =
M?,lim

(1 + µmin)(1 + fsf)
, (4.24)

µ2 =
M?,lim

M?(1 + fsf)
− 1 , (4.25)

where fsf is the fraction of stellar mass transformed into stars during the merger (as in this case there is a
star forming galaxy which contributes with gas to the merger remnant, see Sect. 4.2.1.4).

The factor εQ,SF
c (z,M?, µ) is observationally derived by our sample of galaxies from ALHAMBRA. For

each redshift, stellar mass, and mass ratio involved in Eq. 4.11, we built the dust-corrected mF365 and mF551
luminosity distributions of red galaxies (principal galaxy in the pair) and the blue ones (companion). The
dust-corrected mF365 and mF551 luminosities are obtained from the k corrections provided by MUFFIT.
Finally, we explore the percentage of combinations between both luminosity distributions (red and blue)
that are able to present redder colours than the colour limit imposed for selecting the quiescent sample
(mF365 − mF551)int ≥ 1.5, that is, the observationally percentage of minor and major mergers whose final
colour will be redder than 1.5 in a hypothetical case in which a merger successes.

The number density of new members due to mergers between quiescent galaxies below M?,lim and star-
forming ones is therefore

ρQ,SF
new = ρQ,SF

new,MM + ρQ,SF
new,mm =

∫ z2

z1

∫ M?,lim

0
ΦQRQ

MM EQ,SF
new (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ M?,lim

0
ΦQRQ

mm EQ,SF
new (µmin = 1/10, µmax = 1/4) dM?dz , (4.26)

Similarly, there are star-forming galaxies that after adding new populations from quiescent galaxies,
these will present typical red colours as the quiescent ones. The efficiency merger function is quiet similar
to Eq. 4.22 and expressed as

ESF,Q
new (M?, µ,M?,lim) =


0, if M? < M3,

fSF,Q × εSF,Q
c ×

(
µ2
µmin

)s
, if M3 ≤ M? < M4,

fSF,Q × εSF,Q
c , if M? ≥ M4,

(4.27)

where fSF,Q is the fraction of red companions when the principal galaxy is star-forming ( fSF,Q = 0.65 in the
present research), and εSF,Q

c is obtained following the process described above (although now the principal
galaxy is the blue one).
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The number density of star-forming galaxies that experiment a merger with a quiescent one, getting as
a result a new massive quiescent galaxy with stellar mass larger than M?,lim is

ρSF,Q
new = ρSF,Q

new,MM + ρSF,Q
new,mm =

∫ z2

z1

∫ ∞

0
ΦSFRSF

MM ESF,Q
new (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

0
ΦSFRSF

mm ESF,Q
new (µmin = 1/10, µmax = 1/4) dM?dz , (4.28)

where ΦSF is the MF of star-forming galaxies (see Appendix F).

4.2.3 Number density of mergers via channel "in"

Massive quiescent galaxies also suffer merger events, that without modifying the density number of their
population, it alters their stellar content adding stellar populations from less massive systems. This scenario,
or channel "in", can play an important role because it modifies their stellar contents. Likewise, the merger
efficiency function for estimating the number density of massive galaxies that experiment merger events
with quiescent galaxies is

EQ,Q
in (M?, µ,M?,lim) =


fQ,Q, if M? = M?,lim,

fQ,Q ×
(
1 − µ3

µmin

)s
, if M?,lim ≤ M? < M5,

0, if M? ≥ M5,

(4.29)

where

M5 =
M?,lim

µmin
(4.30)

µ3 =
M?,lim

M?
. (4.31)

The number density of massive quiescent galaxies that merges with other quiescent galaxies is therefore

ρQ,Q
in = ρQ,Q

in,MM + ρQ,Q
in,mm =

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
MM EQ,Q

in (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
mm EQ,Q

in (µmin = 1/10, µmax = 1/4) dM?dz . (4.32)

Furthermore, quiescent galaxies exceeding M?,lim also accrete star-forming galaxies via merger, rather
modifying their stellar content. Its merger efficiency function is

EQ,SF
in (M?, µ,M?,lim) =


fQ,SF × εQ,SF

c , if M? = M?,lim,

fQ,SF × εQ,SF
c ×

(
1 − µ3

µmin

)s
, if M?,lim ≤ M? < M5,

0, if M? ≥ M5.

(4.33)

Thereby, the number density of massive quiescent galaxies affected by channel "in" for this case is

ρQ,SF
in = ρQ,SF

in,MM + ρQ,SF
in,mm =

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
MM EQ,SF

in (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
mm EQ,SF

in (µmin = 1/10, µmax = 1/4) dM?dz . (4.34)
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4.2.4 Number density of mergers via channel "out"

A natural mechanism to reduce the number density of massive quiescent galaxies is a merger between two
massive quiescent galaxies. A major or minor merger between two galaxies of stellar mass larger than
M?,lim will produce an even more massive quiescent galaxy that is the product of a merger of two of them,
decreasing the number of quiescent massive galaxies in one unit. For this scenario, and following the same
process than in sections above, the merger efficiency function for this scenario in the channel "out" is

EQ,Q
out (M?, µ,M?,lim) =


0, if M? < M6,

fQ,Q ×
(
µ4
µmin

)s
, if M6 ≤ M? < M7,

fQ,Q, if M? ≥ M7,

(4.35)

where the gas fraction of these galaxies is assumed null, and

M6 =
M?,lim

µmax
(4.36)

M7 =
M?,lim

µmin
(4.37)

µ4 =
M?,lim

M?
. (4.38)

Consequently, the decrease in number of the quiescent massive sample owing to mergers among them
is formally expressed as

ρQ,Q
out = ρQ,Q

out,MM + ρQ,Q
out,mm =

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
MM EQ,Q

out (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
mm EQ,Q

out (µmin = 1/10, µmax = 1/4) dM?dz . (4.39)

In addition, we take into account that quiescent galaxies with larger stellar masses than M?,lim can suffer
mergers of blue galaxies with large amounts of younger stellar populations, that can affect their colours
moving them towards the main sequence, and reducing their number too. For this scenario, the merger
efficiency function is

EQ,SF
out (M?, µ,M?,lim) =


0, if M? < M3,

fQ,SF × (1 − εQ,SF
c ) ×

(
µ2
µmin

)s
, if M3 ≤ M? < M4,

fQ,SF × (1 − εQ,SF
c ), if M? ≥ M4,

(4.40)

where the factor (1 − εQ,SF
c ) accounts for the galaxies that after merging present colours bluer than (mF365 −

mF551)int < 1.5, and estimated as in Sect. 4.2.2.2. The decrement in the number density of massive quiescent
galaxies for this scenario is expressed as

ρQ,SF
out = ρQ,SF

out,MM + ρQ,SF
out,mm =

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
MM EQ,SF

out (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
mm EQ,SF

out (µmin = 1/10, µmax = 1/4) dM?dz . (4.41)

4.2.5 Treating the evolution of the stellar populations in the merger scenario

We restrict the implications of mergers only for ages and metallicities, as there is no much information in the
literature in order to constraint the correlations of extinction with stellar mass and redshift for star forming
galaxies. Moreover, we are not able to establish the evolution of extinction due to the evolution of the stellar
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populations inside the host galaxy. This is mainly hard to handle for star forming galaxies, in which the
process of star formation and quenching mechanisms can modify the intrinsic extinction (also in quiescent
galaxies by "frosting" mechanisms). Although these processes will be analysed in future work, once the
evolution of star forming galaxies was properly treated in ALHAMBRA via SED-fitting techniques and
their reliability was checked.

To treat the evolution of the stellar populations of the massive quiescent population in this phenomeno-
logical model, we distinguish three categories of stellar populations or PDFs: (i) the stellar populations of
the massive quiescent sample (Sect. 4.2.5.1), (ii) the ones of quiescent galaxies below M?,lim (Sect. 4.2.5.2),
and (iii) the ages and metallicities of star-forming galaxies (Sect. 4.2.5.3).

4.2.5.1 The stellar populations of quiescent galaxies with stellar mass above M?,lim

As one of the main aims is to clarify how evolve the massive quiescent sample by determining the impact of
mergers amongst others, the initial stellar population distribution for massive quiescent galaxies are the ones
obtained along Chapter 3 at redshift z = 1 and for the different SSP model sets (BC03 and EMILES PDFs,
see Sects. 3.7 and 3.8). From these initial PDFs, mass-weighted age and metallicity, we continuously added
the stellar populations of accreted less massive systems, both quiescent and star-forming galaxies, with the
densities of the observed merger rates in the Universe at each redshift and estimated for each channel in
Sects. 4.2.2–4.2.4. Note that at this point no evolution of the initial PDFs is assumed rather than the ones
introduced by this phenomenological model. For each of the members in the merger, we combined their
stellar population PDFs of mass-weighted age and metallicity by a Monte Carlo approach. In any case in
which a massive quiescent galaxy is involved in the merger, we used the current state of the mass-weighted
age and metallicity PDFs (the PDFs evolved since z = 1).

4.2.5.2 The stellar populations of quiescent galaxies with stellar mass below M?,lim

For non massive quiescent galaxies, we used the stellar population predictions obtained in Sects. 3.7 and
3.8 to be self-consistent with our results. For each stellar mass, the redshift dependent parameters µp(z) and
σint

p (z) for building the stellar population PDFs (mass-weighted age and metallicity) are linearly interpolated
and computed at the merger redshift. Therefore, the evolution of the PDF width is also estimated in this
phenomenological model, and the effects of mergers on the evolution of the PDF width of massive quiescent
galaxies since z = 1 is also confronted.

4.2.5.3 The stellar populations of star-forming galaxies

When there is a star-forming galaxy in the merger, we carried out a rough approach for their stellar popu-
lation distributions, basing their PDF predictions in the mean values observed by Gallazzi et al. (2014, see
also Sect. 3.10 for additional details). The authors by Gallazzi et al. (2014) determined that the stellar mass–
age and –metallicity relation of star forming galaxies at z = 0.7 are compatible with those obtained at the
nearby Universe. We also assumed the non-variability with redshift of the stellar mass-age and -metallicity
relations along the whole redshift range of this simulation (0.2 ≤ z ≤ 1.0). In addition, Gallazzi et al.
(2014) obtained that star-forming galaxies are 2.2 Gyr younger and 0.2 dex more metal poor than quiescent
galaxies with stellar masses log10 M? = 11 at both z = 0.1 and z = 0.7. This implies that the shift between
both mean ages and metallicities of star-forming and quiescent galaxies (with log10 M? = 11) are roughly
constant along a wide redshift range. This fact allows us to predict the dependency of the medians of the
star-forming PDFs with redshift. As we detailed in Sect. 3.8, different SSP models bring different stellar
population predictions. In order to adapt the stellar population predictions of star-forming galaxies for the
BC03 and EMILES ones, we assumed that at any redshift there are the same shifts than the observed in
Gallazzi et al. (2014, 2.2 Gyr younger and 0.2 dex more metal poor at log10 M? = 11) between star-forming
and quiescent galaxies, where the reference values for quiescent galaxies are the ones provided by MUFFIT
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Table 4.1: Parameter σint(z,M?) of the mass-weighted age and metallicity probability distribution functions
of star-forming galaxies, which were derived using BC03 SSP models.

AgeM [Gyr] Ngal
σint

AgeM
[Gyr] σint

[M/H]M
[dex]

σ1 σ0 σ2 σ1 σ0

9.6 ≤ log10 M? < 10.0 966 −0.75+0.25
−0.26 0.61+0.06

−0.06 0.00+0.00
−0.00 0.27+1.38

−1.36 0.27+0.14
−0.14

10.0 ≤ log10 M? < 10.4 2942 −0.04+0.07
−0.07 0.35+0.03

−0.02 0.00+0.00
−0.00 0.26+0.06

−0.06 0.26+0.02
−0.02

10.4 ≤ log10 M? < 10.8 2941 −0.02+0.04
−0.04 0.35+0.02

−0.02 −0.72+0.24
−0.23 0.76+0.21

−0.23 0.18+0.05
−0.05

10.8 ≤ log10 M? < 11.2 1838 −0.07+0.05
−0.05 0.40+0.04

−0.04 −0.60+0.28
−0.26 0.86+0.34

−0.36 0.09+0.11
−0.10

log10 M? ≥ 11.2 236 −0.08+0.21
−0.21 0.61+0.21

−0.20 −0.60+0.41
−0.39 0.85+0.55

−0.61 0.09+0.24
−0.18

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters. Notice that for [M/H]M,
we repeat the same assumption for BC03 SSP models than in Chapter 3 (see also Appendix D), i. e. σint

[M/H]M
=

σ2 × z2 + σ1 × z + σ0 for log10 M? ≥ 10.4.

Table 4.2: As Table 4.1, but using EMILES+BaSTI SSP models.

AgeM [Gyr] Ngal
σint

AgeM
[Gyr] σint

[M/H]M
[dex]

σ1 σ0 σ1 σ0

9.6 ≤ log10 M? < 10.0 1146 1.96+0.22
−0.22 −0.03+0.05

−0.05 −0.20+0.14
−0.14 0.31+0.03

−0.03

10.0 ≤ log10 M? < 10.4 3686 −0.30+0.06
−0.06 0.55+0.02

−0.02 −0.27+0.05
−0.05 0.38+0.02

−0.02

10.4 ≤ log10 M? < 10.8 4279 −0.32+0.05
−0.05 0.51+0.03

−0.03 −0.25+0.02
−0.02 0.32+0.01

−0.01

10.8 ≤ log10 M? < 11.2 4005 −0.16+0.03
−0.03 0.39+0.02

−0.02 −0.06+0.02
−0.01 0.23+0.01

−0.01

log10 M? ≥ 11.2 1008 −0.15+0.05
−0.06 0.38+0.05

−0.05 −0.16+0.03
−0.03 0.30+0.03

−0.03

and ALHAMBRA data for each SSP model set. Thus, the medians of the mass-weighted age and metallicity
PDFs for the star-forming case are

Age(SF)50th
M = 10(0.375×log10 M?−3.8) + OSSP(z,M? = 1011) (4.42)

[M/H](SF)50th
M = 10.3 × log10 M? − 3.4 + ÔSSP(z,M? = 1011) (4.43)

where OSSP and ÔSSP are the offset respect the quiescent values in order to convert the equivalent quiescent
ages and metallicities from the Gallazzi et al. (2014) system to our each SSP model prediction. From the
values obtained in Eqs. 4.42 and 4.43, the values for µp(z) can be easily computed by Eqs. D.5 and D.7. This
approach for the medians of the PDFs of star-forming galaxies is motivated by two aspects: (i) The analysis
of the stellar population parameters of star-forming galaxies is carried out by combinations of two SSPs,
that in some cases this may be not accurate enough, because there are additional contributions to the SED
owing to active and ongoing processes of star formation (e. g. nebular contributions in the continuum) that
affects the derivation of the right ages and metallicities. (ii) Basic correlations, such as the stellar mass–age
and –metallicity, are compromised in some cases (mainly in BC03). Anyway, these correlations are properly
obtained for EMILES, specially for EMILES+Padova00. In future work, we will determined the reliability
of the stellar population parameters for star-forming galaxies using two SSPs for its inclusion in the present
phenomenological model.
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Table 4.3: As Table 4.1, but using EMILES+Padova00 SSP models.

AgeM [Gyr] Ngal
σint

AgeM
[Gyr] σint

[M/H]M
[dex]

σ1 σ0 σ1 σ0

9.6 ≤ log10 M? < 10.0 1323 −0.01+0.24
−0.24 0.50+0.06

−0.06 −0.10+0.09
−0.10 0.19+0.02

−0.02

10.0 ≤ log10 M? < 10.4 3845 0.08+0.05
−0.05 0.40+0.02

−0.02 −0.09+0.04
−0.04 0.23+0.01

−0.01

10.4 ≤ log10 M? < 10.8 4170 −0.03+0.04
−0.04 0.41+0.02

−0.02 −0.15+0.02
−0.02 0.23+0.01

−0.01

10.8 ≤ log10 M? < 11.2 3464 −0.09+0.03
−0.03 0.39+0.02

−0.02 −0.02+0.01
−0.01 0.16+0.01

−0.01

log10 M? ≥ 11.2 960 −0.10+0.05
−0.05 0.38+0.04

−0.04 −0.04+0.02
−0.02 0.17+0.02

−0.01

Regarding the widths of the PDFs of star-forming galaxies, there is no available information in the
literature. Instead, we carried out an analysis of the stellar populations of star forming galaxies using
MUFFIT and ALHAMBRA data. We ran MUFFIT paying attention to the range of stellar population
values rather than their median values, which were calibrated using the spectroscopic results by Gallazzi
et al. (2014). As we highlighted in Sect. 3.5, the range of stellar population values is closely related with the
range of mF365 −mF551 and mF551 − J colours, and this analysis can provides the dispersion of colours, and
consequently, the range of ages and metallicities. From the distributions obtained for star forming galaxies
and each SSP model set (BC03 and EMILES), we again applied the MLE for deconvolving observational
errors from the stellar population distributions. As a result, the σint

p used for the phenomenological model
and star-forming galaxies are listed in Tables 4.1–4.3.

As remarked in Sect. 4.2.1.4, when there is a star forming galaxy involved in a merger, a fraction of the
available gas is converted into stars. The introduction of this effect is straightforwardly treated assuming
that, during the burst, the new stars have in average the same metallicity than the host galaxy (principal or
companion), and therefore, the effect on metallicity is rather negligible and the main consequence is a little
inclusion of younger stars.

4.3 "Frosting" in quiescent galaxies

A low amount of star formation or "frosting" can be allowed to slow down the ageing of red galaxies even
for stellar masses of log10 M? > 11 (e. g. Ferreras & Silk, 2000; Trager et al., 2000; Kaviraj et al., 2007;
Schiminovich et al., 2007; Serra & Trager, 2007; Lonoce et al., 2014; Vazdekis et al., 2016). For this
purpose, we introduced bursts that will form a percentage in mass of new stars. For the creation of this new
stellar populations via "frosting", we assume that the metallicity do suffer a negligible alteration respect
the mass-weighted metallicity of the host galaxy, that is, we assume a non-variability of the host galaxy
metallicity by "frosting" mechanisms owing to the low SFR present in the most massive quiescent galaxies.
The resultant mass-weighted age of a host galaxy evolving under a "frosting" process between redshifts z
and z + ∆z can be expressed as

AgeM,host(z + ∆z) =
AgeM,host(z)

1 + τf × tc(z, z + ∆z)
+ tc(z, z + ∆z) , (4.44)

where τf is the percentage of stellar mass created per Gyr via "frosting", tc(z, z + ∆z) is the cosmic time
elapsed between z and z + ∆z, and AgeM,host(z) the age of the host galaxy at redshift z. We assume a constant
value for τf , in part motivated for the results obtained in Sect. 3.4.1 where the main values of SFR remain
almost constant since z ∼ 1 in the massive quiescent part. Note that AgeM,host(z + ∆z) − tc(z, z + ∆z) reflects
the ageing term that differs respect a simple passive evolution, and that the stellar mass at z + ∆z would be
M?,host(1 + τf × tc(z, z + ∆z)).
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When assumed a "frosting" mechanism, quiescent galaxies with stellar masses slightly lower than M?,lim
will also increase in stellar mass becoming part of the massive sample under study (log10 M? ≥ 11.2). The
density number of these galaxies can be easily estimated from the MF as

ρf(z, z + ∆z) =

∫ M?,lim

M?,f

ΦQ(z,M?) dM? , (4.45)

where M?,f is the lower stellar mass limit of quiescent galaxies that after "frosting" with efficiency τf reaches
M?,lim. For a constant and redshift independent value of τf , this lower mass limit is expressed as

M?,f =
M?,lim

1 + τf × tc(z, z + ∆z)
. (4.46)

As we assume a generalised "frosting" independently of any stellar population parameter or stellar mass,
"frosting" acts as a shift in the age PDF. As mentioned above, we assume that the inclusion of new stars
in quiescent galaxies via "frosting" does not modify the metallicity of each galaxy. For those quiescent
galaxies below M?,lim that become part of the massive sample via "frosting", quiescent galaxies with M?,f ≤
M? < M?,lim, the mass-weighted age and metallicity PDFs are included taking their number densities
(through the MF in the range M?,f ≤ M? < M?,lim) into account. It is worth mentioning that although
the metallicity content of individual quiescent galaxies is not altered by "frosting" processes, quiescent
galaxies less massive than M?,lim that promote to the massive sample have lower metallicity contents due
to the observed stellar mass–metallicity relation. This can modify the median metallicity values of the
whole massive quiescent population, but not the individual metallicities in each galaxy member affected of
"frosting".

4.4 Accounting for the new quenched galaxies or "progenitor" bias

Since z = 1, we find out a general decrement in number of massive star-forming galaxies, whereas the
number of massive quiescent galaxies increases (log10 M? & 11,e. g. Faber et al., 2007; Ilbert et al., 2010,
2013; Moustakas et al., 2013). The typical and rational assumption is that star-forming galaxies are quench-
ing their star formation processes, whatever was the responsible mechanism of quenching, getting typical
colours of quiescent galaxies. This means that there is also an increasing number of massive quiescent
galaxies owing to massive blue galaxies are also quenching their star formation.

As the mechanism for quenching the star formation is rather unknown, we explore various mechanisms
or approaches that are able to predict the likely effects of "progenitor" bias on the massive quiescent popu-
lation. On the one hand, mergers trigger star formation processes (Sect. 4.4.1), which expends the reserves
of available gas in galaxies producing a subsequently (plausible) state of quenching. On the other hand,
the evolution in number density of massive star-forming galaxies (Sect. 4.4.2) can shed light around the
minimum level of recent quenched galaxies that shut down their star formation processes.

4.4.1 Mergers as mechanism of quenching

Mergers are a natural mechanism to trigger star formation processes, or bursts, expending and decreasing
the reserves of gas in the pair, which may accelerate the incorporation of new members into the quiescent
sequence (van der Wel et al., 2009). There are also mergers in which star-forming galaxies are involved. This
might be an efficient mechanism to accelerate the built-up of the stellar populations in the merger remnant,
as well as to quenched its star formation earlier. At this point and to estimate a ground level of the number
of star-forming galaxies that quenched their star formation (moving from the main sequence to the quiescent
sample), we are able to assume that major mergers of blue massive galaxies induces a state of quenching. In
order to account the arrival of new quiescent massive galaxies owing to quenching, we assume that all the
galaxies that suffer both a merger with at least one star-forming galaxy involved and its merger remnant is
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bluer than (mF365 −mF551)int < 1.5, starts a process of quenching. After this quenching, we assume that the
merger of the pair gets redder colours owing to a complete passive evolution or ageing. After a certain time
that depends of the initial conditions of the progenitors, the merger of the pair will belong to the quiescent
sample as it is explained in Sect. 4.4.1.2.

4.4.1.1 Mergers of star-forming galaxies

Strictly, after merging two star-forming galaxies, the colour of the resultant galaxy is going to be blue. So,
a remnant of two star-forming galaxies will not be incorporated into the quiescent sequence immediately.
A priori, this scenario is not contributing to the build-up of the massive quiescent population. Mergers are
a channel to trigger star formation (Hopkins et al., 2009a), which decreases the reserves of gas rapidly.
Depending of the stellar populations previous to the merger event, and the amount of gas available in each
member of the pair, the incorporation of these galaxies will succeed sooner or later.

Even though this scenario does not modify the quiescent population immediately, we will account for it.
More precisely, we use it in order to estimate the incorporation of new quenched massive galaxies, in which
the quenching mechanism in this case would be mergers, as these induce star formation processes spending
gas. Note that in this scenario both members in the pair contain gas that, as consequence of mergers, will
be partly transformed into stars increasing additionally the stellar mass of the merger remnant and adding
young stellar populations. Notice that after quenching and for including them in the massive quiescent
sample, the resultant galaxy of the merger should excess M?,lim. The number density of mergers between
star-forming galaxies is also derived from Eq. 4.11, where the efficiency merger function for this case is

ESF,SF
PB (M?, µ,M?,lim) =


0, if M? < M3,

fSF,SF ×
(
µ2
µmin

)s
, if M3 ≤ M? < M4,

fSF,SF, if M? ≥ M4,

(4.47)

where fSF,SF is the fraction of blue companions when the principal galaxy is star-forming ( fSF,SF = 0.35 in
this work), and M3, M4, and µ2 are expressed by Eqs. 4.23, 4.24, and 4.25 respectively.

Thus, the number density of mergers between star-forming galaxies is

ρSF,SF
PB = ρSF,SF

PB,MM =

∫ z2

z1

∫ ∞

0
ΦSFRSF

MM ESF,SF
PB (µmin = 1/4, µmax = 1) dM?dz . (4.48)

4.4.1.2 Inclusion of mergers with a remnant blue colour

The stellar population parameters of the merger progenitors are key to estimate the quenching time, tq,
necessary to reach the quiescent sequence (or redder colours than 1.5). After the merger, we assume that
these galaxies create a new fraction of stars (see Sect. 4.2.1.4) to subsequently truncate their star formation.
After fixing the metallicity of each merger remnant, we compute the colour (mF365 − mF551)int of older
stellar population SSP models, as to reach the colour limit imposed for selecting quiescent galaxies (mF365−
mF551)int ≥ 1.5, which we checked that is constant since z ∼ 1.1 (see Sect. 3.3.1). Thus, the time expended
between the mass-weighted age of the merger remnant and the model with colours redder than 1.5, both with
the same mass-weighted metallicity of the remnant, is assumed as the (SSP-scaled) quenching time tq. This
means that a merger of massive star-forming galaxies at z′, or cosmic time t′, will belong to the quiescent
sample at cosmic time t′ + tq due to quenching. There are therefore mergers further than z > 1 (outside of
our redshift bin under study) that also contribute in the massive quiescent sample at 0.2 ≤ z ≤ 1.0.

In practise, we compute the number density of mergers between star forming and quiescent galaxies,
with colours (mF365 − mF551)int < 1.5, and between star-forming galaxies since z = 2. From the stellar
populations previous to merger and the gas converted into stars, we compute SSP-scaled tq and the redshift
in which will be incorporated to the quiescent sample. Note that owing to the range of ages of metallicities
that present galaxies with similar mass (the width of the stellar population PDFs), the mergers that take
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place at z′ will contribute in number to the quiescent sample at different redshifts, as tq depends of the
initial colour of the pair. The merger efficiency function and the density numbers for mergers between star-
forming galaxies are already expressed by Eqs. 4.47 and 4.48. The efficiency merger function and density
numbers from the later contribution via quenching of galaxies from mergers between a massive quiescent
galaxy (stellar mass larger than M?,lim) and star-forming galaxies is already expressed by Eqs. 4.40 and 4.41.
Finally, for the rest of cases, i. e. quiescent galaxies below M?,lim and a star-forming one, their equations
are the same than Eqs. 4.22, 4.26, 4.27, and 4.28 after replacing the colour efficiency in each scenario εc by
1 − εc.

4.4.2 Decrement of massive star-forming galaxies and the "progenitor" bias

The decrement in number of massive star-forming galaxies can be assumed as a hint for the arrival of new
massive quiescent galaxies owing to the quenching mechanisms, whatever was the responsible mechanism
for the shutting down of star formation. Consequently, the number of new massive quiescent galaxies via
"progenitor" bias is the decrement in number of massive star-forming galaxies minus those massive star-
forming galaxies that already merge with a quiescent galaxy and belong to the quiescent sample (ρQ,SF

PB
and ρSF,Q

PB , when the principal galaxy in the pair is quiescent and star-forming respectively), and minus the
number of massive star-forming galaxies that experiment a merge between them (ρSF,SF

PB ). Formally, the
number of massive star-forming galaxies that quench their star-formation, ρPB, in a redshift interval is the
following

ρPB =

∫ ∞

M?,lim

(ΦSF(z + ∆z,M?) − ΦSF(z,M?)) dM? − ρSF,SF
PB − ρQ,SF

PB − ρSF,Q
PB . (4.49)

As above, the number densities ρSF,SF
PB , ρQ,SF

PB , and ρSF,Q
PB are derived through Eqs. 4.2 and 4.3. The number

density ρSF,SF
PB is

ρSF,SF
PB = ρSF,SF

PB,MM + ρSF,SF
PB,mm =

∫ z2

z1

∫ ∞

M?,lim

ΦSFRSF
MM ESF,SF

PB (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

M?,lim

ΦSFRSF
mm ESF,SF

PB (µmin = 1/10, µmax = 1/4) dM?dz , (4.50)

where the merger efficiency rate for this case is expressed as

ESF,SF
PB (M?, µ,M?,lim) =


0, if M? < M3,

fSF,SF ×
(
µ2
µmin

)s
, if M3 ≤ M? < M4,

fSF,SF, if M? ≥ M4,

(4.51)

where fSF,SF is the fraction of blue companions when the principal galaxy is star-forming ( fSF,SF = 0.35 in
this work), and M3, M4, and µ2 are expressed by Eqs. 4.23, 4.24, and 4.25 respectively. Notice that these
equations are quite similar to Eqs. 4.47 and 4.48, except for the integration limits.

In the same sense, ρSF,Q
PB and ρQ,SF

PB are respectively expressed as

ρSF,Q
PB = ρSF,Q

PB,MM + ρSF,Q
PB,mm =

∫ z2

z1

∫ ∞

M?,lim

ΦSFRSF
MM ESF,Q

PB (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

M?,lim

ΦSFRSF
mm ESF,Q

PB (µmin = 1/10, µmax = 1/4) dM?dz , (4.52)
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ρQ,SF
PB = ρQ,SF

PB,MM + ρQ,SF
PB,mm =

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
MM EQ,SF

PB (µmin = 1/4, µmax = 1) dM?dz +

+

∫ z2

z1

∫ ∞

M?,lim

ΦQRQ
mm EQ,SF

PB (µmin = 1/10, µmax = 1/4) dM?dz , (4.53)

whose efficiency functions are

ESF,Q
PB (M?, µ,M?,lim) =


0, if M? < M3,

fSF,Q × εSF,Q
c ×

(
µ2
µmin

)s
, if M3 ≤ M? < M4,

fSF,Q × εSF,Q
c , if M? ≥ M4,

(4.54)

EQ,SF
PB (M?, µ,M?,lim) =


0, if M? < M6,

fQ,SF × εQ,SF
c ×

(
µ4
µmin

)s
, if M6 ≤ M? < M7,

fQ,SF × εQ,SF
c , if M? ≥ M7,

(4.55)

where M3, M4, µ2 and M6, M7, µ4 are expressed by Eqs. 4.23, 4.24, 4.25 and Eqs. 4.36, 4.37, 4.38 respec-
tively.

It is worth mentioning that, as we explore the number density of quenched galaxies by the differences in
number provided by their MFs, there is also a contribution of new massive star-forming galaxies that pass
unnoticed. Consequently, the number of massive star-forming galaxies quenching their star formation may
be higher, and ρPB should be considered as a lower limit.

For the definition of the stellar population PDFs of the massive star-forming galaxies that quench their
star formation forming part of the massive quiescent sample, we carried out three approaches and we ex-
plored their effects. Firstly, the PDFs for massive star-forming galaxies (the general sample, not the distri-
butions of the quenched massive star-forming galaxies) were derived from the stellar population predictions
defined in Sect. 4.2.5, which are defined for every stellar mass and redshift, as:

PDFSF(AgeM, z,M? ≥ M?,lim) =

∫ ∞
M?,lim

PDFSF(AgeM, z,M?)ΦSF(z,M?) dM?∫ ∞
M?,lim

ΦSF(z,M?) dM?

, (4.56)

PDFSF([M/H]M, z,M? ≥ M?,lim) =

∫ ∞
M?,lim

PDFSF([M/H]M, z,M?)ΦSF(z,M?) dM?∫ ∞
M?,lim

ΦSF(z,M?) dM?

, (4.57)

where PDFSF(AgeM, z,M?) and PDFSF(AgeM, z,M?) are derived from Eqs. 4.42 and 4.43 (see also Eqs. D.5
and D.7) and from Tables 4.1–4.3 (see also Eq. D.8).

From Eqs. 4.56 and 4.57, which actually correspond to the whole sample of massive star-forming galax-
ies, we carried out our three assumptions to determine the stellar population PDFs of the massive star-
forming galaxies that shut down their star formation to subsequently form part of the massive quiescent
sample. These assumptions are:

i) The "random" assumption. We assume that the mechanism that quenches star formation processes
acts randomly along the massive star-forming population. Therefore, the stellar population PDFs
have the same shape that the ones expressed by Eqs. 4.56 and 4.57, where the number density is equal
to ρPB (Eq. 4.49).

ii) The "reddest" assumption. This approach assumes that the reddest star-forming galaxies are the most
likely candidates to form part of the massive quiescent population. From the PDFs of massive star-
forming galaxies, Eqs. 4.56 and 4.57, we randomly create (by a Monte Carlo approach) combinations
of age and metallicity. Amongst all the retrieved combinations, we selected only those ρPB combina-
tions with the reddest rest-frame intrinsic colours (mF365 −mF551)int, where the intrinsic colour of the
age and metallicity combination is established by a bilinear interpolation in the SSP models.
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iii) The "phenomenological" assumption. This is based in the assumption that the changes with redshift of
the star-forming PDFs are mainly related with the star-forming galaxies that leave the "blue cloud" or
main sequence. Those stellar population parameters that present a decrement in their number density
of massive star-forming galaxies are assumed as the stellar populations of the massive star-forming
galaxies that constitute the core of the "progenitor" bias. Again, the number density is assumed equal
to ρPB. For comparing contiguous mass-weighted age PDFs in redshift, we assumed passive evolution.
It is worth mentioning that these discrepancies between contiguous PDFs are also log-normal like
functions.

4.5 Evolution and loss of stellar mass

Stars evolve following evolutionary tracks ejecting gas to the ISM. The more massive the star, the larger
the ejection of gas to the ISM and the faster its evolution. Therefore, there is a continuous loss of stellar
mass owing to the proper evolution of stellar populations, which can be more important when we take
non-universal IMFs into account. Consequently, in addition to mergers, "frosting", and "progenitor" bias,
we must account for the stellar population mass loss due to its intrinsic evolution to estimate how many
galaxies decrease their stellar masses below M?,lim.

This effect is already estimated by the authors of the proper SSP models and it is closely related to the
mass–luminosity relation of each model. Indeed, this factor is taken into account by MUFFIT to estimate
stellar masses (see Sect. 2.3.2.3). So, making use of the quiescent MFs, and given the stellar population
values of the massive quiescent population above M?,lim (stellar population PDFs), we have determined, at
first order, the number of galaxies that after certain cosmic time leave the massive quiescent sample, as long
as there is no star formation processes incorporating new stars.

4.6 The individual effects of mergers, "frosting", and "progenitor" bias on
the evolution of the massive quiescent sample

In order to quantify the impact that the different merger channels have, as well as to discern which is the
mass fraction, i. e. major or minor mergers, playing a more fundamental role in the variation of the stellar
populations in quiescent massive galaxies, we study their effects separately (Sect. 4.6.1). In addition, we
explore the consequences of a remnant of continuous star formation or "frosting" (Sect. 4.6.2), and of the
"progenitor" bias (Sect. 4.6.3). The loss of stellar mass due to the intrinsic stellar evolution (which alters the
number density of the massive quiescent sample, see Sect. 4.5) is not included in the present section. It is
worth reminding that the initial stellar population distribution for massive quiescent galaxies (more massive
than log10 M?,lim = 11.2 for this work) are the mass-weighted age and metallicity PDFs obtained along
Chapter 3 at redshift z = 1 (for the both BC03 and EMILES SSP models), and that no evolution of these
initial PDFs is assumed rather than the ones introduced by this phenomenological model (ageing, mergers,
"frosting", and "progenitor" bias).

4.6.1 The impact of mergers on the stellar populations of massive quiescent galaxies

The first consequence of mergers is the alteration of the number density of quiescent galaxies with stellar
masses above M?,lim (Sect. 4.6.1.1), as the accretion of less massive systems efficiently increases the stellar
mass of galaxies below M?,lim. Different merger channels can contribute at different levels, as well as
the mass ratios will have a different impact or weight on the massive quiescent population. As commented
above, the presence of a stellar mass–age and –metallicity correlation suggests that mergers are a mechanism
to modify the stellar content of massive quiescent galaxies. Our goal is to determine what is the impact
due to the observational rate of mergers. These predictions actually set, for the first time, observational
constraints to the variations of the average stellar populations of the massive quiescent population, ages and
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metallicities, via mergers (Sects. 4.6.1.2 and 4.6.1.3). We subsequently compare whether these predictions
agree with the observations of quiescent stellar populations until z = 0.2 (Chapter 3).

In brief, Figs. 4.1 and 4.2 illustrate the impact of mergers on the number density of massive quiescent
galaxies for BC03 and EMILES SSP models, see also Table 4.4. While in Figs. 4.3 and 4.4, we present the
impact of mergers on the mass-weighted age and metallicity PDFs respectively, see also Tables 4.5 and 4.6.
Details are given in captions and subsections below.

4.6.1.1 Evolution of the number density by mergers

The total balance between the new quiescent massive galaxies (channel "new", see Sect. 4.2.2) owing to
mergers and those that leave the massive quiescent sample (channel "out", see Sect. 4.2.4) will shed light
on whether mergers play a role in the number density increment observed in the quiescent massive sample
since z = 1 (see Sect. 3.6). It is worth recalling again that the merger rates are observationally constrained
and they do not follow any theoretical assumption.

In general, there is a good agreement amongst the three SSP model predictions assumed in this work
(i. e. BC03 and EMILES with both BaSTI and Padova00 isochrones) in which the channel "new" presents a
remarkable contribution to the increase in number of massive quiescent galaxies (see top panels in Figs. 4.1
and 4.2). The largest contribution to the massive quiescent sample of "new" galaxies correspond to major
mergers between two quiescent galaxies, where the number density variation varies among SSP models
around 0.1–0.2 dex since z = 1. This result is not surprising since the merger rate of quiescent galaxies
(principal galaxy in the pair, see Eqs. 4.7 and 4.9) is the largest at z < 1. In addition, the fraction of red com-
panions is also larger than the blue ones (respectively 65 and 35 %, see Sect. 4.2.1.3), which also contributes
to be the most efficient scenario for the inclusion of new massive quiescent galaxies. Major mergers (mass
ratio 1 ≤ µMM < 1/4) between two quiescent galaxies, whose final stellar mass exceeds the mass limit of
the massive quiescent sample, are more frequent than minor mergers (1/4 ≤ µmm ≤ 1/10), whose number
density variation does not surpass 0.05 dex.For the "new" channel and mergers between galaxies of different
spectral types (quiescent as principal and star-forming as companion, and vice versa), the contribution to the
number of massive quiescent galaxies is more subtle, lower than 0.03 dex, independently whether this is via
major or minor merger (see top panels in Figs. 4.1 and 4.2). Only for EMILES and Padova00 isochrones,
major mergers between star-forming and quiescent galaxies show a non-negligible contribution.

The channel "out", or the channel responsible for the decrease in the number density of the massive
quiescent sample (mergers between quiescent galaxies with stellar masses above M?,lim and mergers with
star-forming galaxies with bluer intrinsic colours than mF365 − mF551 < 1.5 as a result), present a non-
negligible contribution to the variation in its number density (see top panels in Figs. 4.1 and 4.2). Major
mergers in channel "out" play an important role for diminishing the number density for both merger scenar-
ios: between massive quiescent galaxies and with a different spectral type. For both cases, major mergers
reduce the number density of the massive quiescent sample ∼ 0.07 dex. As expected, minor mergers in
channel "out" do not modify drastically the number density of quiescent galaxies above M?,lim, as these
variations are below 0.05 dex since z ∼ 1. This is due to the fact that minor mergers with star-forming
galaxies do not largely modify the colours of massive quiescent galaxies, and consequently these are still
red. On the other hand, minor mergers between massive quiescent galaxies are restricted to the massive-end
of the MF, that is, the more restricted in number quiescent galaxies. In fact, minor mergers between massive
quiescent galaxies is the least efficient scenario for reducing the number of massive quiescent galaxies.

Regarding those massive quiescent galaxies that suffer a merger and they still belong to the massive
quiescent sample, or channel "in", there is a larger number of galaxies that experience mergers with other
quiescent galaxies (see middle panel in Figs. 4.1 and 4.2) than those with a star-forming one, as expected
from the fraction of blue and red galaxy companions. This means that the variations in the stellar populations
of massive quiescent galaxies owing to mergers in channel "in" are mainly driven by the accretion of other
less massive quiescent galaxies. Analysing the percentage of massive quiescent galaxies that suffer a merger
event since z = 1, we find that minor mergers are slightly more frequent than major mergers. After taking
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the predictions of BC03 and EMILES SSP models into account for the merger channel "in", 20–25 %
(15–20 %) of massive quiescent galaxies suffer a minor (major) merger with another quiescent galaxy,
whereas this percentage reduces down to 4–12 % (3–10 %) when the companion is a star-forming galaxy.
EMILES+Padova00 and BC03 present the largest and smallest percentages respectively. In both scenarios
and model predictions massive quiescent galaxies suffer a larger number of major mergers at z & 0.6,
however at lower redshifts, the number of minor mergers dominates.

Focusing in the overall contribution of mergers to the increase in number of massive quiescent galaxies,
see bottom panel in Figs. 4.1 and 4.2 and Table 4.4, we observe that the main mass ratios responsible for
the changes in density number are major merger. The impact of minor mergers in the number density
is less remarkable since z ∼ 1. Notice that minor mergers do not largely alter the number densities of
massive quiescent galaxies, since the number of new galaxies compensates those going out from the massive
quiescent sample. This means that there a mild flow of galaxies entering and exiting that can modify the
global stellar populations of this massive sample (not accounting for the effects of channel "in") without
altering their number density. In major mergers, the channel "new" is more dominant than the "out" one,
driving to the increase in the number density. For BC03 and EMILES+Padova00, the evolution in number
density is entirely explained by the merger rates observed in the Universe within the uncertainties. For
EMILES+BaSTI, there are not enough mergers to explain the evolution in their number density.

4.6.1.2 Variations in the age PDFs by mergers

Minor and major mergers are expected to have a non-negligible impact in the global stellar populations of
massive quiescent galaxies. For the first time, we explore this effect, which partly remain unnoticed owing
to the continuous flow of galaxies with low alterations in the number density. In fact, the influence of the use
of different SSP models for retrieving stellar population parameters via SED-fitting will be more remarkable
in the ages and metallicities than in the number density (Sect. 4.6.1.1), where the dependence of the use of
different SSP models was limited to the retrieved MFs.

As expected from the stellar mass-age relation, the new members coming from the merge of two less
massive systems with younger stellar populations produces a general rejuvenation of massive quiescent
galaxies, as long as the number of mergers is large enough. We confirm from the three sets of SSP models,
see Table 4.5 and Fig. 4.3, that there are enough mergers as to modify the median age of the whole massive
quiescent population by 0.5–1.2 Gyr since z = 1.0 up to z = 0.2. In addition, the variety of merger channels
(channels "new", "out", and "in") with diverse stellar masses and spectral types also induces an increase of
the width of the distributions of mass-weighted ages, and therefore, the distribution of ages becomes wider
at lower redshifts. Both effects, a systematic rejuvenation and a wider range of ages, are determined in this
thesis using the ALHAMBRA data and the results provided by MUFFIT (Sects. 3.7 and 3.8), although the
delay in the ageing (respect a passive evolution) is greater than the predicted by our merger model. While
the analysis of the stellar populations of these galaxies in the same redshift range, 0.2 ≤ z ≤ 1.0, presents
stellar populations younger by 3.7, 1.6, and 2.8 Gyr than the expectations for a passive evolution (BC03,
EMILES+BaSTI, and Padova00 respectively), these are much larger than the predicted by the merger model,
which are around ∼ 1 Gyr. Therefore, the merger mechanism by itself does not seem to be able to explain
the rejuvenation of massive quiescent galaxies according to the three SSP model predictions. However, the
evolution of the width of the mass-weighted age PDF owing to mergers, 1–2 Gyr, is compatible with the
one measured by MUFFIT in ALHAMBRA, 1 Gyr.

We are in a privilege position to discern the role of the mass ratio in the process of rejuvenation via
mergers, because a priori more massive systems are more efficient to modify the stellar content of a massive
galaxy but these contain more similar stellar populations. On the other hand, the accretion of a less massive
systems has a lower impact in mass, but their stellar populations differ more from the ones of the massive
galaxies owing to the stellar mass-age relation. We find that the variation of the median values of mass-
weighted ages are weaker for the case of minor mergers (< 0.5 Gyr) than for the major ones (< 1 Gyr),
although the differences are very subtle (see Table 4.5 and Fig. 4.3). EMILES+BaSTI predictions present
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the lowest modifications in the median age, and the major and minor contribution are basically the same.
Regarding the width of the distribution of age values, major mergers imprint larger variations than minor
ones do, although these differences are minimal. The increase in width of the mass-weighted age PDF,
splitting major from minor merger effects, are around ∼ 1.5 Gyr.

Thereby, we conclude that mergers drive a slightly process of rejuvenation of 1 Gyr from z = 1 to
z = 0.2 and increase the range of mass-weighted age values in the population of massive quiescent galaxies.
Despite this, the rejuvenation observed from ALHAMBRA data cannot be fully explained by mergers, and
it is necessary the inclusion of other mechanism to reproduce its evolution. Nevertheless, the evolution in
the width of the age PDF can be reproduced in an scenario in which mergers are present.

4.6.1.3 Variations in the metallicity PDFs by mergers

We study the global effects of major and minor mergers in the evolution of metallicities in massive quiescent
galaxies. In this case, there are larger discrepancies in the metallicity predictions of quiescent galaxies owing
to the use of different SSP models (see Sects. 3.7 and 3.8).

The effects of mergers on the mass-weighted metallicity PDF is a general decrement of the median val-
ues (see Table 4.6 and Fig. 4.4) since z = 1.0. In particular, BC03 SSP models present the lower decrement
in metallicity, whereas the EMILES predictions show a more prominent evolution due to mergers. In fact,
the evolution of the median of the mass-weighted metallicity PDF derived from BC03 SSP models in Chap-
ter 3, exhibits a maximum at z ∼ 0.6 that is at odds with the mild trend obtained for mergers. Notice that
the presence of a maximum in the median metallicity at z . 0.6, makes the merger model to predict a very
soft increase in metallicity. For EMILES, the decrement in the median of metallicity is more remarkable
and continuous, ∼ 0.10 dex in both cases, than in BC03. In addition, the predictions about the evolution
of the median of the mass-weighted metallicity PDF obtained with the merger model agree better with the
observed ones by MUFFIT and ALHAMBRA data (a decrement of 0.1–0.2 dex). In particular, Padova00
isochrones ask for a variation in the median metallicity slightly larger than observed. Consequently, mergers
are able to reproduce the decrement in the medians of the metallicity PDFs without the necessity of extra
mechanisms. Except for BC03, in which the width of the mass-weighted metallicity PDF remains almost
constant, mergers also increase the width of the distributions of metallicity values of massive quiescent
galaxies since z = 1. Indeed, the increase in the width of the metallicity PDF predicted by our merger
model (. 0.1 dex) is in good agreement with those obtained observationally by MUFFIT and ALHAMBRA
(∼ 0.1 dex).

Treating the effects of major and minor mergers separately (see Table 4.6 and Fig. 4.4), we find that ma-
jor mergers show similar contributions to modify both the medians and widths of mass-weighted metallicity
PDFs. For the medians this is ∼ 0.1 dex for both EMILES isochrones, and almost negligibles for BC03. The
same result is obtained for minor mergers. In the same sense, the effect of mergers with BC03 SSP models
on the widths of the metallicity PDFs persists unnoticed, whereas for EMILES these are ∼ 0.1 dex for both
isochrones and for major and minor mergers. Consequently, minor and major mergers contribute similarly
to the global metallicity evolution since z = 1 to z = 0.2. Notice that the effects of minor mergers is more
remarkable at lower redshifts, and at the larger ones major mergers played a slightly greater role.

To conclude, mergers can naturally explain the slight decrease in the observed metallicity distributions
of massive quiescent galaxies in ALHAMBRA (not for BC03) since z = 1.

4.6.2 The impact of "frosting" on the stellar populations of massive quiescent galaxies

A direct mechanism for including younger stellar populations and delaying the ageing of a galaxy is forma-
tion of new stars through the reserves of gas available in each galaxy. This mechanism could a priori support
the evolution in age observed with ALHAMBRA and MUFFIT, that mergers are not able to reproduce by
themselves. We firstly study the effects of "frosting" assuming the absence of both mergers and "progenitor"
bias effects in order to explore its consequences on the number density and stellar population distributions
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Table 4.4: Expected variations in the number density owing to the effect of both major and minor mergers,
only major and only minor mergers, in comparison with the observed variation in the number density of
massive quiescent galaxies using ALHAMBRA data and MUFFIT from z = 1 to z = 0.2.

BC03 EMILES+BaSTI EMILES+Padova00

∆ log10 ρN ∆ log10 ρN ∆ log10 ρN

Major + Minor 0.15 0.10 0.26

Major merger 0.13 0.07 0.21

Minor merger 0.03 0.04 0.06

MUFFIT+ALH 0.11 0.25 0.31

Notes. The estimations were obtained for the three SSP model sets (BC03 and both EMILES isochrones: BaSTI and
Padova00). All the number densities are obtained assuming h = 0.71. Positive modifications in ∆ log10 ρN illustrates
an increment in the number density owing to mergers.

Table 4.5: As Table 4.4, but for both the median and width of the mass-weighted age PDFs (∆Age50th
M and

∆ωAgeM respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆Age50th
M ∆ωAgeM ∆Age50th

M ∆ωAgeM ∆Age50th
M ∆ωAgeM

Major + Minor 1.1 1.8 0.5 0.8 1.1 2.0

Major merger 0.8 1.6 0.3 0.7 0.8 1.9

Minor merger 0.3 0.5 0.2 0.3 0.3 0.7

MUFFIT+ALH 3.7 1.0 1.6 0.9 2.8 1.0

Notes. All the ages are in Gyr units. Positive modifications in ∆Age50th
M illustrates a delay in ageing respect a complete

passive evolution owing to mergers. Positive modifications in ∆ωAgeM illustrates a widening of the mass-weighted age
PDF owing to mergers.

Table 4.6: As Table 4.4, but for both the median and width of the mass-weighted metallicity PDF
(∆[M/H]50th

M and ∆ω[M/H]M respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆[M/H]50th
M ∆ω[M/H]M ∆[M/H]50th

M ∆ω[M/H]M ∆[M/H]50th
M ∆ω[M/H]M

Major + Minor −0.02 −0.06 −0.10 0.07 −0.11 0.08

Major merger −0.01 −0.04 −0.06 0.07 −0.10 0.07

Minor merger −0.01 −0.02 −0.04 0.03 −0.04 0.03

MUFFIT+ALH −0.07 −0.26 −0.19 0.09 −0.10 0.09

Notes. All the metallicities are in dex units. Negative modifications in ∆[M/H]50th
M illustrates a decrement in metallicity

owing to mergers. Positive modifications in ∆ω[M/H]M illustrates a widening of the mass-weighted metallicity PDF
owing to mergers.
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Figure 4.1: Contributions of the different merger channels to the number density of the massive quiescent
sample using BC03 SSP models. Black square-shape markers illustrates the number density for quiescent
galaxies (log10 M? ≥ 11.2) in ALHAMBRA by a Vmax method, solid black line its power-law fitting, and
solid blue line the predicted by the stellar mass function (MF). In top panel, the increase and decrease in
number density of quiescent massive galaxy members (channels "new" and "out", see details in Sects. 4.2.2
and 4.2.4) owing to mergers are presented (see inset for the different scenarios in each channel). Solid
and dashed lines of the same colour distinguish the case of major and minor mergers respectively. Middle
panel shows the density of quiescent massive galaxies that have experimented a merger event since z = 1.0
(channel "in", see details in Sect. 4.2.3). Bottom panel shows the global number density contribution of
mergers (red), the one for major mergers (yellow), and for the minor merger one (green). All densities are
presented assuming h = 0.71.



148 CHAPTER 4. The impact of mergers, "frosting" and the "progenitor" bias on the global populations of quiescent galaxies

-3.9

-3.8

-3.7

-3.6

-3.5
ρN(z)
ΦQ

ρQ,Q
new

ρSF,Q
new

ρQ,SF
new

ρQ,Q
out

ρQ,SF
out

ρN

−6.5

−6.0

−5.5

−5.0

−4.5

lo
g 1

0
ρ

N
[h

3
M

pc
−3

] ρQ,Q
in

ρQ,SF
in

0.2 0.4 0.6 0.8 1.0
z

-3.9

-3.8

-3.7

-3.6

-3.5
ρN(z)
ΦQ

ρMM+mm
T

ρMM
T

ρmm
T

ρN

-4.0

-3.9

-3.8

-3.7

ρN(z)
ΦQ

ρQ,Q
new

ρSF,Q
new

ρQ,SF
new

ρQ,Q
out

ρQ,SF
out

ρN

−6.5

−6.0

−5.5

−5.0

lo
g 1

0
ρ

N
[h

3
M

pc
−3

] ρQ,Q
in

ρQ,SF
in

0.2 0.4 0.6 0.8 1.0
z

-4.0

-3.9

-3.8

-3.7

ρN(z)
ΦQ

ρMM+mm
T

ρMM
T

ρmm
T

ρN

Figure 4.2: As Fig. 4.1 but using EMILES SSP models with BaSTI isochrones (left panels) and Padova00
isochrones (right panels).
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Figure 4.3: Contribution of mergers to the median and width of the mass-weighted age PDF of the massive
quiescent sample using BC03 (top-left panels) and EMILES SSP models with BaSTI (top-right panels) and
Padova00 (bottom panels) isochrones. Solid blue lines present the individual effects of major mergers, solid
green lines the minor merger ones, and solid yellow lines the global effects of mergers (both major and
minor contributions).
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Figure 4.4: As Fig. 4.3, but for the mass-weighted metallicity PDFs.
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of massive quiescent galaxies.
Figure 4.5 illustrates the impact of "frosting" on the number density of massive quiescent galaxies for

BC03 and EMILES SSP models, see also Table 4.7. In Fig. 4.6, we present the impact of "frosting" on
the mass-weighted age and metallicity PDFs, see also Tables 4.8 and 4.9. Details are given in captions and
subsections below.

4.6.2.1 Evolution of the number density by "frosting"

Although the primal effect of "frosting" is the creation of new stars getting younger stellar populations
than the expected one for a pure passive evolution, it also affects the number density of massive quiescent
galaxies. By the "frosting" mechanisms, a certain number of quiescent galaxies below M?,lim will increase in
stellar mass so as to enter in the massive quiescent sample. Only for this section, we impose a constant τf =

0.10, 0.04, and 0.08 Gyr−1 for BC03, EMILES+BaSTI, and EMILES+Padova00 SSP models respectively,
as we show below these are the percentages of stellar mass created per Gyr necessary to reproduce the
evolution in age observed in ALHAMBRA for the different SSP models since z = 1 in absence of other
mechanisms. As presented in Fig. 4.5 and Table 4.7, there is a large impact on the density number of massive
quiescent galaxies above M?,lim independently of the SSP model set used. As expected, the larger τf , the
larger the increase in number. The predictions for BC03 present the most remarkable evolution in number,
with τf = 0.10 implying a number density evolution larger than the observed one in ALHAMBRA (see also
Sect. 3.6). We observe that for these τf values and EMILES models, the proposed level of "frosting" would
imply an evolution in the density number as the measured from ALHAMBRA, without the necessity of a
mergers, specially in EMILES+Padova00. Consequently, the assumption of a remain of low star-formation
in this kind of galaxies is limited by the evolution in number density, specially for BC03 SSP models, and
in turn restricts their values of τf , which is an important factor for taking into account in future studies.

4.6.2.2 Variations in the age PDFs by "frosting"

In Fig. 4.6 (left panels) and Table 4.8, we illustrate how the inclusion of the factors τf modifies the medians
of the mass-weighted age PDFs. It is clear that the variation of the ages are much more sensitive to "frosting"
effects than to mergers, where the variations in age since z = 1 are ∼ 1 Gyr (Sect. 4.6.1.2). It is remarkable
that the trends of age are properly reproduced at any redshift since z = 1. Note that all the evolution in age
is not completely driven by the creation of new stars in those galaxies with stellar masses larger than M?,lim,
but that part of this evolution also comes from the younger galaxies with stellar masses below this limit
(stellar mass-age relation). Nevertheless, the "frosting" mechanism does not modify the width of the mass-
weighted age PDF substantially, even though from real data we obtained the contrary effect: an increase in
the range of mass values towards lower redshifts.

4.6.2.3 Variations in the metallicity PDFs by "frosting"

In spite of we assume that "frosting" does not largely modify the metallicity of the host galaxy, the inclusion
of galaxies below M?,lim (which increase in mass owing to "frosting") will also modify the metallicity of
the massive quiescent sample owing to the relation between stellar mass and metallicity (see Table 4.9).
Figure 4.6 (right panels) shows that these levels of "frosting" can also diminish the global metallicities
(∼ 0.05 dex since z = 1 up to z = 0.2) of the massive sample for the inclusion of new members, although in
a less efficient way than mergers. This means that "frosting" is not able to explain the evolution in metallicity
observed in ALHAMBRA of massive quiescent galaxies since z = 1 itself, although it also reproduces a
decrement of their metal content. Concerning the widths of the mass-weighted metallicity PDFs, given
τf their evolution is less significant than the produced by mergers and the real data advocates for a larger
evolution in the width of the metallicity PDF.
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Table 4.7: Expected variation of the number density owing to the effect of "frosting" in comparison with the
observed number density of massive quiescent galaxies using ALHAMBRA data and MUFFIT from z = 1
to z = 0.2.

BC03 EMILES+BaSTI EMILES+Padova00

∆ log10 ρN ∆ log10 ρN ∆ log10 ρN

"Frosting" 0.43 0.19 0.35

MUFFIT+ALH 0.11 0.25 0.31

Notes. The estimations were obtained for the three SSP model sets (BC03 and both EMILES isochrones: BaSTI and
Padova00). All the number densities are obtained assuming h = 0.71. Positive modifications in ∆ log10 ρN illustrates
an increment in the number density owing to "frosting".

Table 4.8: As Table 4.7, but for the mass-weighted age PDFs (median and width, ∆Age50th
M and ∆ωAgeM

respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆Age50th
M ∆ωAgeM ∆Age50th

M ∆ωAgeM ∆Age50th
M ∆ωAgeM

"Frosting" 3.6 0.02 1.4 0.01 2.7 0.07

MUFFIT+ALH 3.7 1.0 1.6 0.9 2.8 1.0

Notes. All the ages are in Gyr units. Positive modifications in ∆Age50th
M illustrates a delay in ageing respect a complete

passive evolution owing to "frosting". Positive modifications in ∆ωAgeM illustrates a widening of the mass-weighted
age PDF owing to "frosting".

Table 4.9: As Table 4.7, but for the mass-weighted metallicity PDFs (median and width, ∆[M/H]50th
M and

∆ω[M/H]M respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆[M/H]50th
M ∆ω[M/H]M ∆[M/H]50th

M ∆ω[M/H]M ∆[M/H]50th
M ∆ω[M/H]M

"Frosting" 0.01 −0.06 −0.04 0.05 −0.04 0.04

MUFFIT+ALH −0.07 −0.26 −0.19 0.09 −0.10 0.09

Notes. All the metallicities are in dex units. Negative modifications in ∆[M/H]50th
M illustrates a decrement in metallicity

owing to "frosting". Positive modifications in ∆ω[M/H]M illustrates a widening of the mass-weighted metallicity PDF
owing to "frosting".
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Figure 4.5: Contributions of "frosting" to the number density of the massive quiescent sample (log10 M? ≥
11.2). Solid lines illustrate the number density evolution observed for massive quiescent galaxies
in ALHAMBRA by the stellar mass functions (MF) for BC03 (blue), EMILES+BaSTI (green), and
EMILES+Padova00 (red) SSP models. Dashed coloured lines are the number density evolution expected for
"frosting" processes of efficiency τf = 0.10, 0.04, and 0.08 Gyr−1 for BC03 (blue), EMILES+BaSTI (green),
and EMILES+Padova00 (red) SSP models respectively. All densities are presented assuming h = 0.71.

"Frosting" is therefore a mechanism that has a large impact in the evolution of the number density of
quiescent galaxies and it greatly explains the evolution of the median of the age PDF. The evolution of the
median of the metallicity PDF, as well as the evolution of the widths of the age and metallicity PDFs, are
not reproduced by a basic "frosting" scenario properly.

4.6.3 The impact of the "progenitor" bias on the stellar populations of massive quiescent
galaxies

As explained in Sect. 4.4, the decrement in the number density of massive star-forming galaxies reveals that
there must be a flow of massive galaxies towards the quiescent sample that can modify in part the average
values or PDFs of massive quiescent galaxies.

Figure 4.7 illustrates the impact of the "progenitor" bias on the number density of massive quiescent
galaxies for BC03 and EMILES SSP models, see also Table 4.10. In Figs. 4.8 and 4.9, we present the
impact of "frosting" on the mass-weighted age and metallicity PDFs respectively, see also Tables 4.11 and
4.12. Details are given in captions and subsections below.

4.6.3.1 Evolution of the number density by the "progenitor" bias

After exploring mergers as a mechanism to shut down star formation in massive star-forming galaxies (de-
tails in Sect. 4.4.1), we obtained that its number density is largely below the observed variation in number
of star-forming galaxies (lower than 0.1 %). In fact, the contribution of mergers as quenching mechanism
is negligible (below 0.1 %), hence remaining unnoticed for the massive quiescent population. The number
of star-forming galaxies that experiment a merger event is much lower than for quiescent galaxies and also
than the decrease in number observed at 0.2 ≤ z ≤ 1.0. From this result, we discard mergers as an effi-
cient mechanism for quenching star formation. In the following, we rather focus on the "progenitor" bias
alternative based in the descend of the number density of star-forming galaxies (Sect. 4.4.2).
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Figure 4.6: Contributions of "frosting" to the median and width of the mass-weighted age (left panels) and
metallicity (right panels) PDF of the massive quiescent sample using BC03 (blue), EMILES+BaSTI (green),
EMILES+Padova00 (red) SSP models with "frosting" efficiencies of τf = 0.10, 0.04, and 0.08 Gyr−1 re-
spectively. Solid lines illustrate the observed changes in the median and width of the mass-weighted age
PDF in ALHAMBRA using BC03 and EMILES, whereas the dashed ones are the predicted ones under a
"frosting" scenario assumption.
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The variations observed in the number density of massive star-forming galaxies change with the SSP
model chosen during the SED-fitting analysis of ALHAMBRA galaxies, as the MF are different amongst
models. For BC03 and EMILES+BaSTI isochrones, the decrease in number of massive star-forming galax-
ies, ρPB, is compatible with the variation in number observed for massive quiescent galaxies (0.1–0.25 dex,
see Fig. 4.7 and Table 4.10). Particularly for EMILES+BaSTI, we observe a significant decrease in the num-
ber of massive star-forming galaxies at 0.7 . z . 1.0, which provokes a larger impact in the number density
of massive quiescent galaxies. However, for EMILES+Padova00 this variation is more subtle (0.05 dex)
between redshift z = 1 and z = 0.2, which implies a lower impact of the "progenitor" bias on the average
stellar populations of the quiescent sample.

4.6.3.2 Variations in the age PDFs by the "progenitor" bias

The "progenitor" bias effects on the mass-weighted age PDFs of the massive quiescent sample (see Fig. 4.8
and Table 4.11) are different for each of the assumptions presented in Sect. 4.4.2. In general, we observe that
the "random" assumption has the largest impact. This assumption brings ages younger than the ones present
in the quiescent sample, therefore, reducing the median of the mass-weighted age PDF and increasing the
range of age values that they can exhibit (a width increment in the mass-weighted age PDF). On the other
hand, the "reddest" assumption selects the reddest galaxies in the massive star-forming sample, whose ages
are comparable to the typical ages of the massive quiescent sample. Consequently, the modifications intro-
duced by the "reddest" assumption on the mass-weighted age PDF of the quiescent sample (both median
and width) are the lowest ones. Finally, the effects of the "phenomenological" assumption are half-way be-
tween the "reddest" and "random" assumptions. This assumption is more self-consistent than the other two,
because it intrinsically contains the evolution of the star-forming populations that is observed. Moreover,
the stellar population distributions derived in the "phenomenological" assumption are also log-normal like
functions, where the younger ages of massive star-forming galaxies are not included, but these ones are not
restricted to the oldest ages either.

As expected from the evolution in the number density of massive star-forming galaxies (Fig. 4.7 and
Table 4.10), the Padova00 predictions are the less affected by the "progenitor" bias for all their assumptions
("reddest", "random", and "phenomenological"). The estimated variations of the median of the age PDF are
below 0.1 Gyr, which is negligible in comparison with the evolution observed using MUFFIT and ALHAM-
BRA data. The impact on the width of the age PDF is also negligible, lower than 0.2 Gyr. For BC03, the
impact of the "progenitor" bias on the mass-weighted age distributions is larger than EMILES+Padova00,
mainly because there is a larger inclusion of quenched massive galaxies from the main sequence, although
these are also very mild (changes lower than 0.3 Gyr in the median and ∼ 1 Gyr in the width). The largest
impact of the "progenitor" bias appears in EMILES+BaSTI, specially at 0.7 . z . 1.0 where the contribu-
tion of ρPB is more prominent. Despite this, the alteration of the median of the mass-weighted age PDF of
quiescent galaxies is still very mild, ∼ 0.3 Gyr, while for the width is more remarkable ∼ 1 Gyr. Therefore,
we conclude that the role of the "progenitor" bias is a very mild rejuvenation of the median age, lower than
0.4 Gyr, and an increase in the range of likely age values of the massive quiescent sample, 0.2–1.5 Gyr.

4.6.3.3 Variations in the metallicity PDFs by the "progenitor" bias

Concerning metallicities, the "random", "reddest", and "phenomenological" assumptions have a similar
interpretation than in the age case. The "random" assumption for a the "progenitor" bias scenario has a
the largest impact on the metallicity PDF (both median and width) of quiescent galaxies, because there are
star-forming galaxies less metal rich than in the quiescent sample, which modifies the median and width.
The "reddest" assumption implies that the massive star-forming galaxies that quenches their star formation
present as large metallicities as the the ones in the quiescent sample, and its inclusion does not modify
prominently the mass-weighted metallicity PDF of the quiescent ones. As above, the "phenomenological"
assumption is half-way between the "random" and the "reddest" ones.
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Table 4.10: Expected variation of the number density owing to "progenitor" bias in comparison with the
observed number density of massive quiescent galaxies using ALHAMBRA data and MUFFIT from z = 1
to z = 0.2.

BC03 EMILES+BaSTI EMILES+Padova00

∆ log10 ρN ∆ log10 ρN ∆ log10 ρN

"Progenitor" bias 0.11 0.23 0.05

MUFFIT+ALH 0.11 0.25 0.31

Notes. The estimations were obtained for the three SSP model sets (BC03 and both EMILES isochrones: BaSTI and
Padova00). All the number densities are obtained assuming h = 0.71. Positive modifications in ∆ log10 ρN illustrates
an increment in the number density owing to the "progenitor" bias. The number densities ρPB are the same for the
three "progenitor" bias approaches "random", "reddest", and "phenomenological".

Table 4.11: As Table 4.10, but for the mass-weighted age PDFs (median and width, ∆Age50th
M and ∆ωAgeM

respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆Age50th
M ∆ωAgeM ∆Age50th

M ∆ωAgeM ∆Age50th
M ∆ωAgeM

Random 0.3 1.3 0.3 1.8 0.06 0.19

Reddest 0.2 0.6 0.2 0.8 0.02 0.12

Phenomenological 0.3 0.7 0.4 1.2 0.06 0.18

MUFFIT+ALH 3.7 1.0 1.6 0.9 2.8 1.0

Notes. All the ages are in Gyr units. Positive modifications in ∆Age50th
M illustrates a delay in ageing respect a complete

passive evolution. Positive modifications in ∆ωAgeM illustrates a widening of the mass-weighted age PDF.

Table 4.12: As Table 4.10, but for the mass-weighted metallicity PDFs (median and width, ∆[M/H]50th
M and

∆ω[M/H]M respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆[M/H]50th
M ∆ω[M/H]M ∆[M/H]50th

M ∆ω[M/H]M ∆[M/H]50th
M ∆ω[M/H]M

Random −0.02 0.07 −0.06 0.12 −0.02 0.04

Reddest 0.06 0.03 −0.01 −0.01 0.01 0.00

Phenomenological −0.03 0.18 −0.03 0.00 −0.01 0.01

MUFFIT+ALH −0.07 −0.26 −0.19 0.09 −0.10 0.09

Notes. All the metallicities are in dex units. Negative modifications in ∆[M/H]50th
M illustrates a decrement in metallic-

ity. Positive modifications in ∆ω[M/H]M illustrates a widening of the mass-weighted metallicity PDF.
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Figure 4.7: Contribution of the "progenitor" bias (dashed lines) to the number density of the massive qui-
escent sample for BC03 (blue), EMILES+BaSTI (green), and EMILES+Padova00 (red) SSP models. Solid
lines illustrate the evolution with redshift of the number density measured by stellar mass functions (MF) in
ALHAMBRA.

The complex evolution of the median of the mass-weighted metallicity PDF using BC03 SSP models
largely differs from the modifications produced by the "progenitor" bias, which remains constant or even
increases in the "reddest" assumption. The width of the metallicity PDF increases as well, owing to the new
metallicity values contributed by the massive recently quenched galaxies. From EMILES+BaSTI results,
the median of the metallicity PDF experiments a decrement of ∼ 0.05 dex; whereas the width of the PDF
remains constant except for the "random" assumption, which produces a widening in the metallicity distri-
bution of 0.1 dex. This increase is even more remarkable at 0.7 . z . 1.0, where the ρPB is more prominent
and the contribution of "progenitor" bias using EMILES+BaSTI is more significant. As for the age case,
the effects of "progenitor" bias are unnoticed for EMILES+Padova00 predictions. Along 0.2 ≤ z ≤ 1.0,
the values of ρPB are negligible as to modify the mass-weighted metallicity PDFs of quiescent galaxies,
and therefore, the median and width of the metallicity PDF are not altered. In conclusion, the effects of
"progenitor" bias on the mass-weighted metallicity PDFs is to diminish their medians and increasing their
widths.

4.7 The role of mergers, "frosting" and the "progenitor" bias in the evolu-
tion of the quiescent galaxy population

After exploring the individual effects of mergers, "frosting" and the "progenitor" bias (each one with a differ-
ent impact level and affecting particular parameters such as the medians of the PDFs or density number, see
Sects. 4.6.1–4.6.3), we explore their joint consequences on the quiescent massive population in a common
frame. In fact, their effects are not additive, but a combination of them. For instance, "frosting" increases
in number the quiescent population through the inclusion of less massive quiescent galaxies (younger) and
these galaxies also experiment mergers (which is proportional to the number density) that modify the dis-
tribution of stellar populations in the massive part. As the "frosting" efficiency parameter, τf , is actually
a free parameter, it is fixed for reproducing the evolution of the median of the mass-weighted age PDF in
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Figure 4.8: Contribution of the "progenitor" bias to the median and width of the mass-weighted age
PDF of the massive quiescent sample for BC03 (top-left panels), EMILES+BaSTI (top-right panels), and
EMILES+Padova00 (bottom panels) SSP models. Blue, red, and green solid lines show the effects of the
"progenitor" bias with the assumptions for quenching "random", "reddest", and "phenomenological" respec-
tively. Black solid line illustrates the evolution with redshift of the median and width of the mass-weighted
age PDF measured in ALHAMBRA and their respective SSP models.
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Figure 4.9: As Fig. 4.8, but for the mass-weighted metallicity PDFs.
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combination with the effects of mergers and the "progenitor" bias for the different SSP model predictions.
Therefore, we fixed τf = 0.08, 0.02, and 0.06 for BC03, EMILES+BaSTI, and EMILES+Padova00 respec-
tively. To be self-consistent with our proper stellar population predictions, in the following we assume the
"phenomenological" assumption for the "progenitor" bias approach, which also yields intermediate alter-
ations of the stellar population PDFs (see Tables 4.11 and 4.12). In the results detailed below, the loss of
stellar mass due to the intrinsic stellar evolution (Sect. 4.5) is taken into account.

From our phenomenological model, we study the overlapped effects of these three mechanisms, where
the first affected parameters is the number density. Mergers, "frosting", and the "progenitor" bias increase in
number the quiescent massive population, and when the three scenarios take place its impact is even greater.
From Table 4.13 and Fig. 4.10, we conclude that the increase in number density observed for massive
quiescent galaxies is explained through the three mechanisms. For BC03 and EMILES+Padova00, the larger
contribution to the number density comes from "frosting", in part owing to their large "frosting" efficiency
(τf = 0.08 and 0.06 respectively), which has a great impact on age but also in the increase in number. There is
also a non-negligible impact on the number density via mergers. The lower contribution in number for both
models is the "progenitor" bias. However for BaSTI, the larger contribution in number is the "progenitor"
bias owing to the great decrease in number of star-forming galaxies at z & 0.7 (obtained from their MFs).
The contribution via "frosting" to the EMILES+BaSTI predictions reveals that it also has an impact even
though their "frosting" efficiency is low (τf = 0.02). Despite mergers also increase in number the population,
they are not able to explain by themselves the evolution in number observed in ALHAMBRA. This means
that although "frosting" is necessary for explaining the evolution of the mass-weighted age distribution, the
number densities suffer a large impact as consequence of its effects (see below for the impact on age and
metallicity). As a result of all the mechanisms, the number density predictions from BC03 SSP models show
a much larger increase in number (∆ log10 ρN = 0.46 dex) than the observed one (∆ log10 ρN = 0.11 dex)
impossible to reconcile with observations as implies a number density two times larger than the observed.
For EMILES predictions, there is also a prediction in excess of the number density of massive quiescent
galaxies from our phenomenological model, although this is more subtle than for the BC03 one. This excess
is fairly constrained between 20–38 % for BaSTI and Padova00 isochrones respectively. For BaSTI it is
dominated by the "progenitor" bias at z & 0.7, whereas for Padova00 is owing to "frosting". Despite this, the
agreement for EMILES is reasonably adequate given the several assumptions and uncertainties embedded
in our phenomenological model (merger rates, MFs, stellar masses uncertainties, etc.). Notice that for the
"progenitor" bias, ρPB is actually a low limit and this number density may be larger. This would imply
a larger impact on the stellar population distributions by the "progenitor" bias, which would contribute to
reduce the "frosting" efficiency necessary for explaining the mass-weighted age PDF evolution.

As mentioned above, the level of "frosting" included in our model was set in order to reproduce the me-
dian of the mass-weighted age PDF. Since mergers and the "progenitor" bias are not able to account for this
evolution, the inclusion of "frosting" is therefore indispensable. From our model, "frosting" is largely the
most efficient mechanism for delay the ageing of massive quiescent galaxies (see also Sects. 4.6.1–4.6.3).
In fact, the "progenitor" bias is not a good mechanism for the inclusion of younger stellar populations in the
massive quiescent sample; whereas mergers predict a non negligible support of 0.5–1 Gyr. When the three
mechanisms act together, the evolution with redshift of the median mass-weighted age can be reproduced
satisfactorily, see Table 4.14 and Fig. 4.11, recalling that "frosting" is essential at this point. Regarding the
widths of the mass-weighted age PDF, mergers, "frosting" and the "progenitor" bias are efficient mecha-
nisms for increasing it. Mergers are in general the most efficient one for the width increment of age, while
"frosting" does not alter significantly their widths, remaining almost constant. The "progenitor" bias also
alters the width of the age PDF, but it depends of the number density of quenched star-forming galaxies. For
BC03 predictions, we do not appreciate a substantial evolution of the width of the age distribution, because
the level of "frosting" introduced is strong and dominates the evolution (actually the no evolution) of the
width of the age PDF, which remains unaltered. Nevertheless, for EMILES the increase in width of the age
PDF is properly reproduced by mergers. In the predictions using BaSTI isochrones, we find that the strong
evolution in the "progenitor" bias at z & 0.7 produces a larger and dominant evolution of the width of the
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Table 4.13: Expected variation of the number density owing to mergers, "frosting", and the "progenitor"
bias in comparison with the observed number density of massive quiescent galaxies using ALHAMBRA
data and MUFFIT from z = 1 to z = 0.2.

BC03 EMILES+BaSTI EMILES+Padova00

∆ log10 ρN ∆ log10 ρN ∆ log10 ρN

Mergers+"frosting"+
0.46 0.33 0.45

+"progenitor" bias

MUFFIT+ALH 0.11 0.25 0.31

Notes. The estimations were obtained for the three SSP model sets (BC03 and both EMILES isochrones: BaSTI and
Padova00). All the number densities are obtained assuming h = 0.71. Positive modifications in ∆ log10 ρN illustrates
an increment in the number density.

Table 4.14: As Table 4.13, but for the mass-weighted age PDFs (median and width, ∆Age50th
M and ∆ωAgeM

respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆Age50th
M ∆ωAgeM ∆Age50th

M ∆ωAgeM ∆Age50th
M ∆ωAgeM

Mergers+"frosting"+
3.5 0.14 1.3 0.80 2.5 0.73

+"progenitor" bias

MUFFIT+ALH 3.7 1.0 1.6 0.9 2.8 1.0

Notes. All the ages are in Gyr units. Positive modifications in ∆Age50th
M illustrates a delay in ageing respect a complete

passive evolution. Positive modifications in ∆ωAgeM illustrates a widening of the mass-weighted age PDF.

Table 4.15: As Table 4.13, but for the mass-weighted metallicity PDFs (median and width, ∆[M/H]50th
M and

∆ω[M/H]M respectively).

BC03 EMILES+BaSTI EMILES+Padova00

∆[M/H]50th
M ∆ω[M/H]M ∆[M/H]50th

M ∆ω[M/H]M ∆[M/H]50th
M ∆ω[M/H]M

Mergers+"frosting"+ −0.01 −0.02 −0.09 0.04 −0.1 0.07
+"progenitor" bias

MUFFIT+ALH −0.07 −0.26 −0.19 0.09 −0.10 0.09

Notes. All the metallicities are in dex units. Negative modifications in ∆[M/H]50th
M illustrates a decrement in metallic-

ity. Positive modifications in ∆ω[M/H]M illustrates a widening of the mass-weighted metallicity PDF.
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Figure 4.10: Contribution of mergers,"frosting" and the "progenitor" bias to the number density of the
massive quiescent sample (log10 M? ≥ 11.2). Solid lines illustrate the number density evolution ob-
served for massive quiescent galaxies in ALHAMBRA by the stellar mass functions (MF) for BC03 (blue),
EMILES+BaSTI (green), and EMILES+Padova00 (red) SSP models. Dashed coloured lines are the num-
ber density evolution expected for mergers, "frosting" and the "progenitor" bias ("phenomenological" as-
sumption). The "frosting" efficiency is τf = 0.08, 0.02, and 0.06 Gyr−1 for BC03, EMILES+BaSTI, and
EMILES+Padova00 SSP models respectively. All densities are presented assuming h = 0.71.

age distribution that diverges of its observed evolution in ALHAMBRA, with a more subtle contribution of
the "progenitor" bias this evolution will be reproduced in good agreement with observations (see Fig. 4.3 and
Table 4.5). Regarding Padova00 isochrones, where the "progenitor" bias has a low impact, the evolution of
the width of the age PDF is in agreement with observations when mergers, "frosting", and the "progenitor"
bias are accounted for.

The evolution of the mass-weighted metallicity PDF is mainly driven by mergers, whereas "frosting"
and the "progenitor" bias play a secondary role (see also Sects. 4.6.1–4.6.3). For BC03, which also presents
the more complex variation of metallicity PDF, the evolution with redshift of the median of the mass-
weighted metallicity PDF is not self-consistent with their stellar population predictions. From the results of
our phenomenological model, both EMILES isochrones reproduced the decrease on the median of the mass-
weighted metallicity PDF (∼ 0.1 dex) observed in ALHAMBRA as a consequence of the effects of mergers,
"frosting", and the "progenitor" bias, specially the isochrone of Padova00, which greatly matches with the
real observations. Concerning the widths of the mass-weighted metallicity PDFs, the main responsible for
its evolution with redshift is again mergers. The predictions from our model for BC03 do not match with the
evolution of the width of the metallicity PDF, although they also show a slight decrement in their values (see
Table 4.15 and Fig. 4.11). EMILES reaches a good agreement with the evolution of the width of the mass-
weighted metallicity PDF. In particular, EMILES with Padova00 isochrones achieve the best agreement with
the ALHAMBRA observations. Part of the differences of the evolution of the width of the metallicity PDF
with BaSTI isochrones are driven by the "progenitor" bias at z & 0.7, otherwise there would be an excellent
agreement with BaSTI predictions.
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Figure 4.11: Contribution of mergers, "frosting" and the "progenitor" bias to the medians and widths of the
mass-weighted age (left panels) and metallicity (right panels) PDFs of the massive quiescent sample using
BC03 (blue), EMILES+BaSTI (green), EMILES+Padova00 (red) SSP models with "frosting" efficiencies
of τf = 0.08, 0.02, and 0.06 Gyr−1 respectively. Solid lines illustrate the observed changes in the medians
and widths of the mass-weighted age and metallicity PDFs in ALHAMBRA using BC03 and EMILES,
whereas the dashed ones are the predicted ones for a common scenario including mergers, "frosting" and
the "progenitor" bias ("phenomenological" assumption).
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4.8 Summary and conclusions

Through a novel phenomenological model, we present, for the first time, a meta-analysis aimed at recon-
ciling the observed evolution of both the density number and the stellar populations of massive quiescent
galaxies since z = 1 down to z = 0.2, discerning the role that different mechanisms such as mergers, "frost-
ing", and the "progenitor" bias play in this game. The predictions from the phenomenological model are
also confronted with the observational results obtained in Chapter 3 using the SSP models of BC03 and
EMILES, as a support for the proper model and for explaining the variations observed on the massive qui-
escent population in ALHAMBRA. Several contributions from mergers based in observational constraints
from photometric and spectroscopic cosmological surveys are included for exploring a reliable scenario,
supplemented with the assumption of a remnant star-formation process intrinsic to each quiescent galaxy, or
"frosting", and accounting for the arrival of new quenched galaxies from the massive star-forming sample,
or the "progenitor" bias through several assumptions.

In the above framework, we get the following conclusions:

• We find out evidences for supporting that mergers play a remarkable role in the evolution of massive
quiescent galaxies since z = 1. Estimations from merger rates involving massive quiescent galax-
ies points out that around a third of this population suffers at least one major merger (mass ratio
1 ≥ µMM ≥ 1/4) and one minor merger (mass ratio 1/4 ≥ µMM ≥ 1/10) since z = 1. Mergers
alter the number of massive quiescent galaxies, where major mergers contribute more efficiently than
the minor ones. The impact on number density varies depending of the SSP model used. Mergers
increase the number density of massive quiescent galaxies around ∆ log10 ρN ∼ 0.1–0.25 dex (0.07–
0.21 dex is due to major mergers, whereas for the minor ones is 0.03–0.06 dex) depending of the SSP
model. Moreover, the continuous inclusion of new stars from less massive galaxies via mergers is
large enough as to modify the stellar population PDFs of mass-weighted age and metallicity. Mergers
are responsible for part of the evolution in the median age of massive quiescent galaxies, 0.5–1 Gyr,
which partly explains the non passive evolution of the massive quiescent population observed using
ALHAMBRA data. Mergers can explain the increase of the width of the mass-weighted age PDF
observed since z = 1, whose impact is ∆ωAgeM = 1–2 Gyr. Regarding metallicity, mergers induce
a continuous decrease of . 0.1 dex in the median metallicity of the massive quiescent population,
whereas the width of the metallicity PDF increases less than 0.1 dex. The evolution of the metallicity
PDF using BC03 SSP models is not self-consistent, owing to its complex shape. However, using
EMILES SSP models all the stellar population trends observed in ALHAMBRA are qualitatively in
agreement with the predictions provided by mergers in our phenomenological model.

• One of the main results retrieved from our model is that the inclusion of "frosting" is necessary to
explain the evolution of the age distributions of massive quiescent galaxies. The main impact of
"frosting" resides in an efficient mechanism to increase in number the massive quiescent population,
as well as to rejuvenate these galaxies through the creation of new in-situ stars without altering the
width of the mass-weighted age PDF. Whilst we assume that the metallicity of the new stars do not
modify the metallicity of the host galaxy, "frosting" is able to reduce with time the median metallicity
of the massive population (< 0.05 dex), owing to the quiescent galaxies below M?,lim (younger and
less metal rich due to the mass metallicity relation) also increase in mass contributing to modify the
PDFs of the massive counterpart. For EMILES predictions, "frosting" increases the width of the mass-
weighted metallicity PDF (∼ 0.05 dex), whereas for BC03 it decreases a similar factor. In addition,
this phenomenological model can be used to constraint the level of "frosting", as large "frosting"
efficiency values trigger the evolution in number.

• As the mechanism for quenching the star formation is rather unknown, we assumed various scenar-
ios for accounting for the "progenitor" bias in our phenomenological model, confronting their effects
with the massive quiescent population evolution. Our estimation of merger rates reveals that there
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are not enough mergers to explain the variation in number of massive star-forming galaxies since
z = 1, discarding mergers as the only mechanism for shutting down the star formation in main-
sequence massive galaxies. Using BC03 and EMILES+BaSTI SSP models, the number density evo-
lution of the massive quiescent sample can be fully explained by the "progenitor" bias, whereas for
EMILES+Padova00 this contribution is negligible (lower than 0.05 dex). It is worth mentioning that
for EMILES+BaSTI the number density is mainly driven by a quick decrease in the number of mas-
sive star-forming galaxies at z & 0.7 and it should be revised, otherwise this contribution would be like
the Padova00 ones. The "progenitor" bias tends to reduce the median age of the massive quiescent
population without altering the width of the age PDF. In fact, these modifications are less efficient
than the other mechanisms involved in our phenomenological model (mergers and "frosting"), but
contributing to the evolution of the number density. The modification of the mass-weighted metal-
licity PDFs of massive quiescent galaxies are not very much affected by the "progenitor" bias either,
which acts reducing the median metallicity (lower than 0.03 dex) and without increasing its width
substantially.

• When mergers, "frosting", and the "progenitor" bias are taken into account, the observed number den-
sity and stellar population evolution of the massive quiescent population agree with the predictions
from the phenomenological model when EMILES SSP models are used. The number densities are
fairly reproduced except for an excess in number of 20–38 %, and the evolution of the stellar pop-
ulation PDFs (mass-weighted age and metallicity, including medians and widths of the PDFs) are
explained by mergers, "frosting" (τf = 0.02 and 0.06 for BaSTI and Padova00 respectively), and the
"progenitor" bias. They together reconcile the non-passive age evolution and the decrease in metallic-
ity with time by ∼ 0.15 dex. Nevertheless, for BC03 SSP models the number density and the evolution
of the metallicity cannot be reconciled within the framework proposed in this work.



166 CHAPTER 4. The impact of mergers, "frosting" and the "progenitor" bias on the global populations of quiescent galaxies



5
Stellar populations of quiescent galaxies on the stellar

mass–size plane

It’s not the size of the nose that matters, it’s what’s inside that counts.

Steve Martin

In this chapter, we aim at performing a comprehensive study of the stellar populations of our set of
quiescent galaxies as a function of their sizes, masses and redshifts, with the ultimate goal of finding the
most plausible evolutive scenarios that can explain their growth in size. It is worth noting that the galaxy
sizes employed in this thesis are not derived from the ALHAMBRA data, hence being fully independent on
the stellar populations derived from MUFFIT for the ALHAMBRA galaxy sample. This, in turn, constitutes
an additional opportunity to confront the reliability of the results obtained in Chapter 3.

5.1 Introduction

During the last decade, many authors found out evidences for a continuous and generalised increase in
size of both spheroidal-like/quiescent and late-type/star-forming galaxies with cosmic time (e. g. Trujillo
et al., 2004; Daddi et al., 2005; McIntosh et al., 2005; Trujillo et al., 2006a; Toft et al., 2007; Trujillo et al.,
2007; Zirm et al., 2007; Buitrago et al., 2008; van Dokkum et al., 2008; Damjanov et al., 2011; Newman
et al., 2012; van der Wel et al., 2014). In particular, since z ∼ 2 (z ∼ 1) massive spheroidal-like/quiescent
galaxies have rapidly increased in size a factor of ∼ 4 (1.5–2) up to the current days. The main mechanism
responsible of this fast growth is not clear yet.

First attempts for disentangling how galaxies grow in size proposed that the influence of AGNs can
play a role. This scenario, usually referred as the "puffing-up" scenario (Fan et al., 2008, 2010; Damjanov
et al., 2009), proposed that AGNs or quasar feedbacks would produce a removal of cold gas from the inner
regions of the galaxy, that would redistribute the stellar populations of the inner regions in a time scale of
∼ 2 Gyr. Although it is a plausible mechanism, this would imply that: (i) less compact quiescent galaxies
would present older ages in the local Universe; and (ii) the dispersion of the stellar mass-size relation would
increase (Fan et al., 2010) with cosmic time. Previous studies (e. g. Cenarro & Trujillo, 2009; Shankar
& Bernardi, 2009; Trujillo et al., 2009, 2011; McDermid et al., 2015; Gargiulo et al., 2016) obtained that
observations differ from the predictions of this scenario.

Alternatively, mergers were proposed as an efficient mechanism for producing a generalised growth in
size (Naab et al., 2009). In this scenario, galaxies firstly formed their compact and dense cores, which are
proposed to be the so called red nuggets observed at at z > 2 (Damjanov et al., 2009). These systems could
be the result of mergers between gas-rich disks (which yields compact starbursts of small radii, Hopkins
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et al., 2008a) or of the accretion of cold streams (which forms compact massive bulges and suppresses star
formation Kereš et al., 2005; Dekel et al., 2009). Once the core is assembled, a continuous fall of pieces
at lower redshifts via mergers (with ex-situ stellar populations) would populate the surroundings of these
dense cores via an "inside-out" formation scenario (e. g. de la Rosa et al., 2016). This scenario would be
mainly driven by minor mergers on parabolic orbits (Khochfar & Burkert, 2006a; Khochfar & Silk, 2006b;
Bezanson et al., 2009; Hopkins et al., 2009b; Naab et al., 2009; Trujillo et al., 2011), because the number
of major mergers is not large enough as to reproduce the evolution in size observed since z ∼ 1 (Bundy
et al., 2009; de Ravel et al., 2009; López-Sanjuan et al., 2010, 2012). Díaz-García et al. (2013, or Chapter 6)
shows that mergers do not involve necessarily smaller galaxies, and therefore, under this scenario the growth
in size via mergers must be generalised for all galaxies in the stellar mass–size plane. If this is the case, the
number of compact galaxies will reduce towards larger cosmic times (Cassata et al., 2013; Quilis & Trujillo,
2013; Trujillo et al., 2014; van der Wel et al., 2014), despite other studies show that the number of compact
galaxies remain almost constant (Saracco et al., 2010; Damjanov et al., 2014, 2015; Gargiulo et al., 2016)
or experiment only a slight decrease in number (Valentinuzzi et al., 2010; Poggianti et al., 2013). A reliable
estimation of the evolution in number of compact (massive) galaxies along redshift is therefore needed to
discard or favour the merger scenario as the responsible mechanism for the growth in size of quiescent or
spheroidal-like galaxies.

In the last years, the "progenitor" bias scenario is gaining force in this topic. It proposes that the first
galaxies formed in the earliest epochs of the Universe were also the densest ones, as they resided in denser
halos. Consequently, galaxy sizes would reflect the density of the Universe at the epoch in which they were
formed. At the same time, they would evolve and quench their star-formation processes earlier. Any galaxy
formed at later epochs will therefore be larger, evolving later on until they reach enough stellar mass as
to do not support more star forming processes. This would imply that less dense quiescent galaxies (less
compact or extended) are also younger, as they reach a state of quenching in later epochs (Valentinuzzi et al.,
2010; Carollo et al., 2013; Belli et al., 2015). At the same time, this would imply that the number density
of compact galaxies would be constant, or at least this would suffer mild and increasing modifications with
cosmic time. Under this scenario, we would expect a correlation between the size of a galaxy and their
stellar content age, where denser galaxies exhibit older ages (Shankar & Bernardi, 2009; Poggianti et al.,
2013; Fagioli et al., 2016; Gargiulo et al., 2016; Williams et al., 2016) or large quiescent galaxies will reach
the red sequence later than their compact counterparts (Belli et al., 2015).

Studying the stellar populations of compact and extended quiescent galaxies will allow us to shed light
on the scenarios or mechanisms responsible for the prominent growth in size that these galaxies have un-
dergone since high redshifts. Extended galaxies being older than their compact counterparts would favour
an "inside-out" formation, whereas the opposite case could be consistent with the merging and "progenitor"
bias scenarios. In fact, probing the stellar content of these galaxies along a large period of cosmic time will
also provide valuable information to test more complex scenarios in which there is not a unique mechanism
acting in favour of a growth in size. For instance, Belli et al. (2015) showed that the "progenitor" bias con-
tribution at 1 < z < 1.6 can only explain half of the average size evolution that quiescent galaxies exhibit
during 1.25 < z < 2. In addition, for the generalised evolution of the median metallicity of massive quiescent
galaxies reported in Sects. 3.7.3 and 3.8.2, the presence of mergers is also necessary (see Sect. 4.7).

The definition of the quiescent sample with reliable sizes is presented in Sect. 5.2. In Sect. 5.3 we
explore the correlations between the sizes and the ages, metallicities, extinctions and SFRs of the galaxies.
The comparison of our results with previous work is detailed in Sect. 5.4, and a brief summary of the results
is presented in Sect. 5.5.

Along this chapter we assume a ΛCDM cosmology with H0 = 71 km s−1, ΩM = 0.27, and ΩΛ = 0.73.
The stellar masses are given in solar mass units [M�].
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5.2 Retrieval of sizes and stellar populations of quiescent galaxies

As the ALHAMBRA survey is a ground-based survey, the measurement of galaxy sizes is biased to those
galaxies with sizes larger than the spatial resolution of the survey (which includes atmospheric "seeing",
instrumental resolution, etc.). In addition, the stellar mass–size relation makes the measurement of galaxy
sizes to be even more biased at larger redshifts. A rough and fair estimation of the sizes that we can resolve in
ALHAMBRA, see Fig. 5.1, can be done assuming that a galaxy is spatially resolved when this one presents
at least a projected size equivalent to the image PSF. Therefore, the minimum size that is spatially resolved
at redshift z, rmin(z), for a ΛCDM cosmology is expressed as

rmin = PSF × c
(1 + z)H0

∫ z

0

dz′√
ΩM(1 + z′)3 + ΩΛ

, (5.1)

where the PSF is in arcsec, c is the speed of light, and the term in the right-hand side of the equation is the
angular diameter distance assuming a flat Universe (Ωk = 0.0, for the general expression see Hogg, 1999).
For ALHAMBRA, the typical PSF size in the synthetic F814W band is 1′′. In addition, we took the typical
sizes of quiescent galaxies through the fits provided by Díaz-García et al. (2013, or Chapter 6) of the stellar
mass–size relation for stellar masses log10 M? = 10.0, 10.4,10.8, and 11.2. This allow us to see the impact
of the PSF limitations for estimating reliable sizes of quiescent galaxies in ALHAMBRA. Figure 5.1 reveals
that the measurement of reliable effective radii, or half-light radius, for the ALHAMBRA dataset is only
possible for those galaxies located in the nearby Universe or the most massive ones at z . 0.3. Note that the
measurement of sizes in ALHAMBRA is more biased when we assume that the stellar mass–size relation has
an intrinsic dispersion. This fact largely limits the retrieval of galaxy sizes from the ALHAMBRA images
(or photometric catalogues), even after carrying out a detailed PSF correction. To overcome this drawback,
we took advantage of the ALHAMBRA fields that overlap with HST fields, where these limitations do not
exist up to z = 2 and beyond.

From the ALHAMBRA galaxy sample presented in Chapter 3, we constructed a subset of quiescent
galaxies with accurate effective radius measurements derived from HST data. From the ACS general cat-
alogue of structural parameters (Griffith et al., 2012), we cross-correlated all our sources to obtain 1 411,
1 412, and 1070 quiescent galaxies (for BC03, EMILES+BaSTI, and EMILES +Padova00 respectively) with
reliable effective radii in the redshift range 0.1 ≤ z ≤ 0.9. Even though we explored the stellar populations
of (massive) quiescent galaxies beyond z > 0.9, the number of sources with ACS size measurements is
small when splitting into different stellar mass ranges, and hence they will not be used for this analysis. We
constrained this sample to be complete in stellar mass at a completeness level of 95 %, finally providing 870,
830, and 631 quiescent galaxies for BC03, EMILES+BaSTI, and EMILES+Padova00 respectively (further
details in Table 5.1).

The galaxy projected sizes taken from the ACS general catalogue of structural parameters (Griffith
et al., 2012) were computed as it is explained below. All the sources in the ACS were fitted to a Sérsic
profile (Sersic, 1968) with the tool GALAPAGOS (Häußler et al., 2011) in order to compute their effective
radii reff . Moreover, all the galaxies were selected following the guidelines recommended by the authors
in Griffith et al. (2012) to avoid both compact (surface brightness µF814W ≥ 18 mag arcsec−2 and effective
radius reff > 0.03′′given the ACS pixel scale) and low surface brightness sources µ < 26 (only 7 sources
did not satisfy these criteria); where all the galaxies with the flag value FLAG_GALFIT= 1 were rejected
as well (unreliable fit). Table 5.1 presents a very brief summary of the characteristics of this subsample,
including the selected filter in which the Sérsic profile fitting was carried out. In closing, the effective radius
were circularized using the axis ratio provided by the ACS catalogue (b/a, column BA_GALFIT_HI),
re = reff

√
b/a, to subsequently converting it into physical units (in kpc) assuming a ΛCDM cosmology

(H0 = 71 km s−1, ΩM = 0.27, and ΩΛ = 0.73). In the following, our reference measurement for size is the
circularized effective radius re.

All the quiescent galaxies in these subsamples were analysed by MUFFIT (see Chapter 3), getting their
individual stellar population parameters, as well as all the solutions retrieved by the SED-fitting analysis



170 CHAPTER 5. Stellar populations of quiescent galaxies on the stellar mass–size plane

0.0 0.2 0.4 0.6 0.8 1.0
z

2

4

6

8

10

r e
[k

pc
]

PSF
log10 M⋆ = 10.0
log10 M⋆ = 10.4
log10 M⋆ = 10.8
log10 M⋆ = 11.2

Figure 5.1: Lower limit sizes of galaxies in order to be spatially resolved in the ALHAMBRA survey (black
solid line) and typical sizes of quiescent galaxies from Díaz-García et al. (2013, coloured solid lines) at
different redshifts and stellar masses (see inset).

Table 5.1: Number of quiescent galaxies with reliable sizes obtained from ACS/HST fields in common with
ALHAMBRA for a stellar mass completeness level of 95 %.

ACS ALHAMBRA Number Filter ACS pixel
field field (BC03) (BaSTI) (Padova00) scale [pixel−1]

COSMOS1 ALH-4 715 677 493 F814W 0.05′′

HDF-N2,3 ALH-5 41 42 44 F775W 0.03′′

AEGIS4 ALH-6 114 111 88 F814W 0.03′′

Total 870 830 625

Notes. (1) Scoville et al. (2007); (2) Dickinson et al. (2003); (3) Giavalisco et al. (2004); (4) Davis et al. (2007)
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during the Monte Carlo approach. In the following, we use the individual stellar population values rather
than the PDFs. For SFR and sSFR, we used the retrieved values in Sect. 3.4.1 using the luminosity at 2 800 Å
as SFR tracer for BC03 SSP models, repeating the same process for deriving SFR and sSFR for EMILES
predictions. It is worth noting that the SFR tracer is based in the luminosity at 2 800 Å expected from a
τ model. This means that even when there is not any star formation in the galaxy, the stellar continuum
provides a non null SFR value.

5.3 Correlations between size and stellar population parameters of quies-
cent galaxies

It is well known that galaxies show correlations between stellar mass and stellar population parameters
such as age, metallicity, and SFR. In this section, we explore whether for a fixed stellar mass there are
also correlations with the size of the galaxy, what could shed light in the growth in size mechanisms that
experiment massive galaxies since z = 1.

For studying the distribution of the stellar population parameters on the stellar mass–size plane, we
took advantage of the bidimensional and locally weighted regression method or LOESS (previously used
in Sect. 3.5). To account for the crosscorrelation of uncertainties in the stellar mass–size plane (the stellar
masses depends on the redshifts, ages, metallicities and extinctions, whilst the sizes do depend on redshift
too), we ran the LOESS methodology with a regularization factor of f = 0.6 for all the solutions retrieved
during the Monte Carlo approach. This properly takes all the correlations and uncertainties involved in the
analysis into account, obtaining the uncertainties of the LOESS fit. We carried out the process for mass-
weighted age/formation epoch (Sect. 5.3.1), metallicity (Sect. 5.3.2), extinction (Sect. 5.3.3), and SFR/sSFR
(Sect. 5.3.4).

The distribution of ages, metallicities, extinctions, SFRs and sSFRs in the stellar mass–size plane are
presented in Figs. 5.2–5.7 for the different SSP models employed in this thesis and several redshift bins.
The interpretation of these figures is given in the next subsections.

Moreover, from the LOESS fits we are able to quantify the variation of the different stellar population
parameters with size. This relation is expressed as a function of the median circularized radius, r50th

e , ob-
served at each redshift and stellar mass ranges in order to diminish differences in median sizes amongst
stellar masses. Thereby, we assumed a linear relation of the form

ps(z,M?, re) = (log10 re − log10 r50th
e ) × m̄s(z,M?) + n̄s(z,M?) , (5.2)

where ps represents the stellar population parameters (mass-weighted age/formation epoch, metallicity, ex-
tinction, SFR, and sSFR), m̄s the slope or the correlation with size, and n̄s the zero point. Note that Eq. 5.2
can be used to estimate, for the first time, the stellar population parameters of a galaxy when redshift, stellar
mass and size are known. Figures 5.5–5.7 illustrate the results of the above fits. In addition, Tables 5.2–5.4
summarize the coefficients derived for Eq. 5.2 in different redshift bins.

5.3.1 Ages and formation epochs in the stellar mass–size plane

The results in Figs. 5.2–5.7 and Tables 5.2–5.4 point out that there is a tight correlation between the size
of a quiescent galaxy and its mass-weighted age. This result is confirmed independently of the three sets
of SSP models (BC03 and EMILES with isochrones BaSTI and Padova00) used for the stellar population
predictions. We find out a clear trend in which more compact galaxies are systematically older at the same
stellar mass range further than log10 M? ∼ 9.6 dex, whereas younger quiescent galaxies lie on the upper parts
of the stellar mass–size relation. This correlation is extended beyond the nearby Universe up to the maximum
redshift in our sample (z = 0.9). From Figs. 5.5–5.7, there are no strong evidences for a dependency of
the size-age correlation with stellar mass, 〈m̄s,AgeM〉 ∼ −1.9 at log10 M? & 9.6 dex. In addition, there
is no evidence for an evolution of the size-age relation with cosmic time. We obtain that the common
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Figure 5.2: From top to bottom, the mass-weighted age, formation epoch, metallicity, extinction, star forma-
tion rate (SFR), and specific star formation rate (sSFR) of quiescent galaxies using BC03 models plotted on
the circularized radius versus stellar mass plane down to z = 0.9. All values are colour-coded as indicated
by the colour bar and averaged by LOESS methodology (details in text). Dashed line illustrates the median
circularized radius. The number of galaxies in each panel is pointed out on the first row.
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Figure 5.3: As Fig. 5.2, but using EMILES+BaSTI SSP models.
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Figure 5.4: As Fig. 5.2, but using EMILES+Padova00 SSP models.
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176 CHAPTER 5. Stellar populations of quiescent galaxies on the stellar mass–size plane
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Figure 5.5: Correlations between stellar population parameters of quiescent galaxies (Y–axis) and their
sizes (X–axis, deviations from the median circularized radii at different redshifts and stellar masses) since
z = 0.9. From top to bottom, the mass-weighted age, formation epoch, metallicity, extinction, star forma-
tion rate (SFR), and specific star formation rate (sSFR) of quiescent galaxies using BC03 models. Shaded
areas illustrate the 2 σ uncertainty level derived from the LOESS methodology. Different colours illustrate
different stellar mass ranges (see inset). The number of galaxies in each panel is pointed out on the first row.
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Figure 5.6: As Fig. 5.5, but using EMILES+BaSTI SSP models.
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Figure 5.7: As Fig. 5.5, but using EMILES+Padova00 SSP models.
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age difference between the most compact and most extended galaxies since z = 0.9 is ∼ 2–3 Gyr. Note that
despite the stellar mass–size relation is less prominent for quiescent galaxies below log10 M? . 10–10.5 dex
(e. g. Shen et al., 2003; Ferrarese et al., 2012; van der Wel et al., 2014; Guérou et al., 2015; Lange et al.,
2015), the size-age correlation is also remarkable below this stellar mass limit.

Similar results are obtained for the mass-weighted formation epochs. The more compact the quiescent
galaxy, the older its stellar population, that is, more compact quiescent galaxies were formed at earlier
epochs than the extended ones at same stellar mass.

5.3.2 Metallicities in the stellar mass–size plane

From the stellar population predictions of both BC03 and EMILES, we also find out hints for a correlation
between the size of a quiescent galaxy and its metal content (see Figs. 5.2–5.7 and Tables 5.2–5.4). The more
compact the quiescent galaxy, the larger its metallicity. For EMILES SSP models (which presents a milder
evolution of the metal content in quiescent galaxies, Sect. 3.8.2), the size-metallicity correlation is more clear
than the BC03 ones (which show a maximum metallicity value or bump at z ∼ 0.6 that is not reproduced by
merger and "frosting" predictions, see Sect. 3.7.3 and Chapter 4). In addition, this correlation is observed at
least since z = 0.9. Independently of the stellar mass range explored, more compact quiescent galaxies are
also more metal rich than the extended ones of same stellar mass with a correlation of 〈m̄s,[M/H]M〉 ∼ −0.07.
Given the uncertainties and differences amongst the three SSP model predictions, and the limitation in the
number of quiescent galaxies with reliable size measurements in ALHAMBRA, we cannot confirm that
the correlation size-metallicity suffers either large variations in the redshift range explored or systematic
differences amongst different stellar mass ranges at same redshift. Our results evidence that, on average,
more compact quiescent galaxies at a fixed stellar mass are ∼ 0.2 dex more metal rich than their extended
counterparts.

Quiescent galaxies with stellar masses of log10 M? ∼ 10.7 at 0.5 ≤ z < 0.7 present a different trend in
the size-metallicity correlation, but this subsample is also the stellar mass range most affected by the lack
of quiescent galaxies in ALHAMBRA (see also Sect. 3.6), and consequently this one may be affected by
cosmic variance. We also notice a flattening or even a turnover in the slope for quiescent galaxies with
log10 M? < 10.4 at z < 0.3, which, if confirmed, could indicate hints for alternative evolutive paths as
compared to the most massive galaxies.

5.3.3 Extinctions in the stellar mass–size plane

As highlighted in Sects. 3.7.4 and 3.8.3, there is no large discrepancies among the extinctions of quiescent
galaxies (fairly constrained AV . 0.4) and its evolution with redshift is strongly limited below ∆AV < 0.1,
which a priori limits a remarkable correlation between size and extinction. Despite this, there could be a
slight hint pointing out that more compact galaxies are compatible with lower levels of extinction in their
stellar continuum than the extended quiescent galaxies (〈m̄s,AV 〉 ∼ 0.03, see Figs. 5.2–5.7 and Tables 5.2–
5.4). Owing to the narrow range of extinction values in these galaxies, the extinction differences between
compact and extended quiescent galaxies are below 0.1. There are no evidences for a dependency of the
size-extinction with either redshift or stellar mass.

5.3.4 SFRs in the stellar mass–size plane

The SFRs obtained from the luminosity at 2 800 Å (Sect. 3.4.1) show that quiescent galaxies with larger
SFRs populate the upper part of the stellar mass-size plane. From Figs. 5.2–5.7 and Tables 5.2–5.4, we find
that the more compact the quiescent galaxy is, the lower its SFR is at the same stellar mass. This result
is remarkably supported by the SSP model sets of BC03 and EMILES. This size-SFR correlation is also
obtained for all the quiescent galaxies in our sample since z = 0.9, and independently of the observed stellar
mass range, 〈m̄s,log10 SFR〉 ∼ 0.3. In addition, this relation does not show any evolution with redshift, and it is
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Table 5.5: Brief description of papers trying to constraint the stellar population parameters of compact
galaxies.

References Redshift Stellar mass Number Parameters

Shankar & Bernardi (2009)† 0.01 < z < 0.3 10 9.7 < Lcorr
r < 1011.5 ∼ 48 000 Age

Trujillo et al. (2009) 0.0 < z < 0.2 1010.9 < M? < 1011.1 328 Age, [M/H]
Belli et al. (2015) 1.0 < z < 1.6 M? > 1010.6 62 Age
Guérou et al. (2015) Virgo 10 8.0 < M? < 1010 8 + 39 Age, [M/H]
McDermid et al. (2015) z . 0.01 10 9.8 < M? < 1012 260 Age, [M/H]
Fagioli et al. (2016) 0.2 < z < 0.8 1010.5 < M? < 1011.5 1 519 Age
Gargiulo et al. (2016) 0.5 < z < 1.0 M? > 1011 > 2 000 Age
Williams et al. (2016) z ∼ 1.2 M? > 1011 55 Age

Notes. From left to right, reference of the work, redshift bin, stellar mass range of the sample, number of galaxies,
and stellar population parameters explored as a function of the galaxy size. All the stellar masses (luminosities) are
in solar units [M�] ([L�]). All the work involve spectroscopic data. Belli et al. (2015) and Gargiulo et al. (2016) also
include photometric SED-fitting for complementing spectroscopic predictions.
(†) In the work by Shankar & Bernardi (2009), luminosities are used as stellar mass proxy.

quite similar for different stellar mass ranges systematically, even for stellar masses log10 M? . 10.5 where
the stellar mass–size relation is less remarkable. Our results suggest that more compact quiescent galaxies
have SFRs of the order ∼ 0.5 dex lower than their compact counterparts.

In the same sense, sSFR also correlates with size. In Figs. 5.2–5.7 and Tables 5.2–5.4, we show that
more compact quiescent galaxies also exhibit lower sSFR than the equal mass and extended ones, with
differences < 0.5 dex. This result is obtained for all the stellar mass ranges since z = 0.9, which does not
present significant variabilities amongst stellar mass ranges, 〈m̄s,log10 sSFR〉 ∼ 0.16.

It is worth noting that, since the SFR tracer is based in the luminosity at 2 800 Å , the stellar continuum
provides a non null SFR value even when there is not any star formation in the galaxy. Consequently, the
intrinsic luminosity of the stellar content may drive, by itself, the correlation size-SFR/sSFR without the
necessity of underlying star formation processes. This may be clearly degenerated with age effects. The
study of the SFRs derived from the inclusion of dust emissions in the FIR would complement and confirm
the size-SFR/sSFR correlations obtained in this research.

5.4 Comparison with previous work

Since the discovery of the stellar mass-size relation, there have been several previous work in the literature
trying to constrain the stellar population parameters (mainly the age) of compact galaxies at different ranges
of redshift and stellar mass (Shankar & Bernardi, 2009; Trujillo et al., 2009; Belli et al., 2015; Guérou
et al., 2015; McDermid et al., 2015; Fagioli et al., 2016; Gargiulo et al., 2016; Williams et al., 2016). In
this thesis we are able to present, for the first time, a comprehensive analysis of stellar populations up to
z ∼ 1 to explore the correlations between not only size and age, but also metallicity, extinction, and SFR.
Despite this is so far a unique approach, we devote this section to comparing our results, obtained using
photometric data, with the spectroscopic work in the literature. In each case, we describe the data, analysis
techniques, and their main results within the context of this chapter. A brief description of these previous
work is presented in Table 5.5.

• In Shankar & Bernardi (2009), the authors explored the relation between half-light radii Re and
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the ages of 48 000 early-type galaxies from SDSS at 0.013 < z < 0.3 and apparent magnitudes
14.5 . mr . 17.5. Size measurements were based on de Vaucouleur fit profiles of the surface
brightness (axis ratios b/a > 0.6), where all the galaxies in the sample had ages older than 2 Gyr.
To reduce the impact of unusual SFHs in the sample, all the brightest cluster galaxies (BCG) were
also removed from the main sample. Ages were obtained from the catalogue of Gallazzi et al. (2005,
a Bayesian statistical approach based on a multiple fit to age- and metallicity-sensitive absorption
features and a library of Monte Carlo models), and where the corrected luminosity Lcorr

r was used as
proxy for stellar mass (Bernardi, 2009).

After dividing the sample in different bins of luminosity and age, authors revealed that early-type
galaxies of ages larger than 9 Gyr systematically present lower effective radii of ∆ log10 Re ∼ 0.1 dex
than the ones with ages lower than 6 Gyr at the same stellar mass (or Lcorr

r ). This is in good agreement
with our results, where the age difference between the more compact and extended quiescent galaxies
is around 2–3 Gyr (in spite of our sample was not morphologically selected and our stellar masses
were derived more consistently accounting for the mass-luminosity relation of the stellar populations).
The authors found out that these differences in size were extended in the range of Lcorr

r under study.

• The stellar populations of 29 superdense massive galaxies retrieved by Trujillo et al. (2009) from
SDSS DR6 data also show systematic differences respect the ones obtained from a control sample
composed of 299 galaxies with larger sizes. This sample was built from the New York University
Value-Added Galaxy Catalog (Blanton et al., 2005b), which also provides effective radii Re (Blanton
et al., 2005a) and stellar masses (Blanton & Roweis, 2007) derived from a Chabrier (2003) IMF. These
superdense or very compact galaxies were selected following several and strict constraints in order
to build a reliable sample: (i) all the galaxies with stellar masses M? > 8 × 1010 and Re < 1.5 kpc
were selected (at redshift 0.0 < z < 0.2); (ii) according to the SDSS spectral classification, those
sources classified as either stars or QSOs were also removed; (iii) after a visual inspection, all the
galaxies close to bright stars, in close pairs, and edge-on disks were additionally removed from the
sample. The final selection of superdense galaxies ends up with 29 candidates with a mean radius
Re ∼ 1.3 kpc, z ∼ 0.16, M? ∼ 9.2 × 1010, a mean velocity dispersion of 〈σ〉∼ 196 km s−1, and
average Sérsic index 〈n〉∼ 4.7. The control sample was selected following similar criteria, except
for the effective radius selection that in this case was 4 < Re < 6 kpc (typical size of galaxies in
SDSS at the mass range of the superdense sample, see Shen et al., 2003), getting 299 candidates
(stellar masses 0.8 < M? < 1.2 × 1011, 〈σ〉 ∼ 180 km s−1, and 〈n〉∼ 3.8). The authors discarded
that the presence of AGNs (which bias size estimations towards smaller sizes) affected their results
(contamination around 7 % and 10 % for the compact and control sample respectively), using a BPT
diagram or log10([O III]/Hβ) versus log10([N II]/Hα) diagram (Baldwin et al., 1981). The stellar
population predictions of ages and metallicities were derived through the index-index diagram of the
age sensitive Hβ0 index (Cervantes & Vazdekis, 2009) and the metallicity one [Mg/Fe] (González,
1993) using an extension of the Vazdekis (1999a) models with the MILES library (Sánchez-Blázquez
et al., 2006c; Cenarro et al., 2007).

In this work, superdense massive galaxies present remarkable younger ages (2 Gyr) and higher metal
contents ([Z/H]∼ 0.2 dex) in comparison with the control sample, which were substantially older
(∼ 14 Gyr) and with slight sub-solar metallicities. Although the metallicity predictions pointed out
to a common result with our predictions of stellar populations (the more compact quiescent galaxies
present higher metallicity values), there is not agreement in the age trends. One likely explanation of
these discrepancies is that, as the authors highlighted, there are limitations in the SDSS aperture size
(3′′ diameter) that biases the analysis to the inner 3 Re of the superdense galaxies, whereas for the
control sample is for 1 Re, which might drive the results to other direction.

In addition, the authors explored that the analysis of the SFH in superdense galaxies, using the con-
tinuum and STARLIGHT code, reveals that the 64 % of the light coming from these galaxies is due
to young populations created during the last 3 Gyr (which largely differs from the control sample
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with a value of 7 %). This opens the possibility that these galaxies actually present very compact
sizes owing to recent bursts of star formation in their inner regions that do not largely alters the stellar
mass of the galaxy but that biased their sizes to lower values. In this sense, the authors looked for
very compact sources, which actually are blue, whose result was the plausible selection of a channel
to create compact galaxies that differs from the largely evolved quiescent galaxies or compact relics.
Finally, an extra explanation for the disagreement with our results is that a separation of quiescent and
star-forming galaxies was not performed in Trujillo et al. (2009), and consequently, this can also alter
any stellar population prediction. In any case, discrepancies in the colours and stellar populations
were found between galaxies of different sizes, which supports in any case that both subpopulations
present discrepancies in their stellar populations.

• In the work by Belli et al. (2015), they explored the stellar populations of a sample of 62 quiescent
galaxies at the redshift range 1 < z < 1.6 using Keck/LRIS spectra (that at this redshift matches
with the optical rest-frame Balmer break), supplemented with photometric data. The sample was
selected using the UV J colour-colour diagram of Muzzin et al. (2013). Spitzer/MIPS 24µm fluxes
were studied in order to confirm that these galaxies are red without the presence of large dust contents.
SFRs were estimated by [O II] emissions and stellar population parameters determined through the
pyspecfit code (Newman et al., 2014, Bayesian spectral fitting) using BC03 τ models with fixed
solar metallicity Z� = 0.02 ± 0.005, Chabrier (2003) IMF, and Calzetti et al. (2000) extinction law in
the range 0 < AV < 4.

They retrieved that older quiescent galaxies populated the lower parts of the stellar mass–size diagram,
and consequently, they are in average more compact. Although this study extended further than our
upper redshift limit, it also confirms that older quiescent galaxies present more compact sizes. In
addition, they obtained that extended quiescent galaxies arrived into the quiescent sample later than
the compact ones, and therefore they were mainly formed in later formation epochs than the compact
counterpart, as we obtain from our SED-fitting analysis in ALHAMBRA (Sect. 5.3.1).

• Guérou et al. (2015) studied the stellar populations of 8 low-mass and compact early-type galaxies
from the Virgo cluster. These early-types were acquired with the 8.1 m Gemini North telescope and
the Gemini Multi Object spectrograph (GMOS, Hook et al., 2004) IFU through a combination of
one- and two-slit modes and field of view (FOV) 7′′ × 5′′. These galaxies present surface brightness
in the range 17 . µi . 20 mag arcsec−2 and effective radii of 2.1′′ . Re . 9.1′′, which correspond to
sizes of 165–740 pc. Ages and metallicities were derived through the stacked spectra of each galaxy
using the code pPXF and MIUSCAT SSP models (unimodal IMF of slope 1.3 or Salpeter-like IMF)
in the wavelength range λλ 4 200–5 400 Å, where Hβ and [O III] regions were masked out to avoid
contaminations from emission lines. This methodology is similar to the performed by McDermid et al.
(2015). Stellar masses were computed from the Sérsic-dependent virial theorem taking the velocity
dispersion in one effective radius (representative of the enclosed dynamical mass, Cappellari et al.,
2013b). In order to complete their sample in the stellar mass–size plane, Guérou et al. (2015) added 39
less compact and low-mass early-type galaxies from the Virgo cluster. These 39 early-type galaxies
were obtained from the work by Toloba et al. (2014), using data from the Stellar content MAss and
Kinematics of Cluster Early-type Dwarf galaxies (SMAKCED, Janz et al., 2014) spectroscopic and
photometric survey. The stellar masses of the low-mass early-type galaxies from SMAKCED were
derived in a similar way to Guérou et al. (2015) and comprise the range 108 < M? < 1010 and
−19 < Mr < −16. Unlike Guérou et al. (2015), Toloba et al. (2014) used Lick indices in the LIS-
5 Å system (in particular Hβ, HγA, Fe4668, and Mgb; Vazdekis et al., 2010) to determine ages and
metallicities.

After running the LOESS approach in the stellar mass–size plane for the stellar populations of the
8+39 low-mass early-type galaxies, Guérou et al. (2015) obtained that, for galaxies below M? < 1010,
more compact early-type galaxies are older and more metal-rich than the less compact galaxies at the
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same stellar mass range. Again, despite the very local Universe (Virgo) is not accounted in this thesis,
this agrees with our results at 0.1 < z < 0.3 and M? < 1010.

• From 260 early-type galaxies in the mass range 6×109 < M? < 1012 at the nearby Universe, McDer-
mid et al. (2015) studied the distribution of their stellar population parameters on the stellar mass–size
plane. These early-type galaxies were obtained from the ATLAS3D survey (Cappellari et al., 2011) us-
ing the SAURON spectrograph (Bacon et al., 2001) on the 4.2 m William Herschel Telescope (WHT).
They determined ages, metallicities and [α/Fe] by a multiple fitting of the indices Hβ, Fe5015, and
Mgb to a customized version of the Schiavon (2007) SSP models. Moreover, mass-weighted ages and
metallicities were estimated for this sample of early-type galaxies fitting the spectrum using the penal-
ized pixel fitting code (pPXF, Cappellari & Emsellem, 2004) and MIUSCAT SSP models (Vazdekis
et al., 2012) with solar [α/Fe].

After applying the LOESS algorithm with a regularization factor of f = 0.6, they obtained similar con-
clusions on the stellar mass–size plane for index based ages and metallicities, and the mass-weighted
ones: more compact galaxies present both older ages and higher metallicities. This result agrees with
our predictions of quiescent galaxies at 0.1 < z < 0.3 and log10 M? > 10. Notice that whilst our
sample was built using the intrinsic colours of galaxies as spectral discriminator, the sample of Mc-
Dermid et al. (2015) was morphologically selected and preserves the same correlations with size that
we obtained, in part owing to early-type galaxies frequently present red colours.

• In the recent work by Fagioli et al. (2016), the ages of compact and extended quiescent galaxies
are also confronted. Making use of spectra from the 20k zCOSMOS-bright spectroscopic survey,
authors selected quiescent galaxies at 0.2 ≤ z ≤ 0.8 and stellar masses log10 M? ≥ 10.5 in order
to discern the existence (or not) of a size-age correlation. The selection of the quiescent sample
differs from the ones based on colour-colour or colour-magnitude diagrams, taking only those galaxies
that do not present any emission in Hα, Hβ, and [O II]. In addition, the sample is biased to all the
quiescent galaxies with redshift confidence Classes 3 and 4. Stellar masses were derived with the
code ZEBRA+ (Oesch et al., 2010) using BC03 SSP models with declining SFRs, a broad range
of stellar population parameters and Chabrier (2003) IMF. Sizes were defined from the semimajor
axis, or half-light radius, provided by the extended version of Zurich estimator of structural types
plus (ZEST+, Scarlata et al., 2007) in the HST/ACS F814W images. All the spectra fulfilling the
above criteria were stacked in bins of equal-sized redshift (∆z = 0.2, 0.2 ≤ z ≤ 0.8) and stellar
mass (∆ log10 M? = 0.5, 10.5 ≤ log10 M? ≤ 11.5) bins, and corrected of residual nebular emissions
(Balmer lines, [O II], and [O III]) and galactic extinction through Schlegel et al. (1998) dust maps.
The ages of each stacked spectrum were estimated by two methods: (i) via spectral fitting of the rest-
frame range λλ 4 100–4 700 Å using pPXF and BC03 SSP models with fixed solar metallicity ([O II]
and [O III] were masked out) and Salpeter (1955) IMF; (ii) making a multiple fitting of a redshift
variable set of Lick indices (details of the indices used at each redshift in Fagioli et al., 2016) to
the index predictions of Thomas et al. (2011, including variable α-abundances) SSP models, with
Salpeter (1955) IMF and fixing metallicities to the averaged ones obtained by Gallazzi et al. (2005)
for the global stellar mass-metallicity relation in the local Universe.

The age predictions in this work agree in that more compact galaxies at 10.5 ≤ log10 M? ≤ 11.0 are
older than their larger counterparts, in agreement with our results. However, for the stellar mass range
11.0 ≤ log10 M? ≤ 11.5, the authors did not find a clear correlation between the size and the age
of quiescent galaxies, which is at odds with our outcomes in Sect. 5.3.1 and the ones by McDermid
et al. (2015). This discrepancy with our results may come for various aspects: (i) the selection of
quiescent galaxies is different than ours, as galaxies with little emission lines are rejected even if the
star formation is not significant for the galaxy, which can bias the more extended sources that present
younger ages; (ii) stellar masses are computed for a very broad range of models including various
SFH and metallicities, which may diverge from the stellar masses derived from the stellar population



186 CHAPTER 5. Stellar populations of quiescent galaxies on the stellar mass–size plane

predictions of both SED-fitting and Lick indices, in fact, the IMF plays an important role in the
determination of stellar mass (e. g. Ferré-Mateu et al., 2013) and this is different for age estimations;
(iii) for full spectrum SED-fitting Fagioli et al. (2016) constrained metallicities to solar values, which
modifies the age estimations as illustrated in Sects. E.1 and E.2; (iv) metallicity values were fixed
to the metallicity values in the local Universe (Gallazzi et al., 2005) where any distinction between
quiescent and star-forming galaxy was not done (and also affected by SDSS aperture effects), and at
the same time, we detected systematic differences between the metallicity of more compact and most
extended quiescent galaxies (also obtained in Trujillo et al., 2009; McDermid et al., 2015); v) the
bias introduced for selecting only galaxies with confidence Classes 3 and 4 was not treated, which can
partly removes oldest (compact) galaxies at a fixed stellar mass compromising the completeness of the
sample. Consequently, the confirmation of the no presence of a size-age correlation in the mass range
11.0 ≤ log10 M? ≤ 11.5 may be the result of all these assumptions, as the age-metallicity degeneracy
can modify the age estimations of these galaxies and their stellar masses. Indeed, the authors reported
that without fixing metallicities the age and metallicity predictions are largely uncertainty. Despite
these assumptions, for 10.5 ≤ log10 M? ≤ 11.0, their results agree with previous studies and ours.

• As part of the spectroscopic VIPERS redshift survey (resolving power R = 220, spectral range
λλ 5 500–9 500 Å), Gargiulo et al. (2016) extracted a sample of more than 2 000 quiescent galaxies
with stellar masses log10 M? > 11 at 0.5 ≤ z ≤ 1.0. Quiescent galaxies were extracted by the colour-
colour diagram NUV−r versus r − K, with a redshift quality flag in the range 2 ≤ zflag ≤ 9.5. Stellar
masses were derived from photometry and HYPERZ code using BC03 τ-models with sub-solar and
solar metallicities and Chabrier (2003) IMF. Structural parameters (effective radius and Sérsic index)
were estimated using GALFIT and the r (at z > 0.8) and i (at z < 0.8) bands of the CHFTLS-Wide
ground-based images, to subsequently divide the sample in three size bins through the stellar mass
density (Σ = M?/2πR2

e ; compact sources Σ ≥ 2 000 M� pc−2 and extended Σ ≤ 1 000 M� pc−2).
Four sources of incompleteness were taking into account (target sampling rate, success sampling rate,
colour sampling rate, and reliable size rate) for retrieving ages and number densities. Stellar popula-
tion ages of quiescent galaxies were estimated individually using both photometric SED-fitting and
the Dn4000 index.

Gargiulo et al. (2016) obtained that compact quiescent galaxies are older and they evolve passively.
On the other hand, extended quiescent galaxies are younger in comparison with their compact coun-
terparts and their evolution since z = 0.8 up to z = 0.5 is not compatible with a passive evolution
in agreement wit our results. In addition, Gargiulo et al. (2016) obtained that the number density of
compact quiescent galaxies does not suffer a large evolution in number, unlike the extended ones that
increase in number with cosmic time a factor ∼ 4 from z = 0.8 to z = 0.5, which is substantially larger
than ours.

• The recent work by Williams et al. (2016) presents spectroscopic ages derived from galaxies in
the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS, Koekemoer
et al., 2011; Grogin et al., 2011). The sample was defined according to the selection performed
by Cassata et al. (2011, quiescent galaxies with stellar masses M? > 1011, sS FR < 10−2 Gyr−1,
and at z > 1), where SFRs and stellar masses were determined via SED-fitting using SpeedyMC
software (Acquaviva et al., 2011) and CANDELS multi-wavelength photometry. Circularized half-
light radius were derived with GALFIT (Peng et al., 2002) and HST/WFC3 F160W H-band imaging
from CANDELS images (presented in van der Wel et al., 2012). Amongst these galaxies, there are
61 quiescent galaxies with publicly available spectra from Very Large Telescope (VLT) as part of
the GOODS program (FORS2 and VIMOS spectrographs), that are used to derive stellar population
ages. There are 22 compact quiescent galaxies (defined as those with stellar mass surface densities
Σ & 3× 109 M� kpc−2) and 33 classified as normal size (Σ < 3× 109 M� kpc−2) with average redshift
1.22 and 1.13 respectively. Differences between ages of compact and normal sizes were derived



5.5. Summary and conclusions 187

comparing age-sensitive features HδA and Dn4000 of the stacked spectra of compact and normal
sizes.

The results by Williams et al. (2016) show that both age estimators predict that compact quiescent
galaxies are older than the less compact ones. For HδA the age difference is ∼ 2.5 Gyr, whereas for
Dn4000 is milder, ∼ 0.3 Gyr. This result supports ours, in which the difference in age between the
more compact quiescent galaxies and the typical ones is 1–1.5 Gyr. An additional age diagnostic was
performed using pPXF with the stacked spectra (in part for avoiding overestimations in HδA due to
CH and CN absorptions) in the range λλ 3 500–4 800 Å using Vazdekis et al. (2010) SSP models
(Salpeter-like IMF), reaching the same conclusion: more compact quiescent galaxies are older than
the more extended ones, which reinforces our conclusions.

In addition, authors examined [O II] emissions, confirming that the presence of these emissions are
more frequent in extended quiescent galaxies, but they were not able to disentangle whether these
emissions come from the presence of AGN or from remnants of star formation. The latter would
support our results on the size-SFR correlation in which more extended galaxies present larger SFR
values than their compact counterparts.

To conclude, there is a general good agreement in that more compact quiescent/spheroidal/red galaxies
present differences in their stellar populations. Ages were more extensively studied, reaching a common
conclusion: more extended quiescent galaxies contain younger stellar populations at the same stellar mass
regime (Shankar & Bernardi, 2009; Belli et al., 2015; McDermid et al., 2015; Guérou et al., 2015; Williams
et al., 2016; Fagioli et al., 2016; Gargiulo et al., 2016), and this correlation is well observed beyond the local
Universe. In addition, some authors also observed that more compact galaxies are also more metal-rich
(Trujillo et al., 2009; McDermid et al., 2015) all in agreement with our SED-fitting results, although their
results are spectroscopically constrained to the local Universe and our photometric analysis largely extends
this insight up to z ∼ 1.

5.5 Summary and conclusions

After selecting all the quiescent galaxies from ALHAMBRA with reliable sizes (circularized effective ra-
dius) in HST fields, we obtain a subsample of more than 800 of galaxies with stellar population parameters.
We use this subsample for discerning whether there are correlations between the stellar content of quiescent
galaxies and their sizes at fixed stellar mass. We find out evidences for strong correlations between the size
and the age, metallicity, and SFR/sSFR of quiescent galaxies, although there are also hints pointing out that
there exists a slight correlation also with extinction. This outcome does not depend of the SSP model used,
and it is obtained for three SSP model predictions: BC03, EMILES with BaSTI isochrones, and EMILES
with Padova00 isochrones. Our results reveal remarkable insights:

• There is a tight correlation between the size of a quiescent galaxy and its age. A generalised trend
in which more compact quiescent galaxies are older than their more extended counterparts. The
difference in age is established around 2–3 Gyr for stellar masses log10 M? > 9.6 and up to z ∼ 0.9,
where the average size-age correlation is 〈m̄s,AgeM〉 ∼ −1.9 (see Eq. 5.2).

• Compact quiescent galaxies are systematically more metal rich than the less dense ones at the same
stellar mass. The larger metallicity differences between compact and extended quiescent galaxies is
0.2 dex at least since z = 0.9, where the correlation size-metallicity is 〈m̄s,[M/H]M〉 ∼ −0.07 in average.

• There are hints for extended quiescent galaxies presenting slight larger extinctions of < 0.1 indepen-
dently of their stellar mass range and redshift, 〈m̄s,AV 〉 ∼ 0.03.

• The more compact the quiescent galaxy, the lower its SFR (〈m̄s,log10 SFR〉 ∼ 0.3) and sSFR (〈m̄s,log10 sSFR〉 ∼
0.16), where the difference between the values of the compact and the extended ones is below 0.5 dex
in both cases. This trend is observed for all the stellar masses present in our sample since z = 0.9.



188 CHAPTER 5. Stellar populations of quiescent galaxies on the stellar mass–size plane

Finally, we have compared our results with previous spectroscopic work that partially deal with this
topic, mostly focused on probing potential age differences between compact and extended galaxies (Shankar
& Bernardi, 2009; Trujillo et al., 2009; Belli et al., 2015; McDermid et al., 2015; Guérou et al., 2015;
Williams et al., 2016; Fagioli et al., 2016; Gargiulo et al., 2016). Overall there is a very good agreement
regarding such age effects. Interestingly, our results greatly extend some of the conclusions obtained in the
nearby Universe: more compact quiescent galaxies are more metal-rich than their extended counterparts
(Trujillo et al., 2009; McDermid et al., 2015), but this fact is also observed for the first time since z ∼ 1 in
this thesis thanks to the ALHAMBRA. In addition, correlations between size-extinction and -SFR/sSFR are
explored, which constitute a complement for future studies.

In view of these results, the "puffing-up" scenario can be discarded as a responsible mechanism of the
growth in size of galaxies (in good agreement with the pioneering work by Trujillo et al., 2011, which
gave strong evidence against the "puffing-up" mechanism of gas expulsion), because this one would imply
that compact galaxies were younger than their more extended counterparts. However, the "progenitor" bias
agrees with the results obtained in this research, as well as mergers. Both the "progenitor" bias and mergers
homogeneously acting along the stellar mass–size plane can explain the growth in size of quiescent galaxies
since z ∼ 1. In fact, a combination of both mechanisms is also likely after studying their effects on the
massive sample (Chapter 4). Actually, there is a non-negligible contribution in number through mergers of
less massive systems, which also increases the size of the host galaxies. A more extensive discussion of this
topic is carried out in Chapter 7.



6
The merger history of massive spheroids since z ∼ 1

Go to Heaven for the climate, Hell for the company.

Mark Twain

This chapter has been published as
Díaz-García et al. 2013, MNRAS, 433, 60D

Introducción al artículo

En este artículo pretendemos discernir si existen correlaciones entre los tamaños de las galaxias y la presen-
cia o no de galaxias compañeras (también conocidas como galaxias satélite). Estos resultados son utilizados
para investigar el papel de las fusiones de galaxias o "mergers" en el crecimiento en tamaño que experi-
mentan las galaxias esferoidales o elípticas desde z ∼ 1. En el caso en el que las galaxias más compactas
presentasen una mayor presencia de galaxias compañero podría ser interpretado como un indicio de que el
crecimiento en tamaño es conducido principalmente por mergers. Así, las galaxias más extensas ya habrían
incrementado su tamaño mediante la acrección de las galaxias compañeros mostrando un deficit de galaxias
compañero respecto a las galaxias compactas.

Para llevarlo a cabo, usamos una recopilación de 379 galaxias esferoidales masivas (masa estelar M? &
1011 M�) procedentes del cartografiado infrarojo de Palomar/DEEP2, e investigamos si la presencia de com-
pañeros o galaxias satélite depende del tamaño de la galaxia central. Este estudio se realiza desde despla-
zamiento al rojo z ∼ 1 hasta el Universo local. Exploramos la presencia de compañeros para fracciones en
masa hasta órdenes 1:10 y 1:100 respecto a la galaxia central y dentro de distancias proyectadas de 30, 50 y
100 kpc. Encontramos evidencias de que la presencia de compañeros entorno a esferoides masivos es inde-
pendiente de si éstos son compactos o extensos. Esto sugiere que, al menos hasta z ∼ 1, la tasa de fusiones
de galaxias en estos objetos es bastante homogénea a lo largo de toda la población masiva, y su historia de
fusiones no está correlacionada con el tamaño de la galaxia central. Este resultado podría indicar que, tanto
los esferoides masivos compactos como los extensos, están afectados de igual manera por los mergers, y el
crecimiento a través de este mecanismo afectaría por igual a las galaxias masivas, independientemente de
su tamaño.

Además, este estudio da pie a que los mergers no pueden ser descartados por completo de los meca-
nismos propuestos para el crecimiento en tamaño de las galaxias de tipos tempranos. Hoy en día se está
explorando otras alternativas como el "progenitor" bias para explicar dicho crecimiento (e. g. Valentinuzzi
et al., 2010; Carollo et al., 2013; Belli et al., 2015), aunque ciertos autores han medido su contribución y es
necesario más mecanismos para explicarlo por completo (Belli et al., 2015). Por otro lado, existen muchos
estudios al respecto que apuntan a que existe una correlación entre el tamaño y el contenido estellar de las
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galaxias rojas (mayormente estudios relacionados con la edad, e. g. Shankar & Bernardi, 2009; Trujillo et al.,
2009; Belli et al., 2015; McDermid et al., 2015; Guérou et al., 2015; Williams et al., 2016; Fagioli et al.,
2016; Gargiulo et al., 2016), siendo un indicativo de que el "progenitor" bias debe ser incluído entre los
mecanismos responsables. Una combinación de ambos efectos sería crucial para explicar las correlaciones
entre las poblaciones y el tamaño, ya que ambos efectos superpuestos serían más eficientes a la hora de ex-
plicar el aumento en el tamaño promedio de estas galaxias, manteniendo al mismo tiempo la coherencia con
los resultados obtenidos en el Capítulo 5. En una línea paralela propuesta por otros autores (e. g. Gargiulo
et al., 2016), la densidad numérica de los objetos compactos es otro parámetro a tener muy en cuenta para
estudios futuros, ya que una densidad numérica constante de galaxias quiescentes compactas implicaría que
estos objetos no han sufrido grandes modificaciones en tamaño y el "progenitor" bias tendría un mayor peso.
Sin embargo, está muy lejos de estar clara esta situación, ya que existen numerosos estudios que defienden
desde que la densidad de estos objetos decrece significativamente desde z ∼ 2 (Valentinuzzi et al., 2010;
Cassata et al., 2013; Poggianti et al., 2013; Quilis & Trujillo, 2013; Trujillo et al., 2014; van der Wel et al.,
2014), hasta que prácticamente se mantiene constante (Saracco et al., 2010; Damjanov et al., 2014, 2015;
Gargiulo et al., 2016).

Así mismo, este resultado será utilizado para extender el modelo fenomenológico desarrollado en el
Capítulo 4 (ver también Sec. 9.4), tras descartar la hipótesis inicial de que las galaxias más compactas
prodrían tener una mayor presencia de satélites o compañeros.
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The merger history of massive spheroids since z ∼ 1 is size independent

Díaz-García et al. 2013, MNRAS, 433, 60D

ABSTRACT: Using a compilation of 379 massive (stellar mass M? & 1011 M�) spheroid-like galaxies
from the near-infrared Palomar/DEEP2 survey, we investigated, up to z ∼ 1, whether the presence of
companions depends on the size of the host galaxy. We explored the presence of companions for mass
ratios with respect to the central massive galaxy down to 1:10 and 1:100, and within projected distances
of 30, 50 and 100 kpc of these objects. We found evidence that these companions are equally distributed
around both compact and extended massive spheroid-like galaxies. This suggests that, at least since
z ∼ 1, the merger activity in these objects is nearly homogeneous across the whole population and that
the merger history is not affected by the size of the host galaxy. Our results could indicate that compact
and extended massive spheroid-like galaxies are increasing in size at the same rate.

6.1 Introduction

For a given stellar mass, the size of low-redshift massive early-type galaxies (stellar mass M & 1011 M�)
is found to be a factor of two larger than that of their counterparts at z ∼ 1 (e. g., Trujillo et al., 2004;
McIntosh et al., 2005; Trujillo et al., 2006b, 2007; Buitrago et al., 2008; Newman et al., 2012). In addition,
the number density of such compact massive galaxies has decreased since that redshift (Cassata et al., 2011),
with compact galaxies being extremely rare in the local Universe (Trujillo et al., 2009; Taylor et al., 2010)
and having young ages (1 − 2 Gyr, Trujillo et al. 2009, 2012; Ferré-Mateu et al. 2012), meaning that they
cannot be the relics of compact high-redshift galaxies. How have compact massive galaxies evolved in size
to occupy the present-day distribution? Now that it has been shown that major merging cannot be the only
mechanism responsible for making galaxies increase in size since that epoch (e. g. López-Sanjuan et al.,
2012), two alternative ideas have been suggested: the puffing-up model (Fan et al., 2008, 2010; Damjanov
et al., 2009) and the minor merging scenario (Naab et al., 2009; Hopkins et al., 2009b; Quilis & Trujillo,
2012).

In the puffing-up model, galaxies increase in size through the removal of enormous quantities of gas by
means of active galactic nuclei (AGN) or supernova explosions during the early stages of the formation of
spheroidal galaxies. Based on the analysis of stellar populations of local and high-redshift spheroidal galax-
ies, Trujillo et al. (2011) concluded that the evolution in size is independent of stellar age. This has been
one of the main arguments against the puffing-up scenario. In the minor merging model, the size evolution
observed in the massive spheroid-like galaxy population is caused mainly by the continuous bombardment
of smaller pieces onto the main objects. Recent studies have tried to quantify the impact of the observed
merger rates on the increase in size of massive galaxies (López-Sanjuan et al., 2012; Newman et al., 2012;
Bluck et al., 2012). These studies focus on the evolution of the average size–mass relation. To progress
these studies further, not only the average, but also the intrinsic dispersion of the size–mass relation should
be examined with respect to the observed merger histories. Observations find a nearly constant, even de-
creasing, dispersion since z ∼ 1.5 (Trujillo et al., 2007; Cassata et al., 2011; Newman et al., 2012), while
cosmological simulations suggest that merging tends to increase the dispersion of the size–mass relation
with cosmic time (e. g. Nipoti et al., 2012). A fundamental ingredient in such comparisons of models versus
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observation is the variation of the merger rate with size at a given stellar mass; for example, if compact
galaxies have higher merger activity, they will evolve faster across the size–mass relation. In this paper we
explore whether merging occurs for all galaxies of a given stellar mass with the same probability, or whether
it is more frequent for galaxies with smaller sizes, which are quite rare in the local Universe compared with
compact ones at higher redshifts. Answering this question is crucial to understanding how the local stellar
mass–size relation developed.

As a proxy for measuring the minor merging activity in massive spheroidal galaxies since z ∼ 1 we study
the frequency of companions around massive galaxies since that epoch. We assume that these companions
will eventually be accreted onto the main galaxy. In particular, we study whether the companions are
preferentially located around galaxies with a specific size in the size–mass relation or whether they are
homogeneously distributed among the galaxy population independently of their stellar mass and size. We
focused our analysis on redshifts up to z ∼ 1. This is approximately the redshift at which our data, presented
in Mármol-Queraltó et al. (2012, hereafter MQ12), allow us to explore with completeness the presence of
companions around our sample of massive (stellar mass M & 1011M�) galaxies, for stellar mass ratios
between the central massive galaxy (Mcentral) and its companion (Mcom) down to 0.01 < Mcom/Mcentral < 1
(1:100).

This paper is organized as follows. In Section 6.2 we present the two samples used in this work: the
sample of central massive spheroid-like galaxies, with a brief description of the Palomar/DEEP2 survey; and
the sample of companions, from the Rainbow Database, around them. We explain the companion detection
process in Section 6.3. We present the analysis of the data in Section 6.4, together with the contamination
corrections arising from uncertainties in the photometric redshifts. Finally, in Section 6.5, we present the
conclusions of our findings and a brief summary.

In this paper we adopt a standard ΛCDM cosmology, with ΩM = 0.3, ΩΛ = 0.7, H0 = 100h
km s−1 Mpc−1 and h = 0.7.

6.2 The data

To study whether the size of the massive spheroid-like galaxies is relevant for their merger history, we use
a complete, mass-selected, large catalogue of massive galaxies. We explore which of these objects have
companions that would be able to merge with the central massive galaxy. Thus, our analysis is based on
two data sets: a catalogue with central massive spheroid-like galaxies and another sample containing their
companion galaxies.

As the reference catalogue for the central massive spheroid-like galaxies we used the compilation of
Trujillo et al. (2007, hereafter T07). The Ks-band imaging from the Palomar Observatory Wide-field Infrared
(POWIR)/DEEP2 survey (Davis et al., 2003; Bundy et al., 2006; Conselice et al., 2007) was used to define
a sample of 831 massive galaxies (stellar mass M > 1011M�) up to z = 2 located over ∼710 arcmin2 in the
Extended Groth Strip (EGS). In addition, these objects were imaged with the Advanced Camera for Surveys
(ACS) from the Hubble Space Telescope (HST) in the F606W and F814W bands, with the CFH12K camera
from the Canada–France–Hawaii Telescope in the B, R and I bands, and with the Palomar 5-m telescope in
the J and Ks bands. T07 present massive galaxies with spectroscopic redshifts that have been supplemented
with photometric redshifts with an accuracy of ∆z/(1 + z) ∼ 0.07. Stellar masses were estimated using a
Chabrier (2003) initial mass function. T07 estimated the circularized half-light radius (re) and Sérsic indices
n (Sersic, 1968) for all galaxies in the central sample. The criterion used to identify the massive spheroid-
like objects is based on the Sérsic indices. The Sérsic index can be used to make a reliable morphological
classification of galaxies, as it measures the shape of the surface brightness profile (Andredakis et al., 1995).
In order to obtain a reliable sample of bulge-dominated galaxies and to exclude late-type galaxies with a
bright nucleus, we selected the galaxies that have S érsic indices larger than 2.5 (see fig. 1 in Ravindranath
et al. 2004).

To compile the sample of companion galaxies around our massive spheroid-like objects we used the
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Figure 6.1: Size–mass relation of spheroid-like galaxies in various redshift bins. The different panels show
the distribution of paired (yellow crosses) and isolated (blue dots) galaxies down to mass ratios of 1:10
(upper panels) and 1:100 (lower panels), in all cases within a projected distance of 100 kpc. The black
line represents the local size–mass relation (Shen et al., 2003) for spheroid-like galaxies. For every redshift
bin, the dashed yellow and blue lines show the best fits to the distribution of paired and isolated galaxies,
respectively (see Section 6.4 for more details).

EGS IRAC-selected galaxy sample from the Rainbow Cosmological Database 1 published by Barro et al.
(2011a, see also Pérez-González et al. 2008). This database provides spectral energy distributions (SEDs)
ranging from the UV to the MIR, plus well-calibrated and reliable photometric redshifts and stellar masses
(Barro et al., 2011b). In general, the companions sampled have photometric redshifts from the Rainbow
Database. We refer to this resulting sample as the Rainbow catalogue.

In order to build a sample of central massive galaxies with the best estimates of redshifts and stellar
masses we followed the same criterion as in MQ12: if a given central galaxy has a spectroscopic redshift
in the Rainbow catalogue, both the redshift and the stellar mass are taken from this catalogue. Otherwise,
spectroscopic redshifts and stellar masses are taken from T07. If the central galaxy has no spectroscopic
redshift in either of the two above data sets, we take the Rainbow photometric redshift as long as it is
in agreement with the photometric redshift of T07. More precisely, we impose that the condition that
the difference between the photometric redshifts in the two catalogues has to be smaller than 0.070 at
0.0 < z < 0.5, than 0.061 at 0.5 < z < 1.0, and than 0.083 at z > 1.0. When a larger difference is found, the
central galaxy is rejected for this study.

To ensure that the fraction of galaxies with companions along our explored redshift range is not biased
by the stellar mass completeness limit of the Rainbow catalogue, we keep in the central sample only those
galaxies that are at least 10 (100) times more massive than the stellar mass limit of the companion sample at
each redshift. The stellar mass limit (75 % complete) of the Rainbow catalogueat each redshift is provided
in Pérez-González et al. (2008) and ranges from M & 108.5M� at z ∼ 0.2 to M & 1010M� at z ∼ 1.2 (see
fig. 4 in Pérez-González et al. 2008). These stellar mass limits correspond to the stellar mass of a passively

1https://rainbowx.fis.ucm.es/Rainbow_Database/

https://rainbowx.fis.ucm.es/Rainbow_Database/
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Figure 6.2: As Fig. 6.1, but using a search radius of 50 kpc for the companion detection process (see
Section 6.3).
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Figure 6.3: As Fig. 6.1, but using a search radius of 30 kpc for the companion detection process (see
Section 6.3).



6.3. Detection of companions 195

evolving galaxy formed in a single instantaneous burst of star formation that occurred at z ∼ ∞ and having
a 3.6-µm flux equal to the 75 % completeness level in the IRAC galaxy sample ([3.6]∼ 24.75 mAB). In
the redshift range 0 < z < 1.4 we can probe companions with a mass fraction compared with their central
objects (stellar mass M & 1011M�) down to 1 : 10. There are finally 379 massive spheroid-like galaxies
that meet all the above criteria, out of which 239 have spectroscopic redshifts and 140 have photometric
redshifts. In the redshift range 0 < z < 1.1 we are able to explore the presence of companions down to a
mass ratio of 1:100. The number of massive spheroid-like galaxies for which this study can be conducted is
145 (107 with spectroscopic redshifts and 38 with photometric redshifts).

6.3 Detection of companions

The process and criteria used to search for companions around massive spheroid-like galaxies is based
on MQ12. A galaxy from the Rainbow catalogue is considered as a potential companion if the redshift
difference between the object and the central host is less than the 1σ uncertainty, within a projected radial
distance Rsearch around the central object. Usual values of Rsearch in the literature range from 30 to 150 kpc in
our reference cosmology (h = 0.7, e. g. Patton et al., 2000; Bell et al., 2006; Mármol-Queraltó et al., 2012;
Bluck et al., 2012). With these Rsearch values, the selected pairs will merge on a relatively short time-scale
(t . 2.5 Gyr, Lotz et al., 2010b). In the following we explore three search radii, namely Rsearch = 30, 50 and
100 kpc. Larger search radii increase the background contamination, and the results become very uncertain.
Finally, we consider only those companion objects within a mass range of 0.1 < Mcom/Mcentral < 1 if we
explore our sample up to z = 1.4, and those within 0.01 < Mcom/Mcentral < 1 if the analysis is constrained
to massive galaxies with z < 1.1. Hereafter, we refer to massive spheroid-like galaxies with companions
as paired galaxies, and to massive spheroid-like galaxies without companions as isolated galaxies. These
concepts are defined specifically for this work, so the definitions may differ from those of other publications.

It is clear that the main source of contamination in this sort of study comes from the uncertainties in
the photometric redshifts. Owing to the background/foreground contamination, there exists a fraction of
fake paired galaxies with this method of companion detection (see Section 6.4.1.1). In addition, there also
exists a fraction of fake isolated galaxies, given that the redshift difference between the host galaxy and the
potential candidate is set to be within a 1σ uncertainty (see Section 6.4.1.2). Note that these two effects
can be constrained and corrected only by statistical methods. Because the study in this paper is performed
over individual galaxies and it is not possible to state whether the companion of a particular massive central
galaxy is real or a contaminant, we devote Section 6.4.1.3 to probing in detail the impact of these two effects
on our results, as well as to accounting for them statistically by means of Monte Carlo simulations.

6.4 Analysis of the data

The main goal of the present work is to address whether the presence of companions, with mass ratios down
to 1:10 and 1:100, depends on the size of massive spheroid-like galaxies. We split our sample in different
redshift bins to analyse the cosmic time evolution of this dependence. In Figs. 6.1, 6.2, and 6.3 we show the
size–mass relation of our sample of central massive spheroidal-like galaxies at different redshift bins and
search radii Rsearch = 30, 50, and 100 kpc; according to the criteria described in Section 6.3. A quick look to
these plots suggests that the paired galaxies are distributed homogeneously through the size–mass relation
at all redshifts, independently of whether we explore the existence of companions in the 1:10 or in the 1:100
mass ratio range. We will now quantify this in more detail.

Shen et al. (2003) parametrized the size–mass relation of spheroid-like galaxies in the local Universe
from the Sloan Digital Sky Survey (SDSS, Stoughton et al., 2002) with a power-law function,

re (kpc) = b
(

M
M�

)a

, (6.1)
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Figure 6.4: The ratio of the b-parameters of the size–mass relation (Eq. 6.1) for paired and isolated massive
central galaxies in various redshift bins for two mass ratios (1:10, black diamonds; 1:100, pink squares).
The figure shows the case of a search radius of 50 kpc. A ratio close to 1 implies that the average sizes of
paired and isolated massive galaxies are the same.

finding a = 0.56 and b = 2.88 × 10−6 kpc. Interestingly, some recent studies (e. g. Damjanov et al., 2011;
McLure et al., 2013) have found that the size–mass relation for spheroid-like galaxies with stellar masses
M & 1010.5 M� does not change its slope, at least up to z ∼ 1.5, and that this slope is compatible with that
obtained by Shen et al. (2003) in the local Universe. For this reason, in what follows we will assume that a
is independent of redshift. To quantify whether there exists a differences between the size distributions of
paired and isolated galaxies in our sample, we fit the distributions in Figs. 6.1, 6.2, and 6.3 using Eq. (6.1).
Error-weighted least-squares linear fittings were performed for the two galaxy samples in each redshift bin.
We keep the power-law index a fixed to the value obtained by Shen et al. (2003) throughout the fitting
process, while b is left as a free parameter. To determine the best fit, we assumed that the accuracy of
the half-light radius is σre/re ∼ 0.2 and constant for our galaxy sample (see Trujillo et al., 2007). In
Figs. 6.1, 6.2, and 6.3 the yellow and blue dashed lines show the results of the fittings for the distributions
of paired and isolated galaxies, respectively, and the black line is the local size–mass relation obtained by
Shen et al. (2003) in the local Universe for early-type galaxies. In Table 6.1 we provide the best-fitting b-
values together with their errors (confidence level of 68.3 %) for the distribution of paired (bpair) and isolated
(biso) galaxies. The ratio between the b-parameters of both populations is consistent with unity within the
errors for every search radius and mass ratio, which implies that there is no significant shift between the two
distributions.

To confirm the above result we performed Kolmogorov–Smirnov (KS) and t-Student (TS) tests for the
distributions of paired and isolated galaxies in the size–mass plane. To do that, we performed the fitting
of Eq. (6.1) to the whole central galaxy sample (see the global parameters in Table 6.1) for every redshift
and mass range, and studied the distances to this relation for the paired and isolated galaxy populations. In
Table 6.2 we show the Kolmogorov–Smirnov and t-Student estimators obtained for our sample of central
massive galaxies, denoted EKS and ETS respectively, as well as their limiting values for confidence levels of
95 % of the two distributions, taking into account the degrees of freedom of each subsample. In all cases
the estimators are smaller than the limiting values, and consequently we infer that the two distributions are
statistically indistinguishable at the 95 % confidence level. This implies that the size–mass distributions of
paired and isolated galaxies are not statistically different.
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Figure 6.5: Histograms of the distances of paired (yellow) and isolated (blue) galaxies to the size–mass
relation (Eq. 6.1) for the whole central galaxy sample, using a search radius of 50 kpc and mass ratios of
1:10 (upper panels) and 1:100 (lower panels). Dashed yellow and blue lines show the mean values of the
paired and isolated distributions, respectively. The shadow area is the difference between the means of two
distributions for a confidence level of 95 % per cent with the same degrees of freedom for a t-Student (TS)
test. In all cases, the means of the two populations are statistically the same.

The most representative search radius for this study is 50 kpc, as both the background/foreground con-
tamination and the detection contamination are fairly low (∼ 10 % cent in both cases), and the number
of paired galaxies ensures good statistics. For a search radius of 50 kpc, Fig. 6.4 illustrates that the ratio
between the b-parameters of both populations (paired and isolated galaxies) is consistent with unity within
the errors, implying that there is no significant shift between the two distributions. Figure 6.5 gives the
histograms of the distances of paired (yellow) and isolated (blue) galaxies to the fitting of the size–mass
relation (Eq. 6.1) of the whole central galaxy sample for a search radius of 50 kpc. Dashed yellow and blue
lines show the mean values of the paired and isolated distributions, respectively. For a TS test, the shadow
area is the difference between the mean values of the two distributions for a confidence level of 95 % with
the same degrees of freedom. In all cases, the means of the two populations are statistically the same for a
confidence level of 95 % in the TS test. Fig. 6.6 shows the cumulative distribution function (CDF) of the
histograms in Fig. 6.5. The vertical red line is the largest difference between the CDFs of the paired and
isolated galaxies. For a KS test, the shadow area is the difference between the CDFs of the two distributions
for a confidence level of 95 % with the same degrees of freedom. In every panel, the red line is smaller than
the shadow area, so the two distributions (paired and isolated) are statistically the same in the KS test. We
obtained similar results for the search radii Rsearch = 30 and 100 kpc.

6.4.1 Systematic effect analysis

These results were obtained by comparing the distributions of paired and isolated galaxies, but neither the
background/foreground contamination nor the fake isolated galaxy contamination were taken into account,
as we cannot correct for these effects individually. The two effects are studied in Sections 6.4.1.1 and 6.4.1.2,
respectively. Finally, Section 6.4.1.3 is devoted to checking the impact of these contamination sources on
our results.
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Figure 6.6: Cumulative distribution functions (CDFs) of the distances of paired (yellow) and isolated (blue)
galaxies to the size–mass relation (Eq. 6.1) for the whole central galaxy sample, using a search radius
of 50 kpc and mass ratios of 1:10 (upper panels) and 1:100 (lower panels). The red lines illustrate the
largest distance between the CDFs of paired and isolated galaxies. The shadow area is the difference be-
tween the CDFs of two distributions for a confidence level of 95 % with the same degrees of freedom for a
Kolmogorov–Smirnov (KS) test. In all cases, the shifts between the CDFs are statistically compatible.

Table 6.2: Test estimators obtained for the Kolmogorov–Smirnov (KS) and t-Student (TS) tests, denoted by
EKS and ETS respectively. We present the values of the estimators for a confidence level of 95 %, denoted
by EKS(95%) and ETS(95%), taking into account the degrees of freedom of each subsample.

Test estimators

Mass ratio 1 : 10 Mass ratio 1 : 100

Kolmogorov-Smirnov t-Student Kolmogorov-Smirnov t-Student
Redshift EKS EKS(95%) ETS ETS(95%) EKS EKS(95%) ETS ETS(95%)

Rsearch = 30 kpc

0.0 < z < 0.5 0.538 0.720 1.502 2.052 0.342 0.602 0.588 2.052
0.5 < z < 0.8 0.176 0.344 0.715 1.977 0.203 0.372 0.069 1.984
0.8 < z < 1.1 0.204 0.386 0.957 1.977 0.409 0.864 0.359 2.201
1.1 < z < 1.4 0.270 0.712 0.444 1.998

Rsearch = 50 kpc

0.0 < z < 0.5 0.408 0.569 1.284 2.052 0.298 0.538 0.550 2.052
0.5 < z < 0.8 0.189 0.293 1.261 1.977 0.176 0.291 0.649 1.984
0.8 < z < 1.1 0.289 0.308 1.467 1.977 0.300 0.749 0.563 2.201
1.1 < z < 1.4 0.334 0.505 0.458 1.998

Rsearch = 100 kpc

0.0 < z < 0.5 0.448 0.538 1.346 2.052 0.184 0.486 0.045 2.052
0.5 < z < 0.8 0.172 0.235 1.036 1.977 0.228 0.262 1.773 1.984
0.8 < z < 1.1 0.184 0.235 1.632 1.977 0.524 0.675 1.133 2.201
1.1 < z < 1.4 0.235 0.393 0.742 1.998
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6.4.1.1 Background/foreground contamination correction

For the method of companion detection described in Section 6.3, MQ12 showed that there exists an excess
in the number of paired galaxies owing to the photometric redshift uncertainties (background/foreground
contamination). Because we could be considering some galaxies to be companions when they are not really
linked gravitationally to the host galaxy, leading to fake paired galaxies, such redshift uncertainties are the
main source of contamination. Consequently, it is necessary to estimate statistically the background/fore-
ground contamination and to check to what extent our results may be affected.

We followed the statistical process in MQ12 to estimate the background/foreground contamination. This
method consists of placing mock massive galaxies randomly in the volume of the Rainbow catalogue. The
number of mock galaxies in every redshift bin is the same as in our observed sample, and the mock galaxy
parameters are the same as the massive spheroid-like galaxy parameters, for example for redshift and stellar
mass. Once the mock galaxies are situated in the Rainbow catalogue volume, we apply the companion
detection process explained above (including the 1σ uncertainty in the estimation of the redshifts) and
compute the fraction of these mock galaxies having companions, Fpair,mock, around them for search radii
Rsearch = 30, 50 and 100 kpc, for the mass ratios 1:10 and 1:100. To obtain a robust count of the paired mock
galaxies, we repeat this process 100 000 times. We reasonably assume that the average fraction of paired
mock galaxies, Fpair,mock, corresponds to the fraction of galaxies affected by the background/foreground
contamination.

The observed fraction of paired galaxies, Fpair,obs, is the sum of the real fraction of paired galaxies, Fpair,
plus the fraction of isolated galaxies affected by the background/foreground contamination, (1 − Fpair) ×
Fpair,mock. Thus, the true fraction of paired galaxies after statistical correction is

Fpair =
Fpair,obs − Fpair,mock

1 − Fpair,mock
. (6.2)

The fraction of fake paired galaxies as a consequence of our companion detection process is

Cpair =
Fpair,obs − Fpair

Fpair,obs
. (6.3)

The simulation results, shown in Table 6.3, indicate that up to ∼4, 9 and 24 % (∼6, 14 and 26 %) of the
observed paired galaxies in the mass ratio 1:10 (1:100) actually have no companions within a search radius
of 30, 50 and 100 kpc.

6.4.1.2 Fake isolated galaxies due to the 1σ uncertainty condition

In the companion detection process, the candidates were constrained to have a difference in redshift from
the central massive galaxy that is lower than the 1σ uncertainty. Assuming that both the central galaxy and
its companion have photometric redshifts, we expect to miss Fσ ∼ 30 % of the companions in our search.
MQ12 estimated that allowing for a difference of up to 2σ, instead of 1σ, in the search of companions, the
background/foreground contamination effects increase by ∼50 %, whereas the fraction of paired galaxies
changes by less than 30 %, as expected. Thus, the 1σ condition is the optimal one for merger fraction
studies, as shown by MQ12.

Because in the present paper we study individual systems, we have taken into account the fraction of
fake isolated galaxies due to the 1σ condition. We expect that the total fraction of massive spheroid-like
galaxies with a companion, Fpair,T, is

Fpair,T =
Fpair

1 − Fσ
. (6.4)

If Ncentral is the number of massive galaxies, (Fpair,T − Fpair) × Ncentral is the number of fake isolated
galaxies attributable to the 1σ uncertainty condition. The fraction Ciso of observed isolated galaxies that
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truly have a companion is

Ciso =
Fpair,T − Fpair

1 − Fpair,obs
. (6.5)

Because Fσ ∼ 30 %, we estimate that Ciso (see Table 6.3) is lower than 4, 7 and 14 % (7, 14 and 46 %)
for search radii of 30, 50 and 100 kpc for the mass ratio 1:10 (1:100).

6.4.1.3 Reliability of results

Owing to the photometric redshift uncertainties, we must check whether the contamination in the compan-
ion detection can affect our results. Because we cannot correct for the contamination of central galaxies
individually, we adopt a statistical Monte Carlo approach, as a sanity check, to ensure that the background/-
foreground contamination and the 1σ assumption are not compromising our results. First, we randomly
move central paired galaxies from the observed sample to the isolated sample, to reach the expected number
of fake paired galaxies after the contamination correction according to Table 6.3. Second, we randomly
move observed isolated galaxies to the set of paired galaxies, independently of their sizes or masses, until
the expected numbers of fake isolated galaxies presented in Table 6.3 are recovered. Because the errors
in the detection of companions are fully linked to the errors in the determination of the redshifts, we can
reasonably assume that the fake paired and fake isolated galaxies will be randomly located around the size–
mass relation, independently of the mass or size. We then apply KS and TS tests over the new samples of
paired and isolated galaxies. We repeat this process one million times and determine the fraction of cases
for which the two distributions are undistinguishable, according to the above statistical tests.

According to these tests, we obtain that for the vast majority of iterations (& 96 %) the size–mass dis-
tributions of paired and isolated massive central galaxies cannot be statistically distinguished. We therefore
conclude that the potential contaminants described in this section do not compromise the findings of this
work.

6.5 Summary and conclusions

Using a compilation of 379 massive (stellar mass M &1011 M�) spheroid-like galaxies from the near-infrared
(NIR) Palomar/DEEP2 survey, we have demonstrated that, at least since z ∼ 1, there are no significant
differences between the distributions of massive spheroid-like galaxies with (paired) and without (isolated)
companions over the size–mass plane. We found that the probability of finding companions around the host
galaxy is independent of its size at a given mass, as the companions are not located preferentially around the
more compact or extensive massive spheroid-like galaxies. Our finding is independent of the search radius,
the redshift and the mass ratio between the spheroid-like massive central galaxy and its companion.

We explored the size–mass relation for the population of paired and isolated massive spheroid-like
galaxies at various redshifts, keeping its slope constant and equal to that obtained by Shen et al. (2003)
in the local Universe. We analysed the shift between the offsets of the size–mass relation of the paired
and isolated populations, finding that they are compatible within errors in every case. We also performed
two statistical tests, Kolmogorov-Smirnov and t-Student, over both populations to confirm that there are no
significant differences between them. Given the methodology for identifying companions, the uncertainty
in the redshift produces a contamination in the fraction of paired galaxies. This uncertainty is independent
of the host galaxy position over the size–mass plane, and thus we can correct for this effect statistically but
not individually. We checked that this contaminant factor does not affect our findings through a Monte Carlo
approach.

Our results suggest that, at least since z ∼ 1, the merger activity in massive spheroid-like galaxies is
rather homogeneous across the whole population, and their merger history is not affected by the size of the
host galaxy at a given stellar mass. This suggests that it is very likely that compact and extended spheroid-
like massive galaxies are increasing in size at the same rate. Future studies confronting the observed merger
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history of massive galaxies with the evolution of the size–mass relation, regarding both its median and
intrinsic dispersion, will benefit from the observational constraints presented in this work.
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7
Discussion

Venceréis, porque tenéis sobrada fuerza bruta. Pero no convenceréis,
porque para convencer hay que persuadir.

Miguel de Unamuno

This thesis aims at improving our understanding of the evolution of quiescent galaxies since z ∼ 1, with
the ultimate goal of providing a general picture for the formation and evolution of these objects along the
history of the Universe. Making use of data from the ALHAMBRA survey and the SED-fitting code MUF-
FIT, developed as part of this work, this thesis is novel at facing for the first time an extensive, observational
study that comprises the time evolution of the number density of quiescent galaxies, as well as their masses,
stellar populations (ages, metallicities and extinctions) and sizes, to ultimately build up a phenomenological
evolutionary model based on the merger, "frosting" and "progenitor bias" scenarios that tries to reconcile
the observed trends in the above parameters. This chapter is devoted to present a global interpretation of the
evidences found so far in this thesis within the context of galaxy evolution.

Before starting, it is worth noting that the stellar population results presented in this work are unavoid-
ably affected by systematics in the analysis techniques and the model ingredients, as it is the case of any
work in this topic, irrespective of whether it is spectroscopic or photometric. This is in fact the reason why,
in this thesis, different input SSP models for feeding MUFFIT and several assumptions related with the
SFHs involved in the SED-fitting process (see Sects. 3.8 and 3.9) have been considered. At this point, the
systematics introduced by the above constrains translate into stellar populations differences that are larger
than the random uncertainties in the determination of the stellar population parameters of the quiescent
galaxy sample. This, in turn, highlights the statistical power of using large galaxy samples in combination
with the MLE method for deconvolving uncertainty effects and determining the stellar population properties
of galaxies via SED-fitting. Despite of the above systematics, there is a reasonable qualitative agreement in
several results, e. g. the non passive evolution of the quiescent galaxy sample and the slight decrease of the
median metallicity of these galaxies since z ∼ 1.

In addition, the phenomenological model of evolution detailed in Chapter 4 can also be understood
as an independent criterion to assess on the reliability of the retrieved stellar populations. Despite the
phenomenological model itself may be a first order approach to reality, hence introducing some level of
systematics in the final predictions, it is clear that the evolution with redshift of parameters such as the age,
metallicity, stellar mass and the number density of quiescent galaxies should in principle be self-consistent
and reconciled at first order under the merging, "frosting" and progenitor bias scenarios, provided that some
of them are in turn constrained by previous work. In this sense, a major success of this work is the ability to
constrain, for the first time, the role of the above mechanisms altogether into a common evolutive pathway
for quiescent galaxies, in the light of their age and metallicity PDFs, stellar masses and number densities
since z ∼ 1. In particular, the use of the MUFFIT SED-fitting methodology with the EMILES SSP models

205
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on the ALHAMBRA data show quite satisfactory agreements. Overall, and irrespective of the SSP models
employed, there are striking hints to favour that mergers have a remarkable impact on the evolution of the
quiescent galaxy population since z ∼ 1, and that some level of "frosting" is necessary for reproducing the
observations.

7.1 A global view on the evolution of quiescent galaxies since z ∼ 1

The PDFs of mass-weighted ages, metallicities and extinctions of quiescent galaxies since z ∼ 1 constrain
in an unprecedented way the evolution of these objects during the last 8 Gyr. Thanks to the statistical
deconvolution of uncertainty effects (MLE method, details in Appendix D) and to the large and complete
in mass set of quiescent galaxies involved in this thesis (8 547 objects), it has been possible to explore the
evolution of quiescent galaxies as a whole. In particular, the intrinsic dispersions of the PDFs constitute new
observables for constraining how these galaxies have evolved during the last 8 Gyr. In addition, the stellar
population results are complemented with structural parameters of quiescent galaxies, like their effective
radii, to shed light on the mechanisms involved in the increase of the galaxy sizes with time, and hence on
the formation and evolutive pathways of these objects.

This section is devoted to discuss the main results of this thesis within the framework of galaxy formation
and evolution.

7.1.1 New insights for the green valley

Dust corrections play an important role in understanding how quiescent galaxies are distributed inside the
UV J diagram as a function of their parameters: stellar mass, age, metallicity, and extinction. One of the most
important results regarding the study of this diagram is that the green valley is largely populated by dusty
star-forming galaxies (∼ 65 %), and that when the effects of reddening are corrected for in an intrinsic UV J
diagram, the population of galaxies in the "real" green valley is much lower than observed. This implies
that the transition of galaxies from the blue cloud to the red sequence, and hence the related mechanisms for
quenching, seems to be much more efficient and faster than previously considered.

In spite of it is out of the scope of this thesis shedding light on the responsible mechanism for quench-
ing, any successful mechanisms proposed for shutting down the star formation should account for a less
populated green valley and a shorter transition timescale. For instance, the common presence of AGNs in
galaxies with intermediate host-galaxy colours (in the green valley) at z . 1 (Nandra et al., 2007; Bundy
et al., 2008; Georgakakis et al., 2008; Silverman et al., 2008; Hickox et al., 2009; Schawinski et al., 2009)
was interpreted as an evidence for AGNs heating up the gas in the host-galaxy (Silk & Rees, 1998; Di Mat-
teo et al., 2008) and shutting down the star formation rapidly (Bower et al., 2006; Croton et al., 2006; Faber
et al., 2007; Schawinski et al., 2007). In the light of the results in this thesis, AGN feedback should be more
efficient than previously expected as quenching mechanism.

In fact, previous studies (Bell et al., 2005; Cowie & Barger, 2008; Brammer et al., 2009; Cardamone
et al., 2010) also supported that the population of galaxies in the green valley has bluer intrinsic colours and
is largely dominated by galaxies reddened by dust. Based on the results by Cardamone et al. (2010), ∼ 75 %
of galaxies in the green valley have intrinsic blue colours in good agreement with this thesis (∼ 65 %). In
the same work, after a dust correction of the U − V colour, most of the galaxies hosting an AGN belong to
the red sequence, (U − V)int & 1.5, or the blue cloud, (U − V)int . 0.8, with a poor presence of AGNs at
intermediate colours, favouring again the idea of either a faster or less frequent quenching mechanism due
to AGNs.

7.1.2 On the ages of quiescent galaxies

Quiescent galaxies exhibit the older ages at any cosmic time. On average, the more massive the quiescent
galaxy, the older their stellar populations. Therefore, this suggests that the most massive quiescent galaxies
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were the first galaxies in the Universe that built-up their stellar content. Depending on the SSP models used
in this thesis, the formation epochs of the most massive and earliest quiescent galaxies (log10 M? ≥ 11.2;
z ∼ 1) vary in the range zf ∼ 4.5–6, i.e., when the Universe was 1–1.5 Gyr old. Quiescent galaxies with
lower stellar masses (log10 M? < 10.5) exhibit more recent formation epochs, down to zf . 1.5. This result
is in agreement with the "downsizing" scenario.

An interesting aspect, core of the goal of this thesis, is to understand how these galaxies evolved since
z ∼ 1. For a strictly passive evolution, the galaxy age evolution should follow the natural ageing of their
stellar populations, hence the redshift at which the stellar mass was assembled, or the formation epoch,
should not present any variation with time (zf constant). This thesis, however, finds evidences pointing out
that the age evolution of quiescent galaxies departs from passiveness, showing on average a milder ageing.
This conclusion is obtained even assuming different constraints on the SFHs during the MUFFIT analysis
(Sect. 3.9).

To reconcile the observation, three different scenarios or mechanisms are proposed:

i) Mergers. Mergers are an efficient mechanism to include new (ex-situ) stars from less massive systems.
Less massive systems are expected to contain younger stellar populations due to the age-mass relation,
and in qualitative agreement with the "downsizing" scenario, hence being potential contributors to
slowing down the ageing of quiescent galaxies. For this case, the number of mergers involving the
quiescent galaxy population is key to discern whether this mechanism can match the observed non-
passive evolution.

ii) Remnants of star formation, or "frosting". The inclusion of new (in-situ) stars may also explain why
these galaxies do not evolve passively. Remnants of gas inside the galaxy or the fall of new gas from
the cosmic web can originate new, younger stellar populations producing a delay in the ageing of each
individual galaxy. Since the non-passive evolution of quiescent galaxies is observed at all the stellar
mass ranges under study in this work, "frosting" is needed to affect the whole quiescent population to
reveal as a reliable mechanism.

iii) The "progenitor" bias. Motivated by the generalized increase in number of quiescent galaxies since
z ∼ 1 (more prominent at decreasing stellar masses), the arrival of recently quenched galaxies with
younger stellar populations is another alternative mechanism.

Moreover, the three above scenarios contribute to modify the width of the mass-weighted age PDF of
quiescent galaxies, which in this thesis is observed to increase with cosmic time and represents an additional
hint for the variation of their stellar content.

7.1.3 On the metallicities of quiescent galaxies

In this work, quiescent galaxies are generally found to be metal rich, with metallicities around solar and
super-solar values, except for the local and less massive quiescent galaxies that exhibit sub-solar metallic-
ities. Both the results derived from BC03 and EMILES SSP models support the galaxy mass-metallicity
relation (at increasing stellar mass, quiescent galaxies present larger metallicities), that seems to be present
since early times (at least since z ∼ 1), with hints of being steeper at lower redshifts. In addition, this
work reveals evidences for a slight decrease of the median of the metallicity PDF (0.1–0.2 dex) of qui-
escent galaxies since z ∼ 0.6–1.1 (BC03 and EMILES respectively), which is obtained under most SFHs
assumed in this work and constitutes one of the most striking results of this thesis. Both a steeper MZR at
larger cosmic times and the continuous decrease of the median metallicity with time support that quiescent
galaxies are continuously modifying their stellar contents, and asses on the potential evolutive pathways that
these galaxies should undergo to reconcile the observed trends. In particular, regarding the three scenarios
proposed above:

i) Mergers with less massive systems can contribute to the observed variation of the global metallicity,
as less massive systems host stellar populations less metal rich than the principal galaxy in the pair
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(more massive) owing to the stellar mass-metallicity relation. Again, the number of mergers will
determine whether this mechanism can alter the median of the mass-weighted metallicity PDF of
quiescent galaxies since z ∼ 1.

ii) A priori, "frosting" would not explain a decrease of the global metallicity in a monolithic collapse,
as the continuous enrichment of metals by evolution will shed subsequent more rich in metals popu-
lations of stars, or at least with similar metallicities. However, in the chemo-evolutionary population
synthesis model by Vazdekis et al. (1996, no interchange of any matter with the neighbourhood, or
closed-box model), when star formation processes are very efficient (specially at high IMF slopes),
at certain time the global metallicity of the galaxy starts to decrease. Owing to the efficient star for-
mation, the available gas decreases very rapidly and the enrichment of metals is also rapid reaching
a maximum. Then, all the available gas comes mostly from the oldest and numerous low-metallicity
stars, which is less processed, producing new stellar populations that can reduce the metallicity 0.2 dex
at ∼ 10 Gyr after the initial star formation for a Salpeter-like IMF (for bottom heavy IMFs, the effect
is even more significant).

iii) The increasing number of quiescent galaxies since z ∼ 1 is more remarkable at lower stellar masses,
and therefore, the "progenitor" bias can play an important role in the decrease of the median metal-
licity specially at lower stellar masses, where the median metallicity shows more prominent changes.
The determination of the stellar populations of the galaxies quenching their star formation (new qui-
escent galaxies) is a challenge, although as we determine in Chapter 4, it can be constrained.

Moreover, the widths of the mass-weighted metallicity PDFs will suffer modifications as a result of
mergers, "frosting", and the "progenitor" bias. For quiescent galaxies more massive than log10 M? = 10.8
and EMILES SSP models, the width of the mass-weighted metallicity PDF increases with cosmic time,
whereas for the rest of cases the width decreases (EMILES at log10 M? < 10.8, and BC03 SSP models for
all the stellar mass ranges).

7.1.4 Extinctions of quiescent galaxies

The extinction values of quiescent galaxies derived in this thesis are typically low AV < 0.6, with median
values in the range AV = 0.15–0.3. However, they do not present large variations with cosmic time. For
BC03 SSP models, there is a slight dependency with stellar mass and redshift, in the sense that the most
massive quiescent galaxies also present the largest extinctions, and these ones increase at lower redshifts.
However, such extinction dependencies are almost negligible using EMILES models, which drive to roughly
constant values (AV ∼ 0.2).

Mergers between quiescent and star-forming galaxies (the latter with larger extinctions, specially in the
most recent star forming regions) will increase the overall extinction of the resulting galaxy. The orbits in
the merger, as well as the distribution of dust regions in the progenitor galaxies would drive how the global
extinction of the final galaxy is affected.

Since star-forming galaxies are typically more reddened by dust than quiescent ones, the "progenitor"
bias may contribute to change the median of the extinction PDF. Although the mechanism responsible for
shutting down the star formation is unknown, the typical extinction values of galaxies quenching their star
formation are also unknown, as this is a very tricky process involving many parameters such as stellar
feedbacks. In fact, the evolution of extinction inside star forming galaxies is unclear, and the quenching
mechanism can also be tightly related with extinction (e. g. sudden removal of gas, "strangulation", heating
of galaxy’s gas by AGN, Silk & Rees, 1998; Balogh et al., 2000; Dekel & Birnboim, 2006; Hopkins et al.,
2006; Nandra et al., 2007; Bundy et al., 2008; Di Matteo et al., 2008; Diamond-Stanic et al., 2012; Peng
et al., 2015).

Concerning "frosting", we do not expect that low levels of in-situ star formation can alter typical ex-
tinction values in quiescent galaxies, which are expected to have low reserves of available gas and where
current star formation processes are not significant yet.
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7.1.5 Mechanisms involved in the built-up of quiescent galaxies

The phenomenological model proposed in this thesis (Chapter 4) represents a valuable tool for predicting
how the different mechanisms of mergers, "frosting", and the "progenitor" bias alter the mass-weighted age
and metallicity PDFs, so as to determining how quiescent galaxies evolve.

After estimating the impact of mergers, "frosting", and the "progenitor" bias, these three mechanisms are
proposed to get involved in the evolution of quiescent galaxies, playing a role in different scales depending
on the cosmic epoch and the stellar mass range. In the light of this thesis, the three mechanisms are necessary
to explain at first order the observed evolution in age, metallicity, mass and number density, and their effects
act in parallel (see Fig. 7.1). That is, a unique mechanism does not seem to be enough to explain the
evolution of the quiescent population. The three mechanisms together are able to reduce the medians of
both mass-weighted age and metallicity PDFs, with the impact of each mechanism varying with cosmic time
(see Fig. 7.1). However, the changes in the widths of the mass-weighted age PDFs are mainly restricted to
mergers, while mergers and "frosting" are the mechanisms able to modify (increase) the width of the mass-
weighted metallicity PDF (see right column in Fig. 7.1).

7.1.5.1 The role of mergers in the built-up of quiescent galaxies

As it is unveiled in Chapter 4, mergers are one of the three mechanisms that is able to substantially alter
the quiescent galaxy population: (i) they alter the stellar content of quiescent galaxies by adding the stellar
populations from less massive systems, including star-forming galaxies with younger stellar populations.
(ii) After merging, galaxies in the pair built a more massive galaxy, which can be included in the sample
under study, including the stellar content of the progenitors (which differs owing to the stellar mass–age
and –metallicity relation) and modifying the number density of the quiescent population. (iii) Mergers can
reduce the number of quiescent galaxies (mergers between two quiescent galaxies), which highlights the
stellar populations of the new galaxies included in the quiescent sample. (iv) There is a sufficient number
of mergers as to modify both the median and width of the stellar population PDFs, and their strong effects
should be considered in future studies. (v) Major mergers (mass ratio 1/4 ≤ µMM ≤ 1) are more efficient
than minor mergers (mass ratio 1/10 ≤ µmm ≤ 1/4) to modify the PDFs of quiescent galaxies since z ∼ 1.
(vi) Mergers delay the ageing of quiescent galaxies by 0.5–1 Gyr since z ∼ 1 with respect to a passive
evolution, and diminish the median of the mass-weighted metallicity PDF by 0.1 dex. (vii) Mergers are able
to increase the width of the age and metallicity PDFs, except for BC03 and metallicity PDF that remains
almost constant.

It is also important to note the fact that the importance of mergers change with cosmic time, specially
for major mergers, whereas for minor mergers it is roughly constant since z ∼ 1. This remarks that the role
of mergers in the evolution of the quiescent population is more important at higher redshifts rather than at
larger cosmic times, although the latter is not negligible either. In addition, mergers of star-forming galaxies
are less frequent than for quiescent ones (see Eqs. 4.6–4.9). Therefore, the impact of mergers also depends
on the spectral type.

7.1.5.2 The role of "frosting" in the built-up of quiescent galaxies

In the light of the results of this thesis, "frosting" is an indispensable mechanism for the evolution of quies-
cent galaxies. Mergers and the "progenitor" bias are not able to account for the rejuvenation of the quiescent
population as compared to a complete passive evolution, and the inclusion of "frosting" in the evolutive
pathway is unavoidable (consistent concluded for both BC03 and EMILES SSP model predictions). Fur-
thermore, although the incorporation of new young stars is expected to be moderate, some level of "frost-
ing" should be present in all quiescent galaxies, as in fact this helps to increase the number density of these
galaxies above log10 M? = 11.2. The rate of "frosting" can be observationally constrained by the increase in
number density of quiescent galaxies, using either the variation of the number density of quiescent galaxies
(power-law function, see Sect. 3.6) or stellar mass functions (Appendix F) for setting an upper limit (the
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Figure 7.1: Relative contributions of mergers (solid line), "frosting" (dashed line), and the "progenitor" bias
(dotted line) on the estimated variations of the number density (top panel), the median and width of the
mass-weighted age PDF (middle panels), and the median and width of the mass-weighted metallicity PDF
(bottom panels) of massive quiescent galaxies between z = 1 and z = 0.2 using EMILES+Padova00 SSP
models.
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inclusion of mergers and the "progenitor" bias can actually decrease this upper limit).
If the "frosting" rate is too large, the SFR of the galaxy would enter the levels of star-forming galaxies, so

"frosting" rates must be below ∼ 6 % (as obtained by the phenomenological model, except for a slight larger
value of 8 % in the case of BC03, see also Sect. 3.4). Whilst it is assumed that the residuals of star formation
inside quiescent galaxies do not alter significantly the metallicity of the host galaxies, a certain level of
"frosting" integrated over time increases the stellar mass of the affected quiescent galaxies, hence being
able to modify their number density as well as to include younger stellar populations and lower metallicities
coming from the less massive galaxies that increased in mass via "frosting". In fact, this assumption sets
a lower-limit for the impact of "frosting" since, as we mentioned above, a chemo-evolutionary population
synthesis model as the one proposed by Vazdekis et al. (1996) predicts that galaxies with very efficient SFRs
reach a maximum in metallicity and then they experiment a decrease in metallicity (more remarkable for
bottom heavy IMFs, where there is a larger presence of low mass stars). Notice that this decrease in the
metallicity by "frosting" would be restricted only to the most massive galaxies, which present the shortest
formation timescales (e. g. Thomas et al., 2005; McDermid et al., 2015) and bottom heavy IMFs (e. g.
Cenarro et al., 2003; van Dokkum & Conroy, 2010; Spiniello et al., 2012; Ferreras et al., 2013), although
this is not included in our phenomenological model.

Alternatively, the accretion of gas poorer in metals from the cosmic web is also able to produce new
populations with lower metallicities, but we do not account for this accretion. Overall, "frosting" presents
negligible effects on the widths of the stellar population parameter PDFs, its main effect is to maintain
constant the width of the PDFs.

7.1.5.3 The role of the "progenitor" bias in the built-up of quiescent galaxies

The star-forming galaxies that shut down their star formation becoming part of the quiescent sample, or
the "progenitor" bias, is also an efficient mechanism for altering the overall properties of the quiescent
population, strongly constrained by the number density of galaxies that experiment a quenching event. The
stellar populations of these new quenched galaxies will contribute with younger stars and slightly lower
metallicities, as star-forming galaxies present typically lower metallicities than quiescent ones (see Gallazzi
et al., 2005, 2014; Peng et al., 2015). The "progenitor" bias also enlarges the width of the mass-weighted
age PDF, whereas the width of the mass-weighted metallicity PDF is not affected by it.

As the mechanism for quenching is rather unknown, three approaches for the "progenitor" bias are
considered, presenting similar effects. The "progenitor" bias based on the variability of the number density
of massive star-forming galaxies must be treated as a lower limit, as the number of new massive star-forming
galaxies are not taken into account (for the phenomenological model, stellar masses above log10 M? ≥ 11.2).
Massive galaxies at z . 1 are predominantly quiescent galaxies, and therefore, the impact of the "progenitor"
bias is not so significant for the most massive quiescent galaxies, unlike for less massive ones.

7.1.6 The growth in size of quiescent galaxies

In addition to the evolution of ages, metallicities, masses and number densities, very interesting conclu-
sions on the assembly of quiescent galaxies can be retrieved from the distribution of their stellar population
parameters in the stellar mass–size plane. The analysis conducted in this work reveals that more compact
quiescent galaxies are older, more metal rich, less reddened by dust and present lower sSFR values than their
more extended counterparts at fixed stellar mass. These results allow to shed light on the different mech-
anism acting in the growth in size of these galaxies since z ∼ 1. The correlation between size and age for
quiescent galaxies is an additional prove to discard the "puffing-up" scenario as the responsible mechanism
of the growth in size of galaxies, as this one would imply that compact galaxies were younger than their
more extended counterparts. The pioneering work by Trujillo et al. (2011) also discard the "puffing-up"
mechanism of gas expulsion as the responsible of the growth in size of galaxies using spectroscopic data, in
good agreement with our results.
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Mergers and the "progenitor" bias agree with the results obtained in this topic. From the results ob-
tained in the phenomenological model and the evolution of the stellar populations of quiescent galaxies,
it is inferred that mergers and the "progenitor" bias must be present playing an important role along with
"frosting". Both mergers and the "progenitor" bias have been extensively studied for explaining the growth
in size of quiescent galaxies (Hopkins et al., 2009b; Naab et al., 2009; Valentinuzzi et al., 2010; Trujillo
et al., 2011; Carollo et al., 2013; Belli et al., 2015). The latter because late-types or star-forming galaxies
are typically more extended than early-types or quiescent galaxies, hence lying on the upper parts of the
quiescent stellar mass–size relation after shutting down their star formation. Regarding "frosting", despite
there may be a generalized presence of low levels of star formation, it is not clear how this may affect the
derived sizes. If the remnants of star formation lie on the inner parts of the galaxy, "frosting" will tend to
reduce the apparent size of the galaxy. On the contrary, new stars created in the surroundings of the inner
parts (as a disk or shell around the bulge or galactic nucleus) would probably produce an apparent growth in
size for the host galaxy. Therefore "frosting" can also be considered as another mechanism to produce the
increase in size of galaxies. Overall, the growth in size of quiescent galaxies may not be driven by a unique
mechanism.

As revealed by Díaz-García et al. (2013, or Chapter 6), the merger history of galaxies does not depend
on the galaxy size and the growth in size via mergers seems to affect similarly to the whole quiescent
population. In addition, under this scenario, the number of compact quiescent galaxies (below a fixed size)
must decrease with cosmic time. Unfortunately, there exists not a clear consensus about the evolution of the
number density of compact quiescent galaxies, as some previous studies support that this number is roughly
constant(Saracco et al., 2010; Damjanov et al., 2014, 2015; Gargiulo et al., 2016), whereas other work state
that it exhibits a significant or mild decrement (Valentinuzzi et al., 2010; Cassata et al., 2013; Poggianti
et al., 2013; Quilis & Trujillo, 2013; Trujillo et al., 2014; van der Wel et al., 2014). If the number density
of compact quiescent galaxies would remain constant with cosmic time, the "progenitor" bias would be the
main mechanism responsible for the growth in size of the quiescent population, whereas if the number of
compact galaxies were lower at larger cosmic times, then mergers rise as the most important mechanism.
The sample of quiescent galaxies with reliable size measurements presented in this thesis is not large enough
as to carry out a reliable, direct study about the evolution in number density of compact quiescent galaxies,
although from the results obtained in Chapters 4 and 6, the number density of compact quiescent galaxies is
expected to show a decrease in number.

From the results obtained in Chapters Chapter 3–6, it is possible to draw the following general picture
on the growth in size of the quiescent population:

• Instead of a unique mechanism to explain the growth in size of quiescent galaxies, there seems to be
a combination of various mechanisms that act in parallel to produce the increase in size observed in
quiescent galaxies: mergers, the "progenitor" bias and, maybe, "frosting". In a "downsizing" scenario,
the first galaxies that quenched their star formation were the galaxies that experimented the most
efficient star formation episodes, with very short formation timescales, being in turn the most massive
galaxies. The formation and evolution of the stellar populations of quiescent galaxies also relate to the
size of the galaxy, i. e. with the stellar mass density of the galaxy, where the most compact ones at fixed
stellar mass would be formed earlier and more efficiently. After shutting down their star formation,
they were incorporated to the quiescent population, and under this hypothesis, all the galaxies that
were formed later will present more extended sizes and younger stellar populations, which produces
the size–age, –metallicity, –extinction, and –SFR/sSFR correlations. Once these galaxies belong to the
quiescent sample, they continue growing in size via mergers and (maybe) "frosting". The continuous
arrival of new quiescent galaxies, with larger sizes, also contributes to modify the stellar mass–size
relation (e. g. in Belli et al., 2015, the authors constrained that the "progenitor" bias can be only
responsible for about half of the growth in size at 1 < z < 1.6).

• Although the growth in size is likely produced by a combination of various mechanisms, their role
depend on the cosmic time. For instance, massive quiescent galaxies (log10 M? ≥ 11.2) suffer a rapid
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increase in number at 1 < z < 3 (e. g. Arnouts et al., 2007; Domínguez Sánchez et al., 2011; Ilbert
et al., 2010, 2013), which implies a more striking contribution of the "progenitor" bias than at z < 1,
provided that the majority of massive galaxies are already red at this redshift range (e. g. Davidzon
et al., 2013; Ilbert et al., 2013; Moustakas et al., 2013; Tomczak et al., 2014). In addition, at higher
redshifts major mergers were more frequent (e. g. Lin et al., 2008; de Ravel et al., 2009; López-
Sanjuan et al., 2012; Xu et al., 2012; López-Sanjuan et al., 2013) and the rate of "frosting" could be
also higher, provided the larger reserves of gas (Bell, 2003; Kannappan, 2004; Erb et al., 2006; Reddy
et al., 2006; Dalcanton, 2007). This also would explain that the increase in size of quiescent galaxies
were more efficient at 1 < z < 2 rather than at 0 < z < 1 (e. g. Trujillo et al., 2007; van Dokkum et al.,
2008; Newman et al., 2012; van der Wel et al., 2014).

• At fixed redshift, the role of the different mechanisms to produce the growth in size of quiescent
galaxies varies with stellar mass. As discussed above, at z < 1 there is a generalized increase in the
number density of quiescent galaxies, that at decreasing stellar mass is systematically more prominent
and explained by a larger "progenitor" bias. This implies that the contribution to the continuous
assembly of the stellar mass–size relation also changes with stellar mass.

7.2 A general picture on the formation and evolution of galaxies: the "pri-
mordial density" scenario

In the light of the results in this thesis, it is possible to draw a general picture on the formation and evolution
of quiescent galaxies, hereafter the "primordial density" scenario. The first and most massive galaxies
were formed at epochs very close to the origin of the Universe (zf & 6), where the stellar mass density
of the galaxy also plays a role. The material out of which the first galaxies formed had also high density,
hence favouring the rapid star formation and creation of their stellar populations. Such star formation
processes would be very efficient, being carried out in very short time scales as to produce a very fast an
efficient enrichment of metals. Under this hypothesis, galaxies building up their stellar content from less
dense primordial gas clouds would be assembled in later epochs, larger timescales and with a less efficient
metal enrichment. Once galaxies shut down their star formation (e. g. "strangulation", outflows, or by other
mechanisms), they belong to the quiescent population at a given epoch.

The first galaxies that quenched their star formation were the densest (most massive) ones, as they
suffered the most efficient evolution as for consuming their reserves of gas. This would explain an earlier
increase in number of massive quiescent galaxies (like the observed at 1 < z < 3) and the size–age, –
metallicity, –extinction, and SFR/sSFR correlations obtained in Chapter 5, whereas the increase in number
of the less massive ones would be important at later epochs (z < 1). At z ∼ 1, most massive galaxies
log10 M? & 10.8 belong to the quiescent population. Only the most extended galaxies at fixed stellar masses
are still hosting some degree of star formation (star-forming galaxies) before quenching their star formation.
Still, quiescent galaxies at z . 1 contain small amounts of gas as to support a residual star formation that
can explain "frosting". The star formation is not a dominant process in these galaxies, and the on-going
assembly of the quiescent population at z . 1 is mainly driven by mergers at high-mass regimes.

As a result of the shutting down of star formation, the role of mergers (hierarchical scenario) becomes
one of the most important mechanisms modifying the number and stellar populations of massive quiescent
galaxies, through the accretion of less massive systems with available gas and younger stellar populations
that produce both a delay in the ageing with respect to a passive evolution and a decrease in the median
metallicity of the population. In addition, mergers act producing an increment in galaxy size. At decreasing
stellar masses, the evolutive process is similar to massive galaxies although more extended in cosmic time
and happening at later epochs. This supports the correlations between size and stellar population parameters,
and that the increase in number of quiescent systems is more prominent at decreasing stellar masses and at
z < 1. Note that the "primordial density" scenario also comprises the "downsizing" scenario and the MZR.
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The proposed "primordial density" scenario for the evolution and formation of galaxies allows for mak-
ing predictions on additional observables that have not been explored in this thesis:

• At fixed stellar mass, more compact quiescent galaxies should contain stellar populations with larger
abundances of α-elements in comparison with the less compact ones. Since the most compact galaxies
are more efficient in forming stars, their formation timescales shall be shorter. It is though that the en-
richment of the ISM must be carried out by supernovae (SN) type II (massive stars) instead of the SN
type Ia when formation timescales are shorter, and the stars of these compact galaxies will therefore
exhibit larger [α/Fe] values (see also Thomas et al., 1999; Pipino & Matteucci, 2004; Thomas et al.,
2005; de La Rosa et al., 2011). This fact was already observed by McDermid et al. (2015), where
more compact galaxies systematically show larger [α/Fe] values than the extended ones at the same
stellar mass, supporting the "primordial density" scenario.

• The median of the [α/Fe] PDF of quiescent galaxies must decrease since z ∼ 1. As above, the densest
galaxies were the galaxies with the shortest formation timescales and the first in shutting down their
star formation. Galaxies formed later (the "progenitor" bias) experimented larger formation timescales
with lower [α/Fe] values. Mergers with less massive galaxies may also contribute to reduce the global
[α/Fe] of quiescent galaxies. In addition, "frosting" supports this scenario, because the ISM will be
largely enriched by SN type Ia instead of SN type II, moving [α/Fe] towards lower values.

• As the density of the galaxy at fixed stellar mass show a tight correlation with its stellar content, and
based on the IMF radial profiles and the correlation between metallicity and the IMF slope found by
(Martín-Navarro et al., 2015a,b), there might be a correlation between the size of a galaxy and its IMF
at fixed stellar mass. If this is the case, the median IMF slope of quiescent galaxies would also exhibit
variations with cosmic time due to mergers and the "progenitor" bias, and maybe "frosting".

In summary, we find evidences that would support that the formation and evolution of the stellar pop-
ulations of quiescent galaxies relate to the total barionic mass, but also with the stellar mass density of the
galaxy. Further studies and cosmological simulations are necessary to confirm and explore the proposed
"primordial density" scenario.
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The discipline you learn and character you build from setting and
achieving a goal can be more valuable than the achievement of the goal

itself.

Bo Bennett

A significant part of the work in this thesis was devoted to the design and development of MUFFIT. We
demonstrate that MUFFIT is a reliable stellar population code for multi-filter galaxy data, which is suited to
and optimized for analysing the stellar content of galaxies in ALHAMBRA-like surveys. In particular:

• MUFFIT is able to increase the accuracy of photo-z determinations by ∼ 15–20 % when the results
provided by external photo-z codes (e. g. BPZ and EAZY) are used as input ingredient. MUFFIT
reaches great photo-z accuracies of σNMAD . 0.006 for quiescent galaxies in ALHAMBRA-like
surveys with a really low number of outliers, η1 = 0.5 % and η2 = 6.5 %, in comparison with
spectroscopic redshifts of real galaxies.

• Despite being optimized for analysing quiescent galaxies, we demonstrated that MUFFIT can be used
for determining the EW of strong emission lines, after comparing with local spectroscopic surveys
such as SDSS. Using ALHAMBRA and MUFFIT, we successfully confirm previous results of stellar
masses from COSMOS, and spectroscopic stellar populations of galaxies from SDSS such as the
age–metallicity maps of early-type galaxies at z < 0.22, and the individual ages, metallicities, stellar
masses, and redshifts for a subset of galaxies in common between ALHAMBRA and SDSS.

• Overall, we demonstrate that is possible to determine reliable stellar population parameters of red
galaxies (age, metallicity, extinction, and stellar mass) using MUFFIT or SED-fitting methods like
MUFFIT. This confirms that, when the stellar continuum of galaxies is not affected by colour system-
atics, as it typically happens for spectroscopic data, multifilter photometric data provides meaningful
information to determine reliable stellar population parameters via SED-fitting, at least at the spectral
resolution and the wavelength coverage of ALHAMBRA.

Making use of a subsample of 8 547 quiescent galaxies from the ALHAMBRA survey, of high quality
and complete in stellar mass, we conducted a detailed and unprecedented study of stellar populations since
z ∼ 1, including ages, metallicities and extinctions. The main results from this study are:

• A pure and clean definition of the sample of quiescent galaxies is key to perform this kind of studies.
Apart from a significant fraction of cool stars in ALHAMBRA (24 % at 22.5 ≤ mF814W ≤ 23) with
typical red colours that mimic those of quiescent galaxies, the inclusion of the extinctions of galaxies
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retrieved by MUFFIT in ALHAMBRA improves previous selection criteria proposed in the literature,
reducing the sample contamination due to dusty-star forming galaxies significantly. In particular,
after accounting for extinction corrections, we set new color limits of (mF365 −mF551)int > 1.5 for the
colour-colour locus of true quiescent galaxies. From this analysis, we conclude that the contamination
of dusty star-forming galaxies (∼ 20 %) is less severe for massive galaxies (log10 M? ≥ 11, 2–8 %
from z ∼ 0.1 to z ∼ 1.1) than for the least massive ones (40 %, for 9.2 ≤ log10 M? ≤ 9.6 at
0.1 ≤ z ≤ 0.3) when classical UV J diagrams are used for this purpose. In addition, star-forming
galaxies reddened by dust that contaminate the quiescent galaxy populations tend to concentrate close
to the colour limits of the quiescent region at the UV J diagrams. This result is additionally supported
by two SFR tracers based on the dust emission at 24 µm and the luminosity at 2 800 Å.

• From the extinction corrections performed in this work, we conclude that 65 % of the galaxies that
reside in the green valley are actually obscured star-forming galaxies. Consequently, the green valley
is less populated than expected, imposing new constraints in mechanisms for quenching star formation
in galaxies as AGN feedbacks.

• The distribution of ALHAMBRA galaxies in the SFR and sSFR vs the stellar mass planes reveals
a bimodality, where the main sequence of galaxies (star-forming galaxies) populate the upper SFR
and sSFR regions. The most massive quiescent galaxies exhibit larger SFRs than their lower mass
counterparts. The most efficient processes of star formation in the quiescent population reside in the
lowest mass systems, as the most massive ones present the lowest sSFR values.

• We present, for the first time, a comprehensive analysis of the distributions of quiescent galaxies in a
dust-corrected UV J-diagram as a function of their ages, metallicities, extinctions, and stellar masses
since z ∼ 1.

At any redshift, the most massive quiescent galaxies lie on the reddest parts of the UV J-diagram.
Quiescent galaxies with the bluest intrinsic colours, (mF365 −mF551)int . 1.7 and (mF551 − J)int . 1.2,
are also the galaxies with the largest extinction values (AV & 0.4). When dust corrections are not taken
into account, quiescent galaxies with large dust contents are in the upper parts of the UV J-diagram in
agreement with extinction law predictions.

The ages of quiescent galaxies show correlations with the intrinsic colours (mF365 − mF551)int and
(mF551 − J)int. The oldest ages populate the upper parts of the UV J-diagram at (mF365 − mF551)int >

1.8; whereas the youngest quiescent galaxies present the bluest colours of the diagram. Metallicities
correlate strongly to the colour (mF551 − J)int and weakly to (mF365 − mF551)int. The most metal rich
quiescent galaxies, [M/H]M > 0.1 dex, also present the reddest colours (mF551 − J)int > 1.1. When
reddening effects are not considered, the above correlations are generally weaker or more degenerated.

• There is an increasing number of quiescent galaxies since z ∼ 1. The increase in number density
for less massive galaxies (10 ≤ log10 M? < 10.4) is more striking than for the most massive ones
(log10 M? ≥ 11.2), with variations in number of ∼ 50 % and 5 % every ∆z = 0.2 respectively.

To explore the evolution of quiescent galaxies since z ∼ 1 through the study of their stellar content,
we developed, for the first time, a novel methodology for removing the impact of uncertainty effects and
retrieving redshift-dependent PDFs of mass-weighted ages, metallicities and extinctions. The derived PDFs
allowed us to determine that:

• Since z = 1.1, quiescent galaxies predominantly contain both old stellar populations with solar and
super-solar metallicities, except for the local and less massive quiescent galaxies that reveal sub-solar
metallicities. The stellar content of quiescent galaxies present a relation with the stellar mass. The
more massive the quiescent galaxy is, the older and more metal rich it is since z ∼ 1 (in agreement with
the "downsizing" scenario and the MZR). Furthermore, the galaxy mass-metallicity relation seems to
be present since earlier times, with hints of being steeper at lower redshifts.



217

• Quiescent galaxies are older at larger cosmic times, but their age evolution since z ∼ 1 is not compat-
ible with a pure passive evolution. The widths of the mass-weighted age PDFs (intrinsic dispersions)
present values of ωAgeM ∼ 1–2 Gyr and a slight correlation with the stellar mass and redshift.

• There are evidences for a decrease of the median of the metallicity PDF of quiescent galaxies since
z ∼ 0.6–1.1. This decrement amounts to 0.1–0.2 dex. The width of the mass-weighted metallicity
PDF is broader at larger redshifts, where the most massive galaxies present the narrowest PDFs.

• All the quiescent galaxies present low extinction values of AV < 0.6, with median values in the range
AV = 0.15–0.3. The width of the extinction PDF becomes larger at higher redshifts, specially in the
more massive ones.

• As expected, there is a quantitative dependency of the stellar population results on the use of different
input SSP models feeding MUFFIT, as well as on any assumption related with the SFHs involved
in the SED-fitting process. In fact, the use of different SSP models and SFH constraints introduce
systematics in the final results that dominate the random uncertainties intrinsic to the determination
of the stellar population parameters. Despite this, there is a reasonable qualitative agreement in the
results derived from the different input SSP models and SFHs assumed in this thesis.

For the first time, we created and developed a phenomenological model aimed at shedding light on
the mechanisms involved in the evolution of galaxies, quantifying the relative contributions of mergers,
"frosting", and the "progenitor" bias required to reconcile both the number density and the stellar popula-
tion evolution of massive quiescent galaxies reported in this thesis. In this sense, the main results of our
phenomenological model are:

• Mergers play a remarkable role in the evolution of massive quiescent galaxies since z = 1. Estima-
tions from merger rates involving massive quiescent galaxies points out that around a third of this
population suffers at least one major merger (mass ratio 1 ≥ µMM ≥ 1/4) and one minor merger (mass
ratio 1/4 ≥ µmm ≥ 1/10) between z = 1 and z = 0.2.

• Mergers increase the number density of massive quiescent galaxies around ∆ log10 ρN ∼ 0.1–0.25 dex
(0.07–0.21 dex is due to major mergers, whereas for the minor ones is 0.03–0.06 dex).

• Mergers are the responsible for part of the evolution in the median age of massive quiescent galaxies,
accounting for 0.5–1 Gyr since z ∼ 1. They can explain the increase in the width of the mass-weighted
age PDF observed since z = 1, whose impact is ∆ωAgeM = 1–2 Gyr. Regarding metallicity, mergers
induce a slight decrease of . 0.1 dex in the median metallicity of the massive quiescent population,
whereas the width of the metallicity PDF increases less than 0.1 dex.

• "Frosting" reveals to be a necessary mechanism to explain the evolution of the age PDFs of massive
quiescent galaxies. Despite we assume that the enrichment of metals in the host galaxy is negligible
via "frosting", this mechanism is able to explain up to 0.05 dex of the evolution of the mean of the
mass-weighted metallicity PDF. "Frosting" is also an efficient mechanism that strongly affects the
number density of massive quiescent galaxies, which in turn constitutes an additional constraint to the
frosting efficiency, τf , when the evolution in number is taken into account.

• The "progenitor" bias tends to reduce the median age of the massive quiescent population since z ∼ 1
in a less efficient way than mergers do. In addition, we find that this mechanism does not alter
the width of the age PDF significantly. Regarding metallicity, the evolution of the mass-weighted
metallicity PDFs of massive quiescent galaxies is not very much affected by the "progenitor" bias,
which helps to decrease the median metallicity by less than 0.03 dex since z ∼ 1, without increasing
substantially its width.
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• For the first time, the evolution of the ages and metallicities of massive quiescent galaxies, along
with their evolution in number, are reasonably explained by the conjunction of mergers, "frosting",
and the "progenitor" bias. Under this scenario, we constrained the contribution of "frosting" at τf =

0.02–0.08 Gyr−1. The combination of EMILES SSP models and Padova00 isochrones show the best
agreement between the evolution of massive quiescent galaxies derived from ALHAMBRA data and
the predictions retrieved using MUFFIT and our phenomenological model.

Regarding the role that the galaxy size plays in the evolution of quiescent galaxies, using a subsample
of several hundred ALHAMBRA galaxies in common with HST/ACS data we find out evidences for strong
correlations between the galaxy sizes and their ages, metallicities, and SFRs/sSFRs, as well as hints for a
slight correlation with the extinction. Our results reveal remarkable insights:

• More compact quiescent galaxies are older than their more extended counterparts at fixed stellar mass.
The difference in age is established around 2–3 Gyr for stellar masses of log10 M? > 9.6 and up to
z ∼ 0.9, with an average size-age correlation of 〈m̄s,AgeM〉 ∼ −1.9.

• Compact quiescent galaxies are systematically more metal rich than the less dense ones at the same
stellar mass. The larger metallicity differences between compact and extended quiescent galaxies are
∼ 0.2 dex at least since z = 0.9, with an average size-metallicity correlation of 〈m̄s,[M/H]M〉 ∼ −0.07.

• There are hints for extended quiescent galaxies presenting slightly larger extinctions of < 0.1 inde-
pendently on their stellar mass ranges and redshifts, with 〈m̄s,AV 〉 ∼ 0.03.

• The more compact the quiescent galaxy, the lower its SFR (〈m̄s,log10 SFR〉 ∼ 0.3) and sSFR (〈m̄s,log10 sSFR〉 ∼
0.16), with the differences between compact and extended ones being below 0.5 dex in both cases.
This trend is observed for all the stellar masses present in our sample since z = 0.9.

The above relations between galaxy sizes and stellar population parameters are complemented with the
study of the role of mergers in the growth of quiescent galaxies. We conclude that early-type galaxies are
homogeneously affected by mergers independently of their size. Consequently, we cannot discard that the
"progenitor" bias is the only mechanism to produce the growth in size of quiescent galaxies since z ∼ 1,
but a combination of mergers the "progenitor" bias and, maybe, "frosting", may be the real driver of this
growth. Combining the results of the stellar populations and the phenomenological model, the relevance of
each mechanism in the growth in size depends on redshift and stellar mass.

In the view of these results, we are in a privileged position to propose a scenario of galaxy formation and
evolution: the "primordial density" scenario. Under this scenario, the most compact and massive galaxies
were firstly formed at epochs very close to the origin of the Universe (zf & 6). The remaining galaxies were
originated in subsequent epochs building up their stellar content from less dense gas clouds. Simultaneously,
galaxies experiment mergers that also contribute to the assembly and formation of galaxies, being a source of
new gas and stars with different metal composition than the host galaxy and producing an increase in size.
Once galaxies quench their star formation, these are involved in a dominant hierarchical merging, which
contributes to the formation and evolution of galaxies becoming one of the most relevant mechanisms that
continue the assembly of galaxies.
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Future work

Learn from yesterday, live for today, hope for tomorrow. The important
thing is not to stop questioning.

Albert Einstein

We briefly present current and future projects for extending or complementing the results obtained in
this Ph. D. thesis. Part of them comprise improvements of the code MUFFIT, in order to adapt it to new
tasks or methodologies, because MUFFIT is subject to continuous improvements and updates owing to its
easy adaptability. Although, we also include some future applications of the retrieved results and techniques
or a fine-tuned revision of them (see details in each section).

9.1 Additional stellar population parameters in the SED-fitting analysis

In addition to age, metallicity, and extinction, there are other stellar population parameters that can alter the
SED of a galaxy, and consequently, that can modify their colours affecting the retrieval of all them. In future,
we will treat the universality of the IMF (Sect. 9.1.1), and the influence of different [α/Fe] abundances
(Sect. 9.1.2). Finally, more complex SFHs are also suitable to produce different galaxy SEDs, and its
inclusion along the SED-fitting process may provide quite interesting results (Sect. 9.1.3).

9.1.1 Introducing different IMF slopes

The state-of-the-art studies about stellar populations show that there are evidences as for the non-universality
of the IMF (e. g. Cenarro et al., 2003; van Dokkum & Conroy, 2010; Spiniello et al., 2012; Ferreras et al.,
2013; Weidner et al., 2013). Early-type galaxies with larger velocity dispersions tend to present steeper
IMFs (e. g. Ferreras et al., 2013), i. e. an excess or larger proportion of low mass stars than the expected for
a Salpeter-like IMF. This would have an impact on their stellar population predictions based on models that
not include this "new" parameter (Ferré-Mateu et al., 2013). A larger contribution of low mass stars (bottom
heavy or steeper IMF slopes) would imply redder SED colours (Vazdekis et al., 2012), which a priori may
introduce systematics on the SED-fitting predictions.

With the new generation of SSP models, the implementation of the IMF as another parameter in the
SED-fitting analysis is straightforward. In particular, the SSP model set of EMILES includes various both
observational and analytic parametrizations for the IMF (see also Vazdekis et al., 1996, 2012). The addi-
tional benefit of these models is the wide spectral range covered for them λλ1680 Å–5 µm (further details
in Sect. 3.2.1 and Vazdekis et al., 2016), as they also include the SED in the NIR range where the flux com-
ing from low mass stars is more prominent. In fact, the most extended IMF-sensitive indices are based on

219



220 CHAPTER 9. Future work

features in the red part of the spectrum (Cenarro et al., 2003; Ferreras et al., 2013; La Barbera et al., 2013,
2017, e. g. CaT, TiO1, TiO2, Na8190, Na I λ8190 Å, Na I λ1.14 µm, and Na I λ2.21 µm). These models are
adequate for our purposes, as they cover the full spectral range of ALHAMBRA in a wide redshift range
(z . 1.1). However, there are many stellar population parameters involved in the SED-fitting that produce
additional degeneracies in the retrieved solutions. At lower redshifts, this effect is even more prominent
(see Sect. 2.4.2 and Fig. 3.18), as the extinction is worse constrained when only photometry in the optical
range is available. In fact, the introduction of a non-universal IMF also introduces an extra factor of degen-
eracy that should be explored. Consequently, a detailed analysis and study of the reliability for retrieving
IMF slopes by SED-fitting techniques, such as MUFFIT, has to be done. There exists the possibility that
only with photometry in the optical range, in ALHAMBRA at lower redshifts, the IMF slope may not be
constrained easily. In addition, at larger redshifts a larger part of the UV is imaged and galaxies are also
younger, that is, the IMF effects can be more remarkable and the subtle alterations in the flux by different
IMF slopes may be differentiated and measured. This would restrict the study of the non-universality of the
IMF to a certain redshift range in ALHAMBRA, although this is still under development and study.

Regarding this issue, we carried out a first and preliminary attempt for determining the IMF slopes
of the quiescent galaxies in ALHAMBRA. For this case, we select the galaxies classified as quiescent in
Chapter 3 using EMILES SSP models, and we reran MUFFIT including different IMF slopes. In particu-
lar, we selected the bimodal parametrization for the IMF (BI, Vazdekis et al., 1996), which is based in
observational results (Scalo, 1986; Kroupa et al., 1993), with slopes equal to 1.0, 1.3, 1.8, and 2.3 (BI1.0,
BI1.3, BI1.8, and BI2.3 respectively), where the equivalent Salpeter-like IMF slope is 1.3. As in Chapter 3,
the retrieved distributions of age, metallicity, extinction, and IMF slope are deconvolved of uncertainties
through the MLE method detailed in Appendix D. For illustrating, we plot the results obtained for BaSTI
isochrones in Figs. 9.1 and 9.2. Concisely, the quiescent population does not evolve passively at least since
z ∼ 1 and the decrement in the median of the metallicity PDF is still obtained whilst the non-universality of
the IMF is assumed. Furthermore, the stellar mass-metallicity relation is also present, although the stellar
mass-age correlation is much milder in comparison with the results obtained in Sect. 3.8. The extinction and
metallicity PDFs do not present remarkable modifications after adding the IMF as another free parameter.
Regarding the IMF slopes, we retrieved in this preliminary test that at increasing stellar mass, the IMF slope
is larger. We also appreciate a variation of the median of the IMF slope PDF with redshift, but the intrinsic
dispersion, specially at lower redshifts, is almost as long as the IMF slope range (1–2.3) of the models. This
might confirm our suspects and the IMF slope would not be properly determined completely, although a
further study is necessary. It is noteworthy that the most massive bin at z ∼ 1 present very high IMF slopes
(larger than 2) and the intrinsic dispersion of the IMF is lower (lower than 0.5).

9.1.2 The [α/Fe] abundances

In spite of our intention is also to explore the [α/Fe] abundances of ALHAMBRA quiescent galaxies and that
MUFFIT is already ready for including [α/Fe] as another stellar population parameter during the SED-fitting
process, we cannot carry out this study yet. The main impediment is the lack of SSP models in a regular
grid of stellar population parameters and that also cover a wide spectral range. We considered the novel
evolutionary stellar population synthesis models by Vazdekis et al. (2015) with MILES, which includes α-
enhanced models (BaSTI isochrones Pietrinferni et al., 2006) with values [α/Fe] = +0.00 and +0.40, but the
spectral range of these SSP models is not enough (λ λ 3540–7410 Å) for our aims. Nevertheless, we would
need a set of SSP models that covers the full ALHAMBRA spectral range up to z ∼ 1, i. e. λλ ∼ 1700 Å–
2.5 µm.

As there is no SSP models fulfilling all the conditions yet, we will explore other alternatives:

i) Determination of the systematics and/or degeneracies in the results of quiescent galaxies (age, metal-
licity, extinction, and stellar mass) introduced by the assumption of constant [α/Fe] values in the
models.
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Figure 9.1: The distribution median (top panels) and width (ω, bottom panels) evolution of the mass
weighted age (left-hand side) and metallicity (right-hand side) using EMILES with BaSTI isochrones and
various IMF slopes for the quiescent population at different redshifts and stellar mass bins. The shaded re-
gions delimit the 1 σ uncertainties of both parameters. Dashed black line illustrates the age of the Universe
at different redshifts.
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Figure 9.2: The distribution median (top panels) and width (ω, bottom panels) evolution of the extinction
(left-hand side) and IMF slope (right-hand side) using EMILES with BaSTI isochrones for the quiescent
population at different redshifts and stellar mass bins. The shaded regions delimit the 1 σ uncertainties of
both parameters.
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ii) Making use of the models by Vazdekis et al. (2015), we will explore whether we can discern [α/Fe],
or its accuracy, only using the optical range λ λ 3540–7410 Å via SED-fitting (e. g., by Monte Carlo
simulations as in Sect. 2.4.2).

9.1.3 Determination of SFHs

The next step in the development of MUFFIT is the inclusion of models with more complex SFHs rather
than the only use of combinations of two SSPs (or two instantaneous bursts). We plan to construct compos-
ite stellar populations from SSP models using different analytical functions for the SFR or SFHs, such as
the most extended ones: exponentially declining (the most extended ones and usually referred as τ-models),
single bursts of a τ duration, linearly declining, or delayed exponentially declining SFHs. The inclusion
of composite stellar populations will open the possibility for exploring other interesting topics, as the for-
mation time-scales (duration of the main star formation episodes that built the bulk of stars), which can be
also related with the presence of different α-abundances in early-type galaxies (e. g. Thomas et al., 2005;
McDermid et al., 2015); as well as correlations between formation time-scales and stellar masses or with
other stellar population parameters. In addition, this implementation can support a more reliable SED-fitting
for star-forming galaxies, as these galaxies are still suffering strong processes of star formation.

9.2 Stellar population parameters as a funcion of rest-frame UVJ colours

Motivated by the results obtained in Sect. 3.5, rest-frame colours of quiescent galaxies can be used for
constraining stellar population parameters, such as age, metallicity, and extinction. From the results obtained
with ALHAMBRA, we can parametrise the dependence or correlation of the age, metallicity, and extinction
with the rest-frame UV J colours through functions of the form: f (U−V,V−J,M?, z). These relations would
be very useful to determine in an alternative and fast approach the stellar population of quiescent galaxies
by their rest-frame colours, redshift, and stellar mass. These relations will be specially useful for large
photometric surveys with a low number of bands, such as SDSS-like surveys, as long as the photometric
system of the survey contains the bands U, V , and J (at least close to their spectral range). Although
these functions are not providing the proper stellar population parameters of the candidates, we can set
statistical limits on their stellar population parameters. In fact, for very large samples the distribution of
stellar population parameters retrieved by this approach should be quite similar to the real one, as the UV J
colours are observationally linked to the distribution of stellar population parameters.

9.3 Multidimensional PDFs of stellar population parameters

In Chapter 3, we retrieve the mass-weighted age, metallicity, and extinction PDFs. These PDFs correspond
to the most simple case, in which the stellar population parameter PDFs are unidimensional for each of these
three parameters. In a general case, there are correlations amongst the parameters, that is, some values of
age and metallicity are not present simultaneously and for certain ages some metallicities are more frequent
than others at fixed stellar mass. In fact, there exist correlations amongst stellar population parameters (see
also Gallazzi et al., 2005). These correlations are clearer on the stellar mass–size plane in which more
compact galaxies are older and more metallic, whereas the young ones (or the extended ones) present lower
metallicities. For solve this, we are extending the MLE method presented in Appendix D for constructing
multidimensional PDFs (deconvolving uncertainty effects as well), which would include age, metallicity,
and extinction. This way, we would obtain for any stellar mass and redshift the probability or density
number of quiescent galaxies with certain age, metallicity and extinction simultaneously. Multidimensional
PDFs will also contribute to provide better predictions of the merger, "frosting", and the "progenitor" bias
effects treated in Chapter 4, which are based on a Monte Carlo approach of the unidimensional PDFs of age
and metallicity (for this case we would need the bidimensional PDF of age and metallicity).
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9.4 Expansion of the phenomenological model

Although the effects of mergers, "frosting", and the "progenitor" bias obtained from the phenomenologi-
cal model (Chapter 4) are very clear and in good agreement with the observations of the evolution of the
quiescent galaxy sample, we pretend to include some features:

i) Effects of mergers, "frosting", and the "progenitor" bias on the distribution of extinction values of
quiescent galaxies. The effects of these three mechanisms fairly explain the age and metallicity evo-
lution of the quiescent population since z ∼ 1 (mainly for EMILES SSP models), but the effects on
the extinction PDF are not explored yet.

ii) Stellar population parameters of star-forming galaxies obtained by MUFFIT or via SED-fitting. Once
the reliability of the retrieved stellar population parameters of star-forming galaxies is confirmed (also
including predictions from τ models, see Sect. 9.1.3), we will include their PDFs in the phenomeno-
logical model. This will check the self-consistency of the predictions, reinforcing the reliability of the
star-forming PDFs of stellar population parameters (as we do with the quiescent sample).

iii) The inclusion of multidimensional PDFs for stellar population parameters. As we explain in Sect. 9.3,
the construction of multidimensional PDFs of stellar population parameters is justified by the presence
of correlations amongst them. Notice that this may increase the effects of mergers or the "progenitor"
bias. In addition, we will study their effects on extra PDF parameters, rather than the PDF median
and width.

iv) Effects of uncertainties. Those parameters that were observationally constrained (as the involved in
Eqs. 4.3 and 4.6–4.9) contain uncertainties that can alter the results obtained in the phenomenological
model. The inclusion of these uncertainties can strongly reinforce any prediction obtained by this
model.

v) Alternative assumptions for "frosting". The assumption of a fixed and constant mass fraction in "frost-
ing" may be unrealistic. Variations in the prescriptions adopted for "frosting", e. g. including corre-
lations with redshift and/or stellar mass, can shed light on the reliability and real impact that can
introduce this mechanism, as well as understanding the systematics of this naive assumption.

vi) Expansion of the phenomenological model to determine the role of mergers, "frosting", and the "pro-
genitor" bias in the growth in size of quiescent galaxies since z ∼ 1. It is clear from Chapter 4, that
these three mechanisms have prominent effect on the stellar populations of quiescent galaxies. There-
fore, the three mechanisms can alter the size of the quiescent population in a different level, as well
as to modify the spatial distribution of the stellar populations of a galaxy (i. e. the building-up of the
stellar population gradients). By this expansion of the phenomenological model, we will discern the
role of each of the three mechanisms in the growth in size and assembly of the quiescent population.

Actually, the results retrieved in Chapter 6 are required for the expansion of the phenomenological
model. A priori if mergers are the main mechanism for producing the increase in size, we need to know
whether they predominantly act on the most compact galaxies or not (from Chapter 6, the merger history is
independent of the galaxy size).

9.5 Spatially-resolved stellar populations

Multi-filter surveys provide spatially resolved photo-spectra, similar to an IFU of low spectral resolution,
allowing us to perform 2D stellar population studies of galaxies with apparent sizes larger than the system
PSF. The imminent arrival of the new large-scale multi-filter surveys J-PLUS and J-PAS motivates the
development of a novel technique for this aim, as there will be a huge number of spatially-resolved galaxies.



9.5. Spatially-resolved stellar populations 225

The large area planned for these surveys (more than 8 000 deg2) will provide an unprecedented sample of
spatially-resolved galaxies, for which we should be able to retrieve the spatial distribution of their stellar
populations only using their multi-filter photometric data.

To take advantage of the opportunity that J-PLUS and J-PAS offer, we are performing a new method-
ology to retrieve the 2D distributions of the stellar content of their spatially-resolved galaxies (z . 0.1 for
effective radius in the range 2.5–3 Reff). Although the lack of high spectral resolution might be an obstacle,
the large number of galaxies imaged in these surveys will reinforce any result statistically. In fact, this kind
of studies will provide the largest sample of spatially-resolved stellar populations with tens of thousands of
galaxies with high photometric quality up to various effective radii, 2.5–3 Reff , whereas state-of-the-art spec-
troscopic IFU studies only comprise hundreds of galaxies actually (e. g. CALIFA and MaNGA; Sánchez
et al., 2012; Bundy et al., 2015, respectively) or down to 1.5 Reff . The basis for exploiting these datasets in
this topic is at an advanced state of development (fully detailed in San Roman et al., submitted to A&A). In
brief, we distinguish four main steps in the methodology:

i) PSF homogenization of the images. Each single image in a survey is the result of multiple exposures,
each of them with different PSFs. Furthermore, the PSF varies amongst the filters of the photometric
system. Consequently, a homogenization of the PSF is necessary to obtain a reliable photometry
of the same area or region in a galaxy. Otherwise, the light coming for each of the regions will be
redistributed in a different way depending of the band. This would imply that the photometry of each
region was not equivalent amongst filters, introducing colour terms or systematics that alters the SED
of each region.

ii) Spatially binning of the regions of a galaxy. Once the PSF homogenization is done (each of the
regions in a galaxy are photometrically equivalent for all the bands), the regions of each spatially-
resolved galaxy are defined through a centroidal Voronoi tessellation (CVT) method, as detailed by
Cappellari & Copin (2003). The CVT is carried out for constructing regions with similar signal-to-
noise ratio. This implies that regions in the inner parts are also the smaller ones, whereas the outermost
are the largest ones. For defining the regions or binning, the bluest band is selected (e. g. F365W in
ALHAMBRA), because it is usually the band with a lower signal-to-noise ratio.

iii) Determination of the stellar population parameters of each region. For each region in the spatially
resolved galaxies, we retrieve the photometry in each band or image integrating the flux in each
spatial bin, obtaining the SED of the different regions and uncertainties. Using MUFFIT and the SED
obtained for each region, we retrieve the stellar population parameters via SED-fitting.

iv) Spatial distribution of the stellar population parameters: age, metallicity, and extinction. Once the
stellar population parameters are determined, the study of their distribution across the galaxy can be
done by the central pixel of each region or the distance from the central region of the galaxy. For
instance, radial profiles of age, metallicity, and extinction can be derived from the results, although
more complex 2D structures in galaxies can be explored as well. In fact, the effects of environment
or asymmetries on the distributions of the stellar populations are able to be faced too.

It is worth mentioning that previously to the implementation in J-PLUS and J-PAS, all these techniques
have been put to the test using 30 massive early-type galaxies from the ALHAMBRA survey as test bench
(San Roman et al., in prep.) at z < 0.3 and out to 2–3.5 Reff . From the 2D results of ALHAMBRA, we high-
light that the age gradients of early-type galaxies are on average flat (∆ log10 AgeL = 0.01 ± 0.03 dex R−1

eff
),

the metallicity ones are negative (∆[M/H]L = −0.10 ± 0.09 dex R−1
eff

), and the extinction ones are also flat
(∆AV = −0.04 ± 0.09 mag R−1

eff
). All these results in good agreement with spectroscopic IFU results from

CALIFA and MaNGA (González Delgado et al., 2014b, 2015; Goddard et al., 2017).
For illustrating, the 2D maps of stellar populations of NGC5485 and NGC3994 (see stamps in Fig. 9.3)

obtained only using J-PLUS photometric data are shown in Figs. 9.4 and 9.5. It is worth mentioning that
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Figure 9.3: Stamps of the spatially-resolved galaxies NGC5485 (left panel) and NGC3994 (right panel).
The stamps were obtained from the SDSS database (Eisenstein et al., 2011).

in the case of the early-type galaxy NGC5485, the presence of a dust lane is clear from the stamp visually.
This dust lane is close to the bulge of the galaxy and it corresponds to a darker region of the galaxy (see
Fig. 9.3). After applying all the steps detailed above, the regions of the dust lane successfully match with
regions of high extinction after the analysis of their stellar populations using MUFFIT (see Fig. 9.4). This
fact again reinforces the reliability of our results, and it allows us to properly retrieve the stellar populations
below dust. In addition, the 2D distributions of age and metallicity do not present remarkable differences
in the dust lane regions respect the surrounding ones, which support that the extinction is well constrained
in these regions. Regarding the distributions of age and metallicity, NGC5485 presents flat and shallow age
and metallicity gradients (see Fig. 9.4). The gradient of extinction is slightly negative (large extinction in
the galactic nucleus). For the late-type galaxy NGC3994, a region close to the galactic center were masked
owing to the presence of a low-ionization nuclear emission-line region (LINER). This LINER compromises
the SED-fitting process, because AGN templates are not included in MUFFIT affecting various bands and
the continuum. Moreover, the removal of those bands affected by emission lines would reduce the number
of photometric bands drastically (30–40 %, J-PLUS is composed of 12 filters), where the contribution of
the LINER in the continuum is also unknown. Consequently for now, this region is masked and it will be
treated more carefully in the future. After masking the LINER, the metallicity and extinction gradients are
negative (larger metallicities and extinctions at decreasing effective radii), whereas the age one is flat (see
Fig. 9.5).
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Figure 9.4: 2D distributions of extinction (top panels), mass-weighted age (middle panels) and metallicity
(bottom panels) of the galaxy NGC5485 using EMILES+Padova00 SSP models. The 2D maps are plotted
on the left-hand side (parameters colour coded depending of the stellar population parameter value, see
colour bars), whereas the radial distributions or gradients are on the right-hand side (as a function of the
circularized galactocentric distance R′). Each red dot illustrates a bin in the 2D map. Dashed black lines
illustrate the error-weighted linear fittings of the red dots. Black crosses are the regions that were removed
from the error-weighted linear fitting (sigma-clipping), in order to remove outliers.
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Figure 9.5: 2D distributions of extinction (top panels), mass-weighted age (middle panels) and metallicity
(bottom panels) of the galaxy NGC3994 using EMILES+Padova00 SSP models. The 2D maps are plotted
on the left-hand side (parameters colour coded depending of the stellar population parameter value, see
colour bars), whereas the radial distributions or gradients are on the right-hand side (as a function of the
circularized galactocentric distance R′). Each red dot illustrates a bin in the 2D map. Dashed black lines
illustrate the error-weighted linear fittings of the red dots. Black crosses are the regions that were removed
from the error-weighted linear fitting (sigma-clipping), in order to remove outliers.
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A
Detection and removal of faint stars in the quiescent sample

The performance of the MUFFIT module devoted to analysing stars is basically the same than for the galaxy
version, excepting that instead of using mixture of SSP models it takes templates of stars to provide stellar
parameters (effective temperature, metallicity, surface gravity, chemical composition, and extinction).

We ran the stellar version of MUFFIT with all the sources in the ALHAMBRA catalogue that present
an apparent magnitude in the range 22.5 ≤ mF814W < 23, using as input models the stellar library of Coelho
et al. (2005) with the main grid of parameters: effective temperatures in steps of 250 K, 3500 ≤ Teff ≤
7000 K; surfaces gravities with steps of 0.5, 0.0 ≤ log10 ≤ 5.0; metallicities in the range [Fe/H] = −2.5
to +0.5; and chemical compositions [α/Fe] = 0.0 and 0.4. In addition, we added extinction values ranging
AV = 0.0–3.1 to the star models taking RV = 3.1 and assuming a Fitzpatrick (1999) extinction law.

After the SED-fitting analysis and thanks to the Monte Carlo process performed by MUFFIT, we ob-
tained two sets of χ2 values for each source, one from the SED-fitting treating the source as a galaxy and
another one as a star. Therefore, the χ2 distribution with the lower values (the most likely set of templates,
galaxy or star) will discern whether the source is a galaxy or not. Although this method takes advantage of
the photometry in all the bands, all the sources show apparent magnitudes in the range 22.5 ≤ mF814W < 23,
with a reasonable low signal-to-noise ratio that makes the distinction between distributions more difficult
in several cases. To solve this drawback, we carried out a KS test, that allowed us to discern whether
both χ2 distributions are different or not and what is the probability. We assume that a source in the range
22.5 ≤ mF814W < 23 is a star if satisfies that: the median of χ2 values (from the χ2 distribution) is lower
using star templates than SSP templates, and that the KS-test additionally shows that both distributions of
χ2 values (star and galaxy) are not equivalent at a significance level of 1 σ. Under these constraints, we
got that in the redshift range 0.1 ≤ z ≤ 1.1, there are 439 star candidates in the quiescent sample with
22.5 ≤ mF814W < 23. Taking into account that there are 2 284 quiescent galaxies in our sample at the same
magnitude and redshift bin before the faint star/galaxy classification, we have removed the ∼ 19 % of the
sample at 22.5 ≤ mF814W < 23. After removing all the faint star candidates in this magnitude range, our
sample is composed of 13 796 quiescent galaxies.

To check whether the method developed for ALHAMBRA for removing stars in the range 22.5 ≤
mF814W < 23 is reliable or not, we cross matched the ALHAMBRA and COSMOS photometric catalogues
(Capak et al., 2007) to built a subset of shared sources in both surveys. Making the most of the ACS camera
in COSMOS, we compared the stars or point sources detected in COSMOS and the ones by our method to
estimate the degree of accuracy. There are 230 sources in common with our sample of quiescent candidates
with apparent magnitudes 22.5 ≤ mF814W < 23, in which we found out 50 star candidates with apparent
magnitudes 22.5 ≤ mF814W < 23 using the ALHAMBRA photometry and MUFFIT. From the star/galaxy
classification of COSMOS (Leauthaud et al., 2007) in this subsample of 230 sources, we checked that 47
(94 %) of them are classified as point sources in COSMOS. Nevertheless, there are 9 stars that were not
detected in the common subset with 22.5 ≤ mF814W < 23 following the COSMOS classification, which
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points out that there are about a 24 % of faint stars that should be removed. This means that in the case in
which we can extrapolate these percentages from the subsample in common with COSMOS to our sample
of quiescent galaxies in ALHAMBRA, we have removed 84 % of faint stars in ALHAMBRA, and that there
are a contamination around 4 % of stars in our sample of quiescent galaxies at 22.5 ≤ mF814W < 23; as long
as the star/galaxy classification of COSMOS was assumed as the optimal star/galaxy classification.

Figures A.1 and A.2 illustrate two cases in the process of detection and removal of faint stars from the
quiescent sample. In Fig. A.1, we exhibit an ALHAMBRA source at mF814W = 22.8 that was classified
as star with the methodology explained above and in agreement with the stellar classification of COSMOS.
From its stamp in COSMOS (top left panel) is easy to see that this source is a point-like candidate, unfor-
tunately in ALHAMBRA (top right), the size of the PSF masks this feature. The middle panel of Fig. A.1
presents a good perspective of the MUFFIT efficiency for removing red and faint stellar sources from the
quiescent sample. The statistical support of the Monte Carlo approach, using the proper signal-to-noise
ratio of each band, allows us to discern that this source is actually a star with a significance level of ∼ 2.5 σ
(98 %). Regarding the best-fitting stellar model (bottom panel of Fig. A.1), we observe that the optical
range is well fitted by both Coelho et al. (2005, red markers) and BC03 (blue markers), but at the bluer
and redder parts of the SED (black markers) a stellar model slightly fits better than a mixture of two SSPs.
Note that for this case, there are no measurements in the mF365W , mF396W , and H bands owing to they are
under their limit magnitudes. In Fig. A.2, we illustrate a red galaxy with mF814W = 22.7 that was confirmed
as galaxy by MUFFIT. Whilst in the COSMOS stamp this galaxy shows a remarkable and larger projected
size, the ALHAMBRA PSF blurs the sources enough as to present a similar projected sizes than the stellar
case (see top right panels in Figs. A.1 and A.2). Middle panel in Fig. A.2 shows a dominant set of lower
χ2 values, or best-fitting, of the mixture of two BC03 SSPs respect the stellar ones, which is clearly stated
after comparing the galaxy SED with both best-fitting model predictions (bottom panel). Notice that two
BC03 SSP models rather fit the whole spectral range of ALHAMBRA, fitting simultaneously UV, optical,
and NIR; unlike Coelho et al. (2005) models.

The election of a 1 σ significance level is a compromise between the percentage of stars that remain in
the sample, or contaminants, and the galaxies that were removed mistakenly. Indeed, the significance level
for the KS-test can be used as an estimator to remove stars from the sample. In this sense, if we relaxed
the significance level toward lower values, we would be able to detect more faint stars, but we also would
remove more fake stars that really are galaxies. Even though this drawback, notice that our SED-fitting
analysis at a 1 σ significance level made a substantial improvement in the faint end of the quiescent sample,
where the contamination of faint stars were initially 24 % and now this is reduced up to 4 %, for which we
have removed less than 1 % of galaxies in 22.5 ≤ mF814W < 23 and much less in the total sample.
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Figure A.1: Red source identified as faint star and removed from the ALHAMBRA quiescent sample.
Top left and top right panels, stamps of the faint star candidate in COSMOS (ACS camera, pixel scale
0.03′′ pixel−1) and ALHAMBRA (LAICA camera, resolution 0.22′′ pixel−1) respectively, both stamps cor-
respond to an aperture of 7′′ × 7′′. Middle panel, cumulative distribution function (CDF) of the χ2 distri-
butions obtained during the Monte Carlo process treating the source as an star (red) and as a galaxy (blue).
Bottom panel, best-fitting Coelho et al. (2005) model (red) and mixture of two BC03 SSPs (blue) to the
source photometry (black).
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Figure A.2: As Fig. A.1, but for this case the source was not classified as red star, i. e. identified as galaxy,
in the range 22.5 ≤ mF814W ≤ 23.0.



B
Stellar mass completeness determination

Our aim is to develop a method for parametrizing the stellar mass completeness of the ALHAMBRA galax-
ies, which must be applicable to the sample of quiescent galaxies in this work, and where this parametriza-
tion must be easily recomputed for any completeness level, C. Firstly, we explore the possibility of using
a Fermi-Dirac like distribution function in order to model the stellar mass completeness in Appendix B.1,
since this analytical function was already taken in previous works with satisfactory results (e. g. Sandage
et al., 1979, although for magnitude completeness); along with a first approach to estimate the sets of mass
completeness levels. Posteriorly in Appendix B.2, we detail the definitive method taken for this research to
determine the stellar mass completeness of the quiescent sample.

B.1 Parametrization of the stellar mass completeness

The most natural way to estimate the stellar mass completeness of quiescent galaxies in this work (from the
ALHAMBRA Gold catalogue) would be made the most of the full ALHAMBRA catalogue because of it is
complete up to mF814W ∼ 24.5 (Molino et al., 2014), unlike the Gold catalogue that only comprises its bright
part (mF814W ≤ 23). We also analysed all the galaxies in this deeper range with MUFFIT, seeking to estimate
their stellar masses and rest-frame colours, the latter with the only purpose of extracting all the quiescent
galaxies in the luminosity range 23 < mF814W ≤ 24 (i. e. one magnitude deeper than our main sample for
this research) following the selection criteria in Sect. 3.3. At this point, we likely estimated the percentage
of galaxies we were missing after comparing the number of quiescent galaxies brighter than mF814W = 23
with the total sample of quiescent galaxies down to mF814W = 24 at different stellar mass and redshift bins.
By this method, we estimated the bias introduced by the apparent magnitude selection (mF814W ≤ 23) over
our quiescent galaxy sample.

Furthermore, our interest resides on parametrising the decay observed through any kind of function, and
we tested a Fermi-Dirac distribution function for this goal. A Fermi-Dirac distribution function is formally
expressed as

fFD(z,M?) =
1

exp
[
(MF(z) − log10 M?)/∆F(z)

]
+ 1

, (B.1)

where MF(z) is the stellar mass value (in dex) for which the completeness reaches 50 % (C = 0.5) and ∆F(z)
is related with the decrease rate on the number of galaxies. Note that both MF(z) and ∆F(z) are redshift
dependent. To check that the stellar mass completeness introduced by the apparent magnitude selection
(mF814W ≤ 23) can be reproduced by this analytical function, we fitted the bias introduced by the apparent
magnitude selection through a χ2-test of Eq. B.1 and parameters 5 ≤ MF(z) ≤ 14 and 0.02 ≤ ∆F(z) < 2.
In Fig. B.1 and for the redshift bin 0.4 ≤ z < 0.5, we show the stellar mass completeness (mF814W ≤ 23,
solid blue line) and the Fermi-Dirac function that best fits it (dashed red line). We therefore confirm that this
function fits properly the stellar mass completeness of our sample. The stellar mass value limit for a given
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Figure B.1: Stellar mass completeness of the ALHAMBRA sample of quiescent galaxies complete in flux
down to mF814W ≤ 23. In blue, we illustrate the values recovered by the method explained in Appendix B.1
at the redshift bin 0.4 ≤ z < 0.5. The red dashed line illustrates the Fermi-Dirac like function that best fits
our results at this redshift range, along with the parameters (MF and ∆F) of the function.

completeness level and redshift, MC(z), can be easily derived from Eq. B.1 as

log10 MC(z) = ∆F(z) ln [(1 − C) − 1] + MF(z) . (B.2)

Indeed, these results are a good estimation of the stellar mass completeness itself. Although it also
presents a disadvantage or uncertainty, we do not know how much complete in stellar mass is the sample of
galaxies at 23 < mF814W ≤ 24, since we can only confirm that it is complete in apparent magnitude but not in
stellar mass. This method may be a good approach for magnitudes around mF814W ∼ 23 and for large stellar
mass completeness (C & 0.7). For magnitudes closer to mF814W = 24, the ALHAMBRA sample may also
affected by incompleteness and the reliability of the predictions may be compromised. In Appendix B.2, we
present an alternative and more general method, which is indeed the method used for this work.

B.2 Likelihood-maximisation method

We perform a more generic method that suppress the disadvantages noted above taking advantage of stellar
mass functions, Φ(M), from deeper surveys. In particular, we took the stellar mass functions from the
COSMOS survey for quiescent galaxies (Ilbert et al., 2010). We aim measuring how the low-mass end of
the ALHAMBRA sample differs from much deeper surveys, where these differences are leaded by the mass
incompleteness. In this second method, we followed a process similar to the work of Sandage et al. (1979,
STY), that lies in a likelihood maximisation in which we include the completeness term. This likelihood
L encompasses the probability of observing a galaxy accounting for both the selection and observational
effects. Formally,

lnL =

Ng∑
i=1

Φ(Mi) f (Mi)∫ Mi,max

Mi,min
Φ(M′) f (M′) dM′

, (B.3)
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where Ng is the number of galaxies in the sub-sample, f (Mi) is the stellar mass completeness (Eq. B.1)
for a galaxy with stellar mass Mi at certain redshift, Mi,min and Mi,max are respectively the minimum and
maximum stellar mass at the redshift in which the galaxy ith resides, and Φ(M) is the stellar mass function
characterised by the functional form of a Schechter-like function (Schechter, 1976) through three parameters
(α,M∗, and the normalisation Φ∗; see Fontana et al., 2004; Pérez-González et al., 2008; Vergani et al., 2008;
Ilbert et al., 2010, 2013) expressed as:

Φ(M) dM = Φ∗
(

M
M∗

)α
exp

(
− M
M∗

)
d
(

M
M∗

)
. (B.4)

Notice that this likelihood must be re-maximised at each redshift bin of interest, but it is not necessary
to define stellar mass bins. After fixing both α andM∗ to the values obtained in Ilbert et al. (2010, the term
Φ∗ is not relevant because it is cancelled in Eq. B.3), the maximisation of Eq. B.3 provides us MF and ∆F.

Finally, we compare the values MF and ∆F obtained in Appendix B.1 with the values from the maxi-
mization of Eq. B.3 reaching a good agreement between both predictions. MF and ∆F present negligible
discrepancies (< 0.1 dex and < 0.05 dex respectively) after comparing both techniques, where the reference
values for the present work those obtained by the likelihood method. In Table 3.2, the values MF and ∆F are
presented, as well as the stellar mass limits for different completeness levels for the quiescent galaxies in
ALHAMBRA down to mF814W = 23.
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C
Distribution of stellar population parameters on the

UV J-diagram

Althought the LOESS methodology (bidimensional and locally weighted regression method to model the
trends of our quiescent sample) is a non-novel and reliable statistical procedure to diminish the impact of
uncertainties on the results. It is possible that this method might emulate a transition or tendency that is not
real, because it builds a non-parametric model, by a surface in the present case, through subtle transitions
using the average values in contiguous cells or bins. Even when the number of sources is very low and
their uncertainties are large, the errors in the LOESS determination might drive unreliable predictions. As
a sanity check, we studied the distribution of the stellar population parameters along the rest-frame colour
map mF365−mF551 and mF551− J for both rest-frame colours and the intrinsic ones (corrected of dust effects,
further details in Sect. 3.5), see Figs. C.1 and C.2. A preliminary visual inspection on these figures already
reveals a clear tendency in the same sense that the obtained after running the LOESS methodology. Thereby,
the LOESS methodology not only confirms this tendency after taking the uncertainties into account, it also
constructs a subtle model that provides us the stellar population parameters for any couple of rest-frame
colours mF365 − mF551 and mF551 − J.
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Figure C.1: The stellar-population parameters in the rest-frame UV J-diagram. At different redshift bins,
we present the intrinsic colours (mF551 − J)int (X-axis) and (mF365 − mF551)int (Y-axis) after correcting
for extinction for the mass complete sample of quiescent galaxies (see stellar mass completeness on the
top). The different stellar-population parameters are colour coded in function of their values, see the inset
colour bars in each panel. From top to bottom, stellar mass, extinction, and both mass-weighted age and
metallicity. Black crosses illustrate the median uncertainties in both (mF551 − J)int and (mF365 − mF551)int
intrinsic colours. Dashed black line encloses the rest-frame colour ranges assumed for selecting quiescent
galaxies in Moresco et al. (2013, see Eq. 3.1), while dotted line illustrates our colour limit for selecting
quiescent galaxies (mF365 − mF551)int > 1.5. We illustrate the colour variations owing to a reddening of
AV = 0.5 (black arrow), assuming the extinction law of Fitzpatrick (1999).
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Figure C.2: As Fig. C.1, but we plot the rest-frame colours mF551 − J (X-axis) and mF365 − mF551 (Y-axis)
instead.
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D
Probability distribution functions of age, metallicity, and

extinction: the MLE method

The MLE has been successfully used for different purposes in astronomy (e. g. Naylor & Jeffries, 2006;
Makarov et al., 2006; Arzner et al., 2007; López-Sanjuan et al., 2008, 2015a) with statistically meaningful
uncertainties to accounting for. In particular, we departed from the MLE methodology developed by López-
Sanjuan et al. (2014, originally performed for removing cosmic variance effects) in order to adapt it to our
requirements: deconvolution of uncertainty effects in the distributions of ages, metallicities, and extinctions
of the quiescent population.

In the present MLE, we assumed that the distribution of stellar-population parameters of quiescent galax-
ies (age, metallicity, and extinction in this work) are correctly expressed by Gaussian-like probability distri-
butions in the log-space (i. e. a log-normal distribution in the real space), and therefore the distribution shape
is mainly parametrised by the mean, µ, and the standard deviation, σint, of the distribution. Furthermore,
these distributions are perturbed by observational errors, where the observed values differ from the real ones
also following a Gaussian distribution. As our main goal is to describe how the quiescent galaxy population
evolves since z ≤ 1.1 (i. e. the evolution of the stellar-population distributions), we introduced in Eq. A.5
of López-Sanjuan et al. (2014) that µ and σint are redshift dependent: µ = µ(z) and σint = σint(z). In a
general case µ(z) and σint(z) can adopt any functional form, although for simplicity we can assume linear or
quadratic dependencies of the form: µ(z) = µ2× z2 +µ1× z +µ0 and σint(z) = σ2× z2 +σ1× z +σ0. Thereby,
instead of searching the two parameters µ and σint that maximizes the probability at different redshift bins,
we derive the coefficients of the functional forms of µ(z) and σint(z) (for the above example µ2, µ1, µ0, σ2,
σ1, and σ0) that maximize the likelihood for this work:

L(p j | µp, σ
int
p , pe, j) = −1

2

∑
j

ln (
pe, j

2 + σint
p (z)

2
)

+

(
µp(z) − p j

)2

pe, j2 + σint
p (z)2

 , (D.1)

where p j is the stellar-population parameter (age, metallicity, or extinction) of the jth galaxy in the sample,
pe, j its uncertainty, z j its photo redshift, µp(z) and σint

p (z) the mean and the standard deviation of the stellar-
population parameter distribution without observational error effects.

The assumption of the redshift dependency favours the determination of µp and σint
p in those bins with

a reduced number of galaxies, such as the most local and massive quiescent galaxies in this research, 0.1 ≤
z < 0.3 and log10 M? ≥ 11.2 dex, for which the number of galaxies is quite limited owing to the little volume
sampled in the ALHAMBRA survey (see Table 3.3). Notice that the insertion of a redshift dependence also
introduces a correlation with the rest of observational parameters p, since we are using photo z with an
accuracy of σz/(1 + z) ≤ 0.0053 (see Sect. 3.3.5). Owing to the photo z is treated as another free parameter
by MUFFIT in the bin provided by BPZ in the Gold catalogue, the parameters derived by MUFFIT includes
the photo-z uncertainties naturally. In addition, Díaz-García et al. (2015) checked that the ALHAMBRA
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photo-z accuracy presented negligible effects on the stellar population determination (age, metallicity and
extinction uncertainties below 0.18 Gyr, 0.04 dex and 0.03 respectively for σz/(1 + z) ≤ 0.009), and we
therefore neglect any correlation with redshift, which preserves Eq. D.1 analytical as well. Furthermore,
the dynamical range of redshift for this work (0.1 ≤ z ≤ 1.1) is much larger than the photo-z uncertainties,
i. e. σz << zmax − zmin.

The process of maximization of Eq. D.1 was carried out by the Python implementation EMCEE1

(Foreman-Mackey et al., 2013), an affine invariant sampling algorithm for a Markov chain Monte Carlo
method (MCMC), which also provides uncertainties and correlations for the parameters that maximize
such equation. Consequently, the MLE for this research is equivalent to deconvolve the observational
errors from our desired stellar-population distributions, or at least to minimize their effects. Figure D.1
illustrates a MLE deconvolution for the subsample of 1480 quiescent galaxies at 0.7 ≤ z < 0.9 and
10.8 ≤ log10 M? < 11.2 dex (BC03 SSP models), in which we assume that there is no a redshift de-
pendency of µ(z) and σint(z) (i. e. µ2 = µ1 = σ2 = σ1 = 0; µ0 and σ0 provide the average values in the bin).
The histograms of the observed stellar-population parameters (thin line; age, metallicity, and extinction) are
fitted by a log-normal distribution correctly (dashed line, before removing observational errors), supporting
our initial assumption. After running the MLE, we rebuild the probability function of ages, metallicities and
extinctions (solid line), in which we reduced or deconvolved the noise effects of the observed distributions
(thin line). As expected, the main effect of observational errors is the increment of the width of the distri-
butions, but also there exist slight shifts in the medians of the distributions. The parameters µ and σint of
Fig. D.1 also present negligible correlations, which were derived from EMCEE, as shown by Fig. D.2.

Finally, we normalised the log-normal distributions of all stellar-population parameters to the fitted num-
ber densities of Sect. 3.6 (see Table 3.5). This allow us to provide PDFs of age, metallicity, and extinctions
for the quiescent galaxy population for the first time, that can be easily recomputed for any redshift. Due to
the nature of the parameters, the analytical form of the PDF of age, metallicity, and extinction are formally
expressed as

PDF(Age, z,M?) =
ρN(z,M?)√

2π Age σint
Age(z,M?)

× exp

−
(
ln Age − µAge(z,M?)

)2

2σint
Age(z,M?)2

 , (D.2)

PDF([M/H], z,M?) =
ρN(z,M?)√

2π (1 − [M/H]) σint
[M/H](z,M?)

×

× exp

−
(
ln{1 − [M/H]} − µ[M/H](z,M?)

)2

2σint
[M/H](z,M?)2

 , (D.3)

PDF(AV , z,M?) =
ρN(z,M?)√

2π AV σ
int
AV

(z,M?)
× exp

−
(
ln AV − µAV (z,M?)

)2

2σint
AV

(z,M?)2

 . (D.4)

From these definitions, the medians and widths, ω, of age, metallicity, and extinction are expressed as:

Age50th(z,M?) = exp
{
µAge(z,M?)

}
, (D.5)

A50th
V (z,M?) = exp

{
µAV (z,M?)

}
, (D.6)

[M/H]50th(z,M?) = 1 − exp
{
µ[M/H](z,M?)

}
, (D.7)

ωp(z,M?) = exp
{
µp(z,M?) + σint

p (z,M?)
}
− exp

{
µp(z,M?) − σint

p (z,M?)
}
, (D.8)

where the superscript 50th denotes median and p refers to age, metallicity, and extinction.

1http://dan.iel.fm/emcee
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Figure D.1: Histograms of stellar-population parameters (thin line, derived using BC03 SSP models) of
the 1480 quiescent galaxies with stellar mass 10.8 ≤ log10 M? < 11.2 dex and at redshift 0.7 ≤ z < 0.9.
From top to bottom, mass-weighted age, mass-weighted metallicity, and extinction. The dashed line is the
distribution fit, whereas the orange solid line is the parameter distributions after applying the MLE method
for diminishing individual uncertainty effects (further details in the text). The star-shape marker and the
solid black line illustrate the median and the 1 σ width of the distributions respectively. All the curves were
normalised to the fitted number density (see Sect. 3.6 and Table 3.5).
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Figure D.2: From top to bottom, correlations between µ and σint for age, metallicity, and extinction of the
1480 quiescent galaxies with stellar mass 10.8 ≤ log10 M? < 11.2 dex and at redshift 0.7 ≤ z < 0.9 (see also
Fig. D.1). Redder colours are related to higher densities, whereas bluer ones to lower densities.
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As previously commented in Sect. 3.8, we simultaneously analyse the distribution of stellar population
parameters of quiescent galaxies using three sets of SSP models: BC03, and the two isochrone sets of
EMILES (BaSTI and Padova00, details in Sect. 3.2.1). As these SSP sets can provide different diagnostics of
stellar-population distributions, we provide their error deconvolution by the MLE methodology described in
this appendix or stellar population PDFs. Below, the formation epoch, age, metallicity and extinction PDFs
for the ALHAMBRA quiescent galaxies are presented in Appendix D.1, Appendix D.2, and Appendix D.3
for BC03, EMILES+BaSTI isochrones, and EMILES+Padova00 isochrones SSP models respectively.

D.1 Stellar-population PDFs of the ALHAMBRA quiescent galaxies: BC03
SSP models

For BC03 SSP models, we adopted a linear dependency for ages and extinctions (i. e. µ2 = σ2 = 0) and a
quadratic one for metallicity. Notice that the dependence with stellar mass was treated running the MLE at
different stellar mass ranges in which our sample is complete. Only for the mass range 10.0 ≤ log10 M? <

10.4 and the metallicity case, we impose σ2 = 0 because a linear dependency of σint(z) is enough for this
case, and it helps to limit the degrees of freedom in the maximization of Eq. D.1. In order to check the
feasibility of these assumptions, we compare the µ(z) and σint(z) curves obtained after carrying out the
MLE method, in the redshift range in which the sample is complete, with those values obtained after setting
µ2 = µ1 = σ2 = σ1 = 0 in narrower redshift bins of ∆z = 0.2 (i. e. the average µ(z) and σint(z) in narrow
enough redshift bins). As a result, we observe that the linear and quadratic assumptions are fairly suitable in
each case (see Fig D.3). All the parameters and uncertainties obtained after the maximization of Eq. D.1, and
that are necessary to build the stellar population PDFs (Eqs. D.2–D.4) retrieved using BC03 SSP models,
are provided in Tables D.1–D.3. The parameters to compute the number densities for the PDF normalization
at any redshift are in Table 3.5 (details in Sect. 3.6). It is worth mentioning that for higher redshifts than
the limits of our sample (0.1 ≤ z ≤ 1.1, see Table 3.2 and Fig. 3.2, or Sect. 3.3.4 for further details), these
parameters are extrapolations of our quiescent sample and its reliability may be questionable. Indeed, we
cannot confirm whether a linear or quadratic functional form of µ(z) and σint(z) is still reliable further than
the limits of the present sample.

Owing to the low number of galaxies in the stellar mass range 9.6 ≤ log10 M? < 10.0, the reliability of
the results provided by the MLE method detailed above is compromised, and therefore, we do not provide
their redshift-dependent PDF parameters. Although we set reference values of their average medians and
widths in the redshift bin 0.1 ≤ z < 0.3 running the MLE method with µ2 = µ1 = σ2 = σ1 = 0 (see values in
Tables 3.7–3.9). In addition, below 0.1 ≤ z < 0.2 and log10 M? ≥ 11.2, the assumption of linearity forσint(z)
in the extinction case is mathematically motivated, but physically it is too strict since it rapidly converges
to σint(z = 0.1) ∼ 0.0. Actually our sample σint(z) and µ(z) extinction converge to a constant value further
than z < 0.2. Consequently, only for quiescent galaxies at 0.1 ≤ z < 0.2 and log10 M? ≥ 11.2, we impose
σint(0.1 ≤ z < 0.2) = σint(z = 0.2) = 0.14 ± 0.03 and µ(0.1 ≤ z < 0.2) = µ(z = 0.2) = −1.29 ± 0.09. Finally,
notice that for the lowest extinction values in Eq. D.4 (AV ∼ 0), the probability might be underestimated
because the log-normal function falls to zero at this regime of values.

The analysis of these stellar populations is faced in Sect.3.7.

D.2 Stellar-population PDFs of the ALHAMBRA quiescent galaxies: EMILES
and BaSTI isochrones

For EMILES SSP models and BaSTI theoretical isochrones, we also carried out the MLE methodology
with the distributions of age, formation epoch, metallicity and extinction retrieved for the complete in mass
sample of quiescent galaxies in ALHAMBRA. Although the trends are qualitatively similar to the obtained
in Appendix D.1, there are quantitative discrepancies between both sets of SSP models. For age, formation
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epoch and extinction distributions, a linear dependency with redshift is assumed for µ(z) andσint(z), i. e. µ2 =

σ2 = 0. As in Appendix D.1 and from Fig. D.4, the assumption of linearity for µ(z) and σint(z) is supported
after comparing with the MLE solutions retrieved when µ2 = µ1 = σ2 = σ1 = 0 (see square markers
in Fig. D.4) at redshift bins of ∆z = 0.2 in the range 0.1 ≤ z ≤ 1.1, that is, in narrow redshift bins in
order to split the redshift dependency of µ(z) and σint(z). Nevertheless, it is remarkable that for BaSTI
isochrones we appreciate a decrement of the median of the metallicity PDF too, although the assumption of
a quadratic form for µ(z) and σint(z) is not further necessary for the metallicity PDF case. From Fig. D.4,
the metallicity PDFs are fairly parametrised with a linear dependency with redshift for µ(z) and σint(z)
at 0.1 ≤ z ≤ 1.1. The parameters and uncertainties obtained after deconvolving the stellar population
parameters, provided by MUFFIT using EMILES+BaSTI isochrones, that are necessary to build the stellar
population PDFs (Eqs. D.2–D.4) of quiescent galaxies in ALHAMBRA, are provided in Tables D.4–D.6.
Again, the normalization of these PDFs must matches with the quiescent number densities provided in
Sect. 3.6.

As in the section above, the low number of galaxies with stellar mass 9.6 ≤ log10 M? < 10.0 at 0.1 ≤
z ≤ 0.3 made that we removed this bin from the redshift MLE analysis. Instead, we ran it forcing µ2 = µ1 =

σ2 = σ1 = 0 in order to obtain reference and average values for this stellar mass range. For the complete
analysis of the stellar-population distributions and implications, we refer readers to Sect. 3.8.

D.3 Stellar-population PDFs of the ALHAMBRA quiescent galaxies: EMILES
and Padova00 isochrones

For Padova00 isochrones, we only appreciate mild quantitative variations respect the BaSTI ones. As above
in Appendix D.2, we repeated the same process and assumed a linear dependency for µ(z) and σint(z) for all
the stellar-population parameters in the MLE process, see Fig. D.5. The parameters of the stellar-population
PDF (see Eqs. D.2–D.4) for quiescent galaxies are presented in Tables D.7–D.9, along with their uncertain-
ties, in the redshift range 0.1 ≤ z ≤ 1.1. As mentioned above, further than these redshift limits any result is
an extrapolation of the results and the linear assumption may be compromised.

For those quiescent galaxies with stellar mass 9.6 ≤ log10 M? < 10.0 (restricted by completeness reasons
at 0.1 ≤ z ≤ 0.3), we provide reference values for its stellar population PDF assuming µ2 = µ1 = σ2 = σ1 =

0 (see Sect. 3.8). A more detailed study of the stellar populations retrieved using EMILES and Padova00
isochrones is performed in Sect. 3.8.
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Figure D.3: The formation epoch (top left), age (top right), metallicity (bottom left), and extinction (bottom
right) PDF parameters µ and σint of the quiescent galaxy population at different redshifts using BC03 SSP
models. Solid lines correspond to the assumption of linear (formation epoch, age, and extinction) and
quadratic functions (metallicity) for µ(z) and σint(z) at different stellar mass ranges; whereas square-shape
markers are the average values for these parameters assuming a non-redshift dependency (i. e. µ2 = µ1 =

σ2 = σ1 = 0) in redshift bins of ∆z = 0.2. Horizontal bars delimit the redshift range in which the averaged
values were computed, while vertical bars enclose the 1 σ confidence level.
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Figure D.4: The formation epoch (top left), age (top right), metallicity (bottom left), and extinction (bottom
right) PDF parameters µ and σint of the quiescent galaxy population at different redshifts using EMILES
SSP models and BaSTI isochrones. Solid lines correspond to the assumption of linear (formation epoch,
age, and extinction) and quadratic functions (metallicity) for µ(z) and σint(z) at different stellar mass ranges;
whereas square-shape markers are the average values for these parameters assuming a non-redshift depen-
dency (i. e. µ2 = µ1 = σ2 = σ1 = 0) in redshift bins of ∆z = 0.2. Horizontal bars delimit the redshift range
in which the averaged values were computed, while vertical bars enclose the 1 σ confidence level.
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Figure D.5: The formation epoch (top left), age (top right), metallicity (bottom left), and extinction (bottom
right) PDF parameters µ and σint of the quiescent galaxy population at different redshifts using EMILES
SSP models and Padova00 isochrones. Solid lines correspond to the assumption of linear (formation epoch,
age, and extinction) and quadratic functions (metallicity) for µ(z) and σint(z) at different stellar mass ranges;
whereas square-shape markers are the average values for these parameters assuming a non-redshift depen-
dency (i. e. µ2 = µ1 = σ2 = σ1 = 0) in redshift bins of ∆z = 0.2. Horizontal bars delimit the redshift range
in which the averaged values were computed, while vertical bars enclose the 1 σ confidence level.
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Table D.1: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of luminosity and
mass-weighted ages and formation epochs (see Eq. D.2), which were derived using BC03 SSP models.

AgeL [Gyr] Ngal
µAgeL σint

AgeL

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1429 −0.64+0.09
−0.09 1.57+0.03

−0.03 0.33+0.10
−0.09 0.08+0.03

−0.03

10.4 ≤ log10 M? < 10.8 2526 −0.64+0.04
−0.04 1.59+0.02

−0.02 0.32+0.05
−0.04 0.05+0.02

−0.02

10.8 ≤ log10 M? < 11.2 3181 −0.37+0.03
−0.03 1.54+0.02

−0.02 0.17+0.03
−0.03 0.11+0.02

−0.02

log10 M? ≥ 11.2 1122 −0.34+0.04
−0.05 1.62+0.04

−0.04 0.02+0.04
−0.04 0.20+0.03

−0.03

AgeM [Gyr] Ngal
µAgeM σint

AgeM

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1429 −0.31+0.10
−0.09 1.70+0.03

−0.03 0.27+0.11
−0.10 0.06+0.04

−0.04

10.4 ≤ log10 M? < 10.8 2526 −0.47+0.04
−0.05 1.77+0.02

−0.02 0.17+0.04
−0.04 0.10+0.02

−0.02

10.8 ≤ log10 M? < 11.2 3181 −0.33+0.03
−0.03 1.78+0.02

−0.02 0.09+0.03
−0.03 0.13+0.02

−0.02

log10 M? ≥ 11.2 1122 −0.38+0.04
−0.04 1.92+0.04

−0.04 −0.04+0.04
−0.03 0.21+0.03

−0.03

AgeL + tLB [Gyr] Ngal
µAgeL+tLB σint

AgeL+tLB

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1429 0.88+0.05
−0.05 1.70+0.02

−0.02 −0.01+0.05
−0.05 0.10+0.02

−0.02

10.4 ≤ log10 M? < 10.8 2526 0.68+0.02
−0.02 1.78+0.01

−0.01 0.04+0.02
−0.02 0.07+0.01

−0.01

10.8 ≤ log10 M? < 11.2 3181 0.62+0.01
−0.01 1.83+0.01

−0.01 −0.01+0.01
−0.01 0.09+0.01

−0.01

log10 M? ≥ 11.2 1122 0.45+0.02
−0.02 1.98+0.02

−0.02 −0.05+0.02
−0.02 0.13+0.02

−0.01

AgeM + tLB [Gyr] Ngal
µAgeM+tLB σint

AgeM+tLB

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1429 0.87+0.06
−0.06 1.83+0.02

−0.02 0.04+0.06
−0.06 0.08+0.02

−0.02

10.4 ≤ log10 M? < 10.8 2526 0.58+0.03
−0.03 1.94+0.01

−0.01 −0.01+0.02
−0.02 0.10+0.01

−0.01

10.8 ≤ log10 M? < 11.2 3181 0.54+0.02
−0.02 2.00+0.01

−0.01 −0.04+0.01
−0.01 0.11+0.01

−0.01

log10 M? ≥ 11.2 1122 0.34+0.02
−0.02 2.17+0.02

−0.02 −0.08+0.02
−0.02 0.15+0.02

−0.02

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters.
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Table D.2: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of luminosity and
mass-weighted metallicities (see Eq. D.3), which were derived using BC03 SSP models.

[M/H]L Ngal
µ[M/H]L σint

[M/H]L

µ2 µ1 µ0 σ2 σ1 σ0

10.0 ≤ log10 M? < 10.4 1429 1.73+0.61
−0.58 −1.38+0.35

−0.36 0.29+0.05
−0.05

* 0.00+0.00
−0.00 0.59+0.07

−0.06 0.01+0.02
−0.02

10.4 ≤ log10 M? < 10.8 2526 1.38+0.21
−0.20 −1.22+0.17

−0.18 0.22+0.03
−0.03 −0.49+0.20

−0.19 0.71+0.16
−0.17 0.02+0.03

−0.03

10.8 ≤ log10 M? < 11.2 3181 1.49+0.11
−0.10 −1.34+0.12

−0.12 0.21+0.03
−0.03 −0.83+0.10

−0.10 0.98+0.11
−0.11 −0.04+0.03

−0.03

log10 M? ≥ 11.2 1122 0.77+0.12
−0.12 −0.60+0.16

−0.15 0.00+0.04
−0.05 −0.49+0.09

−0.08 0.73+0.10
−0.12 −0.05+0.04

−0.02

[M/H]M Ngal
µ[M/H]M σint

[M/H]M

µ2 µ1 µ0 σ2 σ1 σ0

10.0 ≤ log10 M? < 10.4 1429 1.49+0.66
−0.64 −1.55+0.38

−0.41 0.33+0.06
−0.06

* 0.00+0.00
−0.00 0.40+0.07

−0.07 0.07+0.02
−0.02

10.4 ≤ log10 M? < 10.8 2526 1.29+0.22
−0.22 −1.46+0.19

−0.19 0.25+0.04
−0.04 −0.26+0.20

−0.20 0.45+0.18
−0.18 0.07+0.03

−0.04

10.8 ≤ log10 M? < 11.2 3181 1.16+0.11
−0.12 −1.43+0.14

−0.13 0.22+0.03
−0.03 −0.29+0.11

−0.11 0.49+0.12
−0.12 0.03+0.03

−0.03

log10 M? ≥ 11.2 1122 0.83+0.12
−0.12 −1.09+0.16

−0.15 0.13+0.04
−0.04 −0.32+0.09

−0.08 0.57+0.10
−0.12 −0.04+0.04

−0.02

Notes. (*) For 10.0 ≤ log10 M? < 10.4, a linear redshift-dependency of σint
[M/H] was assumed.

The top and bottom numbers stablish the 1 σ confidence level of the parameters.

Table D.3: Parameters µ(z,M?) and σint(z,M?) of the extinction probability distribution functions (see
Eq. D.4), which were derived using BC03 SSP models.

AV Ngal
µAV σint

AV

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1429 −0.78+0.38
−0.35 −1.50+0.11

−0.12 1.71+0.30
−0.29 0.39+0.10

−0.10

10.4 ≤ log10 M? < 10.8 2526 −0.50+0.15
−0.14 −1.36+0.06

−0.06 1.36+0.13
−0.12 0.16+0.06

−0.06

10.8 ≤ log10 M? < 11.2 3181 −0.61+0.11
−0.11 −1.37+0.07

−0.07 0.76+0.07
−0.07 0.50+0.04

−0.04

∗ log10 M? ≥ 11.2 1122 −0.76+0.14
−0.13 −1.14+0.09

−0.09 1.29+0.05
−0.05 −0.12+0.03

−0.02

Notes. (*) For quiescent galaxies at 0.1 ≤ z < 0.2 and log10 M? ≥ 11.2, the assumption of linear σint(z) and µ(z) is too
strict, and we imposeσint(0.1 ≤ z < 0.2) = σint(z = 0.2) = 0.14±0.03 and µ(0.1 ≤ z < 0.2) = µ(z = 0.2) = −1.29±0.09
(details in text).
The top and bottom numbers stablish the 1 σ confidence level of the parameters.
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Table D.4: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of luminosity and
mass-weighted ages and formation epochs (see Eq. D.2), which were derived using EMILES SSP models
with BaSTI isochrones.

AgeL [Gyr] Ngal
µAgeL σint

AgeL

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1074 −0.72+0.10
−0.10 1.97+0.03

−0.03 0.09+0.08
−0.08 0.17+0.03

−0.03

10.4 ≤ log10 M? < 10.8 2216 −0.77+0.04
−0.04 2.00+0.02

−0.02 0.02+0.03
−0.03 0.17+0.02

−0.02

10.8 ≤ log10 M? < 11.2 3787 −0.83+0.02
−0.02 2.07+0.01

−0.01 −0.01+0.02
−0.02 0.14+0.01

−0.01

log10 M? ≥ 11.2 2391 −0.79+0.02
−0.02 2.11+0.02

−0.02 −0.04+0.02
−0.02 0.17+0.01

−0.01

AgeM [Gyr] Ngal
µAgeM σint

AgeM

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1074 −0.25+0.08
−0.08 2.04+0.03

−0.03 −0.02+0.07
−0.07 0.13+0.02

−0.02

10.4 ≤ log10 M? < 10.8 2216 −0.56+0.04
−0.04 2.16+0.02

−0.02 −0.02+0.03
−0.03 0.12+0.02

−0.02

10.8 ≤ log10 M? < 11.2 3787 −0.69+0.02
−0.02 2.25+0.01

−0.01 0.01+0.02
−0.02 0.08+0.01

−0.01

log10 M? ≥ 11.2 2391 −0.71+0.02
−0.02 2.30+0.02

−0.02 −0.02+0.02
−0.02 0.10+0.01

−0.01

AgeL + tLB [Gyr] Ngal
µAgeL+tLB σint

AgeL+tLB

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1074 0.55+0.06
−0.06 2.02+0.02

−0.02 −0.12+0.05
−0.05 0.17+0.02

−0.02

10.4 ≤ log10 M? < 10.8 2216 0.38+0.02
−0.02 2.10+0.01

−0.01 −0.10+0.02
−0.02 0.15+0.01

−0.01

10.8 ≤ log10 M? < 11.2 3787 0.26+0.01
−0.01 2.18+0.01

−0.01 −0.09+0.01
−0.01 0.12+0.01

−0.01

log10 M? ≥ 11.2 2391 0.20+0.01
−0.01 2.25+0.01

−0.01 −0.08+0.01
−0.01 0.12+0.01

−0.01

AgeM + tLB [Gyr] Ngal
µAgeM+tLB σint

AgeM+tLB

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1074 0.67+0.05
−0.06 2.13+0.02

−0.02 −0.08+0.05
−0.05 0.12+0.02

−0.02

10.4 ≤ log10 M? < 10.8 2216 0.34+0.02
−0.02 2.25+0.01

−0.01 −0.07+0.02
−0.02 0.10+0.01

−0.01

10.8 ≤ log10 M? < 11.2 3787 0.20+0.01
−0.01 2.34+0.01

−0.01 −0.05+0.01
−0.01 0.08+0.01

−0.01

log10 M? ≥ 11.2 2391 0.13+0.01
−0.01 2.40+0.01

−0.01 −0.05+0.01
−0.01 0.09+0.01

−0.01

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters.
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Table D.5: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of luminosity and
mass-weighted metallicities (see Eq. D.3), which were derived using EMILES SSP models with BaSTI
isochrones.

[M/H]L Ngal
µ[M/H]L σint

[M/H]L

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1074 −0.46+0.06
−0.06 0.42+0.02

−0.02 0.45+0.05
−0.04 0.01+0.01

−0.01

10.4 ≤ log10 M? < 10.8 2216 −0.23+0.03
−0.03 0.30+0.01

−0.01 0.23+0.02
−0.02 0.07+0.01

−0.01

10.8 ≤ log10 M? < 11.2 3787 −0.01+0.02
−0.02 0.19+0.01

−0.01 0.09+0.01
−0.01 0.10+0.01

−0.01

log10 M? ≥ 11.2 2391 0.06+0.02
−0.02 0.12+0.01

−0.01 0.02+0.02
−0.02 0.13+0.01

−0.01

[M/H]M Ngal
µ[M/H]M σint

[M/H]M

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1074 −0.67+0.07
−0.07 0.42+0.02

−0.02 0.47+0.06
−0.06 0.03+0.02

−0.02

10.4 ≤ log10 M? < 10.8 2216 −0.43+0.03
−0.03 0.25+0.01

−0.01 0.23+0.03
−0.03 0.10+0.01

−0.01

10.8 ≤ log10 M? < 11.2 3787 −0.30+0.02
−0.02 0.13+0.01

−0.01 0.05+0.01
−0.01 0.13+0.01

−0.01

log10 M? ≥ 11.2 2391 −0.25+0.02
−0.02 0.07+0.01

−0.01 −0.02+0.01
−0.01 0.16+0.01

−0.01

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters.

Table D.6: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of extinctions (see
Eq. D.4), which were derived using EMILES SSP models with BaSTI isochrones.

AV Ngal
µAV σint

AV

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 1074 −1.04+0.32
−0.32 −1.17+0.09

−0.09 2.38+0.25
−0.25 0.06+0.08

−0.08

10.4 ≤ log10 M? < 10.8 2216 −0.21+0.17
−0.17 −1.48+0.07

−0.07 0.91+0.13
−0.13 0.58+0.05

−0.06

10.8 ≤ log10 M? < 11.2 3787 −0.44+0.08
−0.08 −1.21+0.04

−0.05 0.92+0.06
−0.06 0.27+0.04

−0.03

log10 M? ≥ 11.2 2391 −0.14+0.09
−0.09 −1.45+0.07

−0.06 0.52+0.06
−0.06 0.50+0.05

−0.05

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters.
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Table D.7: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of luminosity
and mass-weighted ages (see Eq. D.2), which were derived using EMILES SSP models with Padova00
isochrones.

AgeL [Gyr] Ngal
µAgeL σint

AgeL

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 889 −0.70+0.13
−0.13 1.86+0.04

−0.05 0.01+0.10
−0.10 0.27+0.04

−0.03

10.4 ≤ log10 M? < 10.8 1702 −0.55+0.05
−0.06 1.81+0.03

−0.03 −0.01+0.04
−0.04 0.23+0.02

−0.02

10.8 ≤ log10 M? < 11.2 2627 −0.72+0.03
−0.03 1.93+0.02

−0.02 0.03+0.02
−0.02 0.15+0.01

−0.01

log10 M? ≥ 11.2 1453 −0.66+0.03
−0.03 1.99+0.02

−0.02 −0.02+0.02
−0.02 0.17+0.02

−0.01

AgeM [Gyr] Ngal
µAgeM σint

AgeM

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 889 −0.29+0.11
−0.11 2.00+0.04

−0.04 −0.20+0.09
−0.09 0.24+0.03

−0.03

10.4 ≤ log10 M? < 10.8 1702 −0.39+0.04
−0.05 2.01+0.02

−0.02 −0.05+0.03
−0.03 0.15+0.02

−0.02

10.8 ≤ log10 M? < 11.2 2627 −0.55+0.02
−0.02 2.11+0.02

−0.02 −0.01+0.02
−0.02 0.12+0.01

−0.01

log10 M? ≥ 11.2 1453 −0.51+0.03
−0.02 2.14+0.02

−0.02 −0.05+0.01
−0.01 0.13+0.01

−0.01

AgeL + tLB [Gyr] Ngal
µAgeL+tLB σint

AgeL+tLB

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 889 0.61+0.07
−0.07 1.96+0.03

−0.03 −0.21+0.06
−0.06 0.24+0.02

−0.02

10.4 ≤ log10 M? < 10.8 1702 0.54+0.03
−0.03 1.98+0.01

−0.01 −0.12+0.02
−0.02 0.18+0.01

−0.01

10.8 ≤ log10 M? < 11.2 2627 0.34+0.01
−0.01 2.10+0.01

−0.01 −0.06+0.01
−0.01 0.12+0.01

−0.01

log10 M? ≥ 11.2 1453 0.26+0.01
−0.01 2.19+0.01

−0.01 −0.07+0.01
−0.01 0.12+0.01

−0.01

AgeM + tLB [Gyr] Ngal
µAgeM+tLB σint

AgeM+tLB

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 889 0.65+0.07
−0.07 2.10+0.03

−0.03 −0.22+0.06
−0.06 0.19+0.02

−0.02

10.4 ≤ log10 M? < 10.8 1702 0.47+0.03
−0.03 2.15+0.01

−0.01 −0.08+0.02
−0.02 0.12+0.01

−0.01

10.8 ≤ log10 M? < 11.2 2627 0.28+0.01
−0.01 2.26+0.01

−0.01 −0.06+0.01
−0.01 0.09+0.01

−0.01

log10 M? ≥ 11.2 1453 0.22+0.01
−0.01 2.33+0.01

−0.01 −0.05+0.01
−0.01 0.08+0.01

−0.01

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters.
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Table D.8: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of luminosity and
mass-weighted metallicities (see Eq. D.3), which were derived using EMILES SSP models with Padova00
isochrones.

[M/H]L Ngal
µ[M/H]L σint

[M/H]L

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 889 −0.33+0.06
−0.06 0.41+0.02

−0.02 0.30+0.05
−0.05 0.05+0.01

−0.01

10.4 ≤ log10 M? < 10.8 1702 −0.05+0.03
−0.03 0.27+0.01

−0.01 0.24+0.02
−0.02 0.04+0.01

−0.01

10.8 ≤ log10 M? < 11.2 2627 0.07+0.02
−0.02 0.19+0.01

−0.01 0.05+0.01
−0.01 0.11+0.01

−0.01

log10 M? ≥ 11.2 1453 0.13+0.02
−0.02 0.12+0.01

−0.01 −0.03+0.02
−0.02 0.15+0.01

−0.01

[M/H]M Ngal
µ[M/H]M σint

[M/H]M

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 889 −0.56+0.07
−0.07 0.47+0.02

−0.02 0.30+0.06
−0.06 0.06+0.02

−0.02

10.4 ≤ log10 M? < 10.8 1702 −0.30+0.03
−0.03 0.30+0.01

−0.01 0.24+0.03
−0.03 0.05+0.01

−0.01

10.8 ≤ log10 M? < 11.2 2627 −0.16+0.02
−0.02 0.18+0.01

−0.01 0.02+0.01
−0.01 0.13+0.01

−0.01

log10 M? ≥ 11.2 1453 −0.10+0.02
−0.02 0.10+0.02

−0.02 −0.04+0.02
−0.02 0.16+0.01

−0.01

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters.

Table D.9: Parameters µ(z,M?) and σint(z,M?) of the probability distribution functions of extinctions (see
Eq. D.4), which were derived using EMILES SSP models with Padova00 isochrones.

AV Ngal
µAV σint

AV

µ1 µ0 σ1 σ0

10.0 ≤ log10 M? < 10.4 889 −0.56+0.44
−0.42 −1.45+0.13

−0.14 2.04+0.33
−0.33 0.31+0.11

−0.10

10.4 ≤ log10 M? < 10.8 1702 −0.45+0.20
−0.19 −1.39+0.08

−0.09 0.89+0.14
−0.15 0.60+0.06

−0.06

10.8 ≤ log10 M? < 11.2 2627 −0.16+0.13
−0.13 −1.58+0.08

−0.08 0.65+0.09
−0.09 0.72+0.06

−0.06

log10 M? ≥ 11.2 1453 −0.01+0.14
−0.14 −1.68+0.10

−0.10 0.17+0.11
−0.11 0.86+0.08

−0.08

Notes. The top and bottom numbers stablish the 1 σ confidence level of the parameters.
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E
Effects of the constraints on the SFH for different SSP

models

As we introduce in Sect. 3.9, alternative SFH assumptions produce different stellar-population predictions
at the redshift range 0.1 ≤ z ≤ 1.1 for the quiescent galaxies in ALHAMBRA. All the effects on the stellar
population parameters owing to the constraints on the SFH are detailed when using BC03 (Sect. E.1) and
EMILES SSP models (Sect. E.2). In order to illustrate and facilitate the reading of this section, we gather all
the figures in Sect. E.3, where Figs. E.1–E.16 correspond to the effects of SFH constraints when using BC03
SSP models, Figs. E.17–E.28 to the EMILES+BaSTI ones, and Figs. E.29–E.38 to the EMILES+Padova00
ones.

E.1 Influence of SFH priors on stellar population results and BC03 SSP
models

The effects of constraining some parameters to fixed values (Sects. E.1.1 and E.1.2), as well as the effects
of imposing some constraints in the mixture of SSPs (Sects. E.1.3–E.1.6) are treated using the same set of
SSP models than in Sect. 3.7.2, i. e. BC03 SSP models and Chabrier IMF.

E.1.1 Constant values of extinction

Our interest is focused on how changes our results when the extinction is equal to a constant value. A unique
value of AV = 0.2 is applied on the BC03 SSP models using again the Fitzpatrick (1999) extinction law,
which corresponds to an average and arbitrary value of extinction for quiescent galaxies (see Sect. 3.7.4).
We reran MUFFIT with the same sample of ALHAMBRA galaxies classified as quiescent in Sect. 3.3, and
the new PDFs are recomputed using the MLE method (detailed in Appendix D) under the same assumptions.

The first consequence of fixing extinction is that the median age retrieved from MUFFIT is slightly older
(see solid lines in Fig. E.1 top panels) than in the case in which the extinction is a free parameter (see dashed
lines in top panels of Fig. E.1). Moreover, the ages of quiescent galaxies present a flatter relation with
redshift, and therefore, quiescent galaxies would suffer larger variations in their stellar content (non-passive
evolution) since z ∼ 1 respect the results in Sect. 3.7.4. Although, the differences respect the ages without
constraining extinction are very subtle and they remain below . 1 Gyr. In general, the age distributions
retrieved from the analysis with AV = 0.2 are narrower (bottom panels in Fig. E.1).

Regarding the mass-weighted metallicity, the effects of a constant extinction in the analysis are almost
negligible with variations on the median of the metallicity PDF of ∆[M/H]50th . 0.05 dex. In average, the
median metallicities are lower than in a general case without constant extinction. In fact, the solutions are
compatible in a 1 σ uncertainty level (see Fig. E.2). On the contrary, the PDFs of metallicity are wider for
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an analysis fixing AV = 0.2. This is not surprising, because colour degeneracies are driving the new results:
the larger (lower) the extinction is, the more metal poor (rich) the SSP model is to provide the same SED
colour.

Consequently, the qualitative trends retrieved in Sect. 3.7 also remain when the extinction of quiescent
galaxies is fixed. The results again agree with a non-passive evolution of the quiescent population, where
the global ageing of these galaxies is slowed down respect a complete quenched scenario. Even though the
extinction is fixed, the median metallicity also shows a mild drop towards lower redshifts.

E.1.2 Constant values of metallicity

It is broadly accepted that quiescent galaxies are mainly rich in metals, but also metallicity is usually a
parameter of harder determination (e. g. Gallazzi et al., 2005, with spectroscopic indices in the optical
range). This makes some authors to assume that massive quiescent galaxies (log10 M? & 10.7 dex) have
metallicities around solar values, [M/H] ∼ 0.0 dex, in their analysis of stellar populations (e. g. Whitaker
et al., 2013; Belli et al., 2015; Fumagalli et al., 2016). We explore the consequences of this assumption in
our results.

As Fig. E.3 shows, this constraint has a strong impact on the retrieved ages. The ages are older at lower
redshifts, up to ∆Age50th ∼ 2 Gyr for log10 M? ≥ 10.8 dex, when setting the metallicity to solar values.
At high redshifts, z & 0.7, the effect is the opposite and the new ages are younger, ∆Age50th ∼ 1 Gyr
at z > 0.9, than the case with free metallicity. Figure E.3 highlights that under this constraint, quiescent
galaxies are closer to a passive evolution. In a completely passive scenario, the medians of the formation
epoch PDFs would be constant with cosmic time, and we observe a delay of ∼ 1 Gyr for the most massive
case log10 M? ≥ 11.2 since z = 1.1. The rest of the stellar mass bins shows a stronger evolution with
redshift. When metallicity is set to solar values, the deviation from passiveness is larger as the stellar mass
decreases. The trends of the widths of the mass-weighted formation epoch and age PDFs are similar to the
ones obtained in Sect. 3.7, although in this case the PDFs are wider.

The extinction retrieved with [M/H] = 0.0 dex also suffers great changes. We find out that the SED
of quiescent galaxies fits better with larger values of extinction (see Fig. E.4) when metallicity is fixed to
solar values. While in Sect. 3.7.4 the results suggest median values of extinction of AV . 0.3, after fixing
[M/H] = 0.0 dex the range of extinction values in quiescent galaxies increases up to AV ∼ 0.5. We do not
observe a clear dependence of extinction with stellar mass (all values compatible for a significance level
of 1 σ), that is, this constraint makes that the extinction in quiescent galaxies is the same for all the stellar
mass ranges under study. In addition, at decreasing redshift the extinction is also lower, unlike in Sect. 3.7.4
where the extinction increases mildly at lower redshifts. In concordance with the results without metallicity
constraints, the widths of the extinction PDFs decrease at local redshifts, but these present larger values.

Although the metallicity is constrained to solar values, the passiveness of quiescent galaxies is not
compatible with our results, which suggests an evolution of the stellar content in these galaxies whatever was
the responsible mechanism. On the other hand, the extinction is a parameter more susceptible to constraints
in metallicity. Their values suffer more dramatic increments and the correlation with redshift can also change
to the opposite sense.

E.1.3 Closed-box enrichment of metals

During the analysis carried out by MUFFIT with the photometric data of ALHAMBRA, we did not force any
metallicity constraint during the mixture of the two SSP models. In this way, no constraints in metallicity
can account for more complex assembly scenarios, such as cool gas falls or the accretion of ex-situ stellar
populations via mergers. For instance, the young component in the SSP mixture is allowed to be more metal-
poor than the older one. However, this degree of freedom in metallicity is not necessarily compatible with
a monolithic collapse, in which the stellar evolution of the galaxy is expected to enrich the ISM and hence
the subsequent population of stars. To test this scenario, we repeated the whole SED-fitting process with all
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the galaxies in the ALHAMBRA survey (Sect. 3.3) forcing that the metallicity of the younger component,
[M/H]young, is larger or equal to the older one, [M/H]old.

The consequences of the assumption of a strict closed-box star formation process for the quiescent
sample are presented in Figs. E.5 and E.6. We do not appreciate qualitative changes in the retrieved median
of the mass-weighted formation epoch and age distributions, but a general and systematic shift in their
median values of ∆Age50th ∼ 1 Gyr towards younger values. However, quiescent galaxies with log10 M? ≤
10.8 change their correlation with redshift, obtaining that current age PDFs are narrower at lower redshifts.
For the massive bins log10 M? ≥ 10.8, the width of the distribution of age values varies poorly and they are
compatible with the results of Sect. 3.7.2.

As expected, the more affected parameter under the assumption [M/H]young ≥ [M/H]old is the proper
metallicity, where its values are systematically lower than in Sect. 3.7.3. The most significant differences
appear at larger redshifts ∆[M/H]50th < 0.2 dex, whereas at lower redshifts metallicities are very similar to
the obtained in Sect. 3.7.3, ∆[M/H]50th < 0.05 dex. The redshift dependence of the median of the metallicity
PDF is still present under this closed-box assumption, with a maximum at z ∼ 0.5, i. e. in a slight earlier
epoch as compared to the prediction in Sect. 3.7.3. The width of the metallicity PDF also shows larger
discrepancies at larger redshifts, although preserving the correlation with both stellar mass and reshift.

The extinction PDFs do not present large discrepancies under the closed-box assumption. We only
appreciate slightly larger extinction values in comparison with Sect. 3.7.4.

In addition, we repeated the analysis forcing [M/H]young ≥ [M/H]old and adding extra conditions on the
BC03 SSP models: [M/H] ≥ −0.64 dex (see Figs. E.7 and E.8) and [M/H] ≥ −0.33 dex (see Figs. E.9 and
E.10). The above additional constraints do not alter significantly the formation epoch and age PDFs. The
MZR is slightly diluted and all the quiescent galaxies present similar metallicity values at any stellar mass
range, although preserving the maximum of median metallicity at z ∼ 0.55. Regarding extinction, the last
condition [M/H] ≥ −0.33 dex forces that median extinction decreases at decreasing redshifts.

E.1.4 Soft enrichment of metals

We re-explored the SFH case [M/H]young ≥ [M/H]old, but also assuming that the metallicity of the young
component is not much more rich in metals than the old component or [M/H]young & [M/H]old. In this case,
a closed-box enrichment of metals is also present, but without allowing mixtures of extreme metallicity
values (e. g. a SSP mixture of [M/H]young = 0.55 dex and [M/H]old = −1.65 dex models is not allowed),
which would imply an extreme enrichment of metals in the more recent star formation regions. Concretely,
only contiguous and equal metallicity values are allow in the mixture of SSPs, where the most metal-rich
component can be only the young component. After running MUFFIT with the new model data set and
selecting quiescent galaxies as in Sect. 3.3, we obtained the results summarised in Figs. E.11 and E.12.

As in Sect. E.1.3, the [M/H]young & [M/H]old assumption produces a systematic decrease on the re-
trieved medians of mass-weighted age PDFs, although this is milder ∆Age50th . 0.5 Gyr (see Fig. E.11).
The age–stellar mass relation, or "downsizing" scenario, is still clear and at increasing stellar mass, quies-
cent galaxies are older at any redshift. For those quiescent galaxies with log10 M? < 11.2, their PDFs of
mass-weighted age become narrower than in Sect. 3.7.2. However for log10 M? ≥ 11.2, we detect no change
on the width of the age PDF with a statistical significance respect the results without SFH assumptions.

The metallicity increases for all the stellar masses and redshifts (see Fig. E.12), specially for the lower
stellar mass bins. At any redshift the quiescent population have super-solar metallicities with a peak at
z ∼ 0.55. Under the constraint [M/H]young & [M/H]old, there is no a clear metallicity–stellar mass relation
and all the quiescent galaxies have the same metallicity, which disagrees with previous studies in which
the MZR is always present (e. g. Trager et al., 2000; Tremonti et al., 2004; Gallazzi et al., 2005; Panter
et al., 2008; González Delgado et al., 2014a). Nevertheless, the maximum of metallicity persists and also
the qualitative trend in metallicity with redshift retrieved in Sect. 3.7.3. The width of the mass-weighted
metallicity PDFs present stronger evolution with redshift than in Sect. 3.7.3. This width is also correlated
with the stellar mass, in the sense that, the mass-weighted metallicity PDFs of lower stellar masses are also



262 APPENDIX E. Effects of the constraints on the SFH for different SSP models

the wider distributions of metallicity values.
The median extinction exhibits prominent changes. This tends to reduce towards lower redshifts and it

is larger than in the case without any metallicity restriction. The width of the distribution is correlated with
the stellar mass. Thus, at decreasing stellar mass the width of the extinction PDF increases. The dependence
with redshift does not change remarkably, and at lower redshifts the extinction PDFs are narrower.

E.1.5 Constant metal content during the galaxy assembly

Another plausible hypothesis is to assume a constant metal content during the assembly of the galaxy,
i. e. [M/H]young = [M/H]old. In fact, this is the typical assumption in many studies in which authors use
τ-models to determine stellar population parameters. Figures E.13 and E.14 illustrate the results of forcing
[M/H]young = [M/H]old. The outcomes are quite similar to the obtained in Sect. E.1.4.

The conclusion for age PDFs is basically the same than in Sect. E.1.4. The constraint [M/H]young =

[M/H]old favours younger stellar populations and the "downsizing" is present at least up to z ∼ 1. In
general, the width of the age distributions are narrower than in the results without metallicity constraints.

The MZR is not satisfied under [M/H]young = [M/H]old, and any correlation between stellar mass and
metallicity does not exist yet. The median metallicities are also larger reaching values of [M/H]50th >

0.2 dex at z ∼ 0.5–0.6 for any stellar mass bin. Since z ∼ 0.6, the median of the mass-weighted metallicity
PDF decreases until solar values at z ∼ 0.1. The width of the metallicity PDF is wider at larger redshifts.

As in Sect. E.1.4, extinction decreases at decreasing redshift (unlike when the metallicity constraint is
not imposed) and the more massive, the more reddened-by-dust and narrower the PDF is.

E.1.6 Fall of metal-poor cold gas from the cosmic web

The scenario in which massive galaxies experiment a fall of metal-poor cold gas from the cosmic web is also
explored. Under this hypothesis, the new gas would be poorer in metals owing to the absence of an active star
formation, and therefore, the new populations of stars would be poorer in metals as well. This assumption
would imply that [M/H]young ≤ [M/H]old, which is actually contrary to a closed-boxed enrichment of metals
(treated in Sect. E.1.3).

After running MUFFIT again, but imposing this constraint in metallicity, the new results are summarised
in Figs. E.15 and E.16. For both mass-weighted formation epoch and age distributions, the evolution with
redshift of the median of the PDF does not present remarkable modifications in comparison with the results
without any constraint (see solid and dashed lines in Fig. E.15). Systematically, we find that the quiescent
population shows subtle older stellar populations of ∆Age50th < 0.2 Gyr when [M/H]young ≤ [M/H]old.
Therefore, under this constraint, the conclusions about the evolution of the median of the age and formation
epoch PDF remain unaltered respect the obtained in the general analysis (Sect. 3.7): there are no hints
for passive evolution. Concerning the intrinsic widths of these distributions, there is a minor increment,
although this is not prominent and it is close to be compatible given the uncertainties of the MLE method.

As expected, after forcing [M/H]young ≤ [M/H]old the metallicity PDF predictions retrieved from MUF-
FIT for the quiescent populations suffer modifications. All the quiescent galaxies with stellar masses above
log10 M? = 10.4 show compatible medians of metallicity PDFs, independently of the redshift in which they
are observed up to z ∼ 1.1, although the less massive systems present a wider range of values (mainly at
z > 0.4, see Fig. E.16). Consequently, the constraint [M/H]young ≤ [M/H]old vanishes the MZR in the
most massive bins keeping the maximum of the median of the metallicity PDF at z ∼ 0.65. In addition, the
median of the metallicity PDF increases around ∆[M/H]50th = 0.1–0.2 dex with respect the ones obtained
without constraints (see dashed lines in Fig. E.16). In general, the metallicity PDFs are slightly narrower
with respect to the ones obtained without any assumption, ∆ω[M/H]M < 0.1 dex, almost compatible at 1 σ
significance level.

Under [M/H]young ≤ [M/H]old, the extinction PDFs do no present significant changes. Both the median
and width of the extinction PDF present similar values and trends with redshift than the obtained without any
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constraint (see Fig. E.16). This is the less altered stellar population parameter by [M/H]young ≤ [M/H]old.

E.2 Influence of SFH priors on stellar population results with EMILES SSP
models

As in Sect. E.1, we explored how the stellar population predictions retrieved from the SED-fitting analysis
change after assuming certain SFH priors using EMILES SSP models. As the effects of the SFH constraints
are similar independently of the EMILES isochrone, we treat the analysis of the results without referring the
isochrone.

E.2.1 SFH metallicity constraints

The metallicity constraints explored in Sects. E.1.3–E.1.6 for BC03 models showed that these ones are
able to modify the stellar population predictions quantitatively. In fact, for some of them, the MZR was
compromised using BC03 SSP models. Thereby, the constraints on the metallicities of the SSP mixture
is revisited for EMILES SSP models, in order to quantify their effects for this model set. We repeat the
analysis forcing [M/H]young ≥ [M/H]old (Figs. E.17 and E.18 for BaSTI, Figs. E.29 and E.30 for Padova00),
[M/H]young & [M/H]old (Figs. E.19 and E.20 for BaSTI, Figs. E.31 and E.32 for Padova00), [M/H]young =

[M/H]old (Figs. E.21 and E.22 for BaSTI, Figs. E.33 and E.34 for Padova00), and [M/H]young ≤ [M/H]old
(Figs. E.23 and E.24 for BaSTI, Figs. E.35 and E.36 for Padova00), to subsequently detail their effects.

In general, these SFH assumptions drive PDF trends similar to the obtained for BC03 (Sects. E.1.3–
E.1.6). The mass-weighted age PDF shows the greatest agreement with the BC03 ones after imposing
the four metallicity constraints. In brief, when an enrichment or non-variability of the metal content is
assumed during the assembly of the quiescent population ([M/H]young ≥ [M/H]old, [M/H]young & [M/H]old,
and [M/H]young = [M/H]old) the medians of the mass-weighted age PDFs suffer a systematic decrease,
alike the BC03 case. However, in an scenario with a fall of new gas ([M/H]young ≤ [M/H]old), there is
an ageing of the median PDF in comparison with the case without any SFH constraint. In addition, the
age–mass relation is also present in all the cases and the evolution of the median of the age PDF agrees
with a non-passive evolution since z ∼ 1. Concerning the widths of the mass-weighted age PDF, these
present a general increment of their values for all the constraints in metallicity (i. e. these are wider when
[M/H]young ≥ [M/H]old, [M/H]young & [M/H]old, [M/H]young = [M/H]old, and [M/H]young ≤ [M/H]old),
although their dependencies with redshift do not present significant alterations (in some cases the correlation
between width and redshift is slightly more prominent).

The most striking results respect the ones obtained for BC03 models concerns the mass-weighted
metallicity PDF. When we use EMILES SSP models, independently of the metallicity constraint imposed,
the MZR is always present at any redshift (unlike BC03, where for the cases [M/H]young & [M/H]old,
[M/H]young = [M/H]old, and [M/H]young ≤ [M/H]old the MZR was compromised). Under the fall of new
gas assumption ([M/H]young ≤ [M/H]old), the medians of the mass-weighted metallicity PDFs exhibit an in-
crement of their values for all stellar masses, whereas for the rest of metallicity priors we find a generalised
decrement of the median of the PDF. Noteworthy, for the massive case (log10 M? ≥ 11.2) and Padova00
isochrones, the constraints [M/H]young ≥ [M/H]old and [M/H]young = [M/H]old are the only cases in which
the median of the mass-weighted metallicity PDF increases at decreasing redshift. The widths of the metal-
licity PDFs show trends similar to the BC03 case.

The extinction PDFs are the stellar population distributions less affected by these metallicity constraints
in the composition of our mixture of models. For EMILES SSP models, all the quiescent galaxies present
similar median extinctions in the range AV ∼ 0.2–0.25 independently of their stellar masses and redshift,
with subtle changes in their PDFs owing to the different assumptions, but compatible within a 1σ confidence
level (see figures in Appendix E). The widths of the extinction PDFs are still correlated with redshift after
imposing [M/H]young ≥ [M/H]old, [M/H]young & [M/H]old, [M/H]young = [M/H]old, and [M/H]young ≤
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[M/H]old.
In addition, we explore a case with two constraints at the same time: [M/H]young ≥ [M/H]old and AV = 0

(see also Figs. E.25 and E.26, for BaSTI results; and Figs. E.37 and E.38, for Padova00 results). As in the
case with only [M/H]young ≥ [M/H]old, the median of the age PDF decreases under both assumptions and
the age-stellar mass relation is still satisfied, but closer to a passive evolution. The width of the age PDF also
increases respect the values obtained without constraints (see Sect. 3.8). However, the median metallicity
increases (unlike with only [M/H]young ≥ [M/H]old), and consequently, the effect of including AV = 0
affects more intensively to metallicity values, although the MZR also remains. The width of the metallicity
PDF slightly increases ant the correlations with redshift do not show great modifications, as with the only
constraint of [M/H]young ≥ [M/H]old.

E.2.2 Stellar population predictions assuming a constant and local MZR

The goal of this subsection is to determine how the stellar population parameters change when the MZR is
assumed to be constant with redshift and equal to the local MZR presented in Peng et al. (2015). This anal-
ysis is performed with the BaSTI isochrones only as they present more suitable metallicity bins. Therefore,
we repeat the analysis forcing that metallicity (both components in the mixture) is equal to [M/H] = −0.25,
0.06, and 0.15 for stellar masses 10.0 ≤ log10 M? < 10.4, 10.4 ≤ log10 M? < 10.8, and log10 M? ≥ 10.8
respectively (these reference stellar masses are the determined ones without constraints in Sect. 3.8). The
stellar population distributions are also deconvolved of uncertainty effects through the MLE method to re-
trieve the PDFs of stellar population parameters.

The impact of forcing the metallicity to the local values is strong on the distributions of mass-weighted
ages (see Fig. E.27). Even though the age–stellar mass relation is still obtained, the median of the age PDF
experiments a remarkable decrease of 3 Gyr, where for decreasing stellar mass this shift is more prominent.
In addition, the dependency of the median age with redshift advocates a rather non-passive evolution of the
stellar content of quiescent galaxies, which would imply a larger inclusion of new or younger stars to the
quiescent population. The widths of the mass-weighted age PDFs also show an increment of their values for
any stellar mass bin respect the values obtained in Sect. 3.8. There are negligible differences amongst the
widths of the age PDFs of different stellar mass bins (ωAgeM ∼ 2 Gyr). As in Sect. 3.8, the width of the age
PDF does not show a significant dependency with redshift.

Regarding the median of the extinction PDF (Fig. E.28 in Appendix E), the extinction is no longer
constant under the local metallicity constraint, and it decreases with cosmic time. There are no evidences of
a dependency of extinction with stellar mass either, and the new range of median extinctions spans AV = 0.1–
0.5. The width of the extinction PDF also increases, and it is wider for the less massive quiescent galaxies.
Finally, the correlation between the width of the extinction PDF and redshift is also present and it is more
prominent than in the case without metallicity constraints (see dashed lines in Fig. E.28).

E.3 Figures of the constraints on the SFH for both BC03 and EMILES SSP
models

All the figures from Sects. E.1 (Figs. E.1–E.16) and E.2 (Figs. E.17–E.28 and Figs. E.29–E.38, for BaSTI
and Padova00 isochrones respectively) are shown below. See details in captions.
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Figure E.1: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted forma-
tion epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1 for
different stellar mass bins when extinction is fixed to AV = 0.2 (BC03 models). The shaded regions delimit
the 1 σ uncertainties of both parameters. Dashed coloured lines are the same parameters obtained without
fixing extinction to a constant value (see Sect. 3.7). Dashed black line illustrates the age of the Universe at
different redshifts.
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Figure E.2: As Fig. E.1, but for mass-weighted metallicity.
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Figure E.3: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted forma-
tion epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1 for
different stellar mass bins when metal content is fixed to solar metallicity [M/H] = 0.0 dex (BC03 models).
The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed coloured lines are the same
parameters obtained without fixing metallicity (see Sect. 3.7). Dashed black line illustrates the age of the
Universe at different redshifts.
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Figure E.4: As Fig. E.3, but for extinction distribution values.
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Figure E.5: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted forma-
tion epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1 for
different stellar mass bins after imposing that the components in the SSP mixture [M/H]young ≥ [M/H]old
(BC03 models). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed coloured
lines are the same parameters obtained without metallicity constraints (see Sect. 3.7). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.6: As Fig. E.5, but for mass-weighted metallicity and extinction.
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Figure E.7: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted forma-
tion epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1 for
different stellar mass bins after imposing that the components in the SSP mixture [M/H]young ≥ [M/H]old
and [M/H] ≥ −0.64 dex (BC03 models). The shaded regions delimit the 1 σ uncertainties of both parame-
ters. Dashed coloured lines are the same parameters obtained without metallicity constraints (see Sect. 3.7).
Dashed black line illustrates the age of the Universe at different redshifts.
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Figure E.8: As Fig. E.7, but for mass-weighted metallicity and extinction.
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Figure E.9: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted forma-
tion epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1 for
different stellar mass bins after imposing that the components in the SSP mixture [M/H]young ≥ [M/H]old
and [M/H] ≥ −0.33 dex (BC03 models). The shaded regions delimit the 1 σ uncertainties of both parame-
ters. Dashed coloured lines are the same parameters obtained without metallicity constraints (see Sect. 3.7).
Dashed black line illustrates the age of the Universe at different redshifts.
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Figure E.10: As Fig. E.9, but for mass-weighted metallicity and extinction.
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Figure E.11: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the components in the SSP mixture [M/H]young &
[M/H]old (BC03 models). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without metallicity constraints (see Sect. 3.7). Dashed
black line illustrates the age of the Universe at different redshifts.
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Figure E.12: As Fig. E.11, but for mass-weighted metallicity and extinction.
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Figure E.13: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the components in the SSP mixture [M/H]young =

[M/H]old (BC03 models). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without metallicity constraints (see Sect. 3.7). Dashed
black line illustrates the age of the Universe at different redshifts.
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Figure E.14: As Fig. E.13, but for mass-weighted metallicity and extinction.
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Figure E.15: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the components in the SSP mixture [M/H]young ≤
[M/H]old (BC03 models). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without metallicity constraints (see Sect. 3.7). Dashed
black line illustrates the age of the Universe at different redshifts.
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Figure E.16: As Fig. E.15, but for mass-weighted metallicity and extinction.
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Figure E.17: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young ≥
[M/H]old (EMILES+BaSTI). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.18: As Fig. E.17, but for mass-weighted metallicity and extinction.
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Figure E.19: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young &
[M/H]old (EMILES+BaSTI). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.20: As Fig. E.19, but for mass-weighted metallicity and extinction.
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Figure E.21: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young =

[M/H]old (EMILES+BaSTI). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.22: As Fig. E.21, but for mass-weighted metallicity and extinction.
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Figure E.23: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young ≤
[M/H]old (EMILES+BaSTI). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.24: As Fig. E.23, but for mass-weighted metallicity and extinction.
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Figure E.25: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted forma-
tion epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1 for
different stellar mass bins after imposing that the components in the SSP mixture [M/H]young ≥ [M/H]old
and AV = 0.0 (EMILES+BaSTI). The shaded regions delimit the 1 σ uncertainties of both parameters.
Dashed coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black
line illustrates the age of the Universe at different redshifts.
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Figure E.26: As Fig. E.25, but for mass-weighted metallicity.
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Figure E.27: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the metallicities in the SSP mixture are the local ones
observed for each stellar mass bin (EMILES+BaSTI). The shaded regions delimit the 1 σ uncertainties of
both parameters. Dashed coloured lines are the same parameters obtained without constraints (see Sect. 3.8).
Dashed black line illustrates the age of the Universe at different redshifts.
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Figure E.28: As Fig. E.27, but for extinction.
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Figure E.29: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted for-
mation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1
for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young ≥ [M/H]old
(EMILES+Padova00). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.30: As Fig. E.29, but for mass-weighted metallicity and extinction.
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Figure E.31: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted for-
mation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1
for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young & [M/H]old
(EMILES+Padova00). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.32: As Fig. E.31, but for mass-weighted metallicity and extinction.



E.3. Figures of the constraints on the SFH for both BC03 and EMILES SSP models 281

8

10

12

A
ge

50
th

M
+

t L
B

[G
yr

]

10.0 ≤ log10 M⋆ < 10.4
10.4 ≤ log10 M⋆ < 10.8
10.8 ≤ log10 M⋆ < 11.2
log10 M⋆ ≥ 11.2

0.2 0.4 0.6 0.8 1.0
z

0.8

1.6

2.4

ω
A

ge
M
+

t L
B

[G
yr

]

4

6

8

A
ge

50
th

M
[G

yr
]

0.2 0.4 0.6 0.8 1.0
z

0.8

1.6

2.4

ω
A

ge
M

[G
yr

]

Figure E.33: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted for-
mation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1
for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young = [M/H]old
(EMILES+Padova00). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.34: As Fig. E.33, but for mass-weighted metallicity and extinction.
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Figure E.35: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted for-
mation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤ 1.1
for different stellar mass bins after imposing that the metallicities in the SSP mixture [M/H]young ≤ [M/H]old
(EMILES+Padova00). The shaded regions delimit the 1 σ uncertainties of both parameters. Dashed
coloured lines are the same parameters obtained without constraints (see Sect. 3.8). Dashed black line
illustrates the age of the Universe at different redshifts.
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Figure E.36: As Fig. E.35, but for mass-weighted metallicity and extinction.
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Figure E.37: Evolution of the median (top panels) and width (ω, bottom panels) of the mass-weighted
formation epoch (left column) and age (right column) distributions of the quiescent population at 0.1 ≤ z ≤
1.1 for different stellar mass bins after imposing that the components in the SSP mixture [M/H]young ≥
[M/H]old and AV = 0.0 (EMILES+Padova00). The shaded regions delimit the 1 σ uncertainties of both
parameters. Dashed coloured lines are the same parameters obtained without constraints (see Sect. 3.8).
Dashed black line illustrates the age of the Universe at different redshifts.
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Figure E.38: As Fig. E.37, but for mass-weighted metallicity.
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F
Stellar mass functions in the ALHAMBRA survey

The determination of the number of quiescent and star-forming galaxies at any redshift and stellar mass is
key for estimating the number of mergers involving the different merger channels and mass ratios, but also
for the determination of the contributions in number of "frosting" and "progenitor" bias (see Sects. 4.2–
4.4). As both quiescent and star-forming galaxies are involved, the derivation of an analytic and redshift
dependent stellar mass function (MF) of both spectral types would be enough to accurately estimate the
number of galaxies involved at any cosmic time, spectral-type, and stellar mass. We performed a novel
methodology for computing analytic MFs at any redshift. In order to avoid the classical limitations related
to redshift bin definitions for the determination of a MF, the redshift of each galaxy is accounted for the MF
at which the galaxy is observed. This implies that MF main parameters also present an intrinsic redshift
dependency, where dramatic and great changes in the shape of a MF are not expected during the elapsed
cosmic time of this work (z ≤ 1.1). Although the determination of MFs have been extensively treated during
the last decade (Pérez-González et al., 2008; Drory et al., 2009; Ilbert et al., 2010; Pozzetti et al., 2010;
Davidzon et al., 2013; Ilbert et al., 2013; Moustakas et al., 2013; Tomczak et al., 2014; Moutard et al.,
2016), we do not pretend to perform a detailed study of the MF either studying its evolution with redshift at
this stage. We rather determine MF for estimating the number of galaxies involved in our phenomenological
model (Chapter 4), which must be self-consistent with our stellar population predictions.

For the derivation of the MF, we included a set of assumptions in the analytical functions involved:

i) A single Schechter-like function (Schechter, 1976) is assumed for the analytic form of the MF for
both spectral-types, quiescent and star-forming galaxies, formally expressed as

Φ(M?, z) dM? = Φ∗(z)
(

M?

M∗(z)

)α(z)

exp
(
− M?

M∗(z)

)
d
(

M?

M∗(z)

)
; (F.1)

or in the stellar mass log-space as

Φ(M?, z) dM? = Φ∗(z) ln(10) exp
[
−10(M?−M∗(z))

]
10(α(z)+1)(M?−M∗(z)) dM? , (F.2)

whereM∗(z) and α(z) are the Schechter parameters that determine the shape of the MF, and Φ∗(z) its
normalization. These three parameters are determined for each spectral type, and we assume that they
are redshift dependent (similar assumption were used in López-Sanjuan et al., 2016, although for the
B−band luminosity function).

ii) The redshift dependency ofM∗(z) and α(z) is assumed as

α(z) = α1 × z + α0 (F.3)

log10M∗(z) =M1 × z +M0 . (F.4)
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In addition, the normalization of the MF, Φ∗(z), depends of redshift. As in Ilbert et al. (2005), Φ∗(z) is

directly related with the number density of galaxies at any redshift by
∫ Ml

max

Ml
min

Φ(M?, z) fFD(z,M?) dM? =∫ Ml
max

Ml
min

ρN(M?, z) dM?, where ρN(M?, z) is the density number of galaxies observed, and fFD(z,M?) is
the stellar mass completeness. Assuming a number density of the same form that Eq. 3.11 and using
a range in stellar mass in which the sample is also complete, fFD(z,M?) = 1, Φ∗(z) is expressed as,

Φ∗(z) =
ρ0(1 + z)γ

Γ

(
α(z) + 1, Ml

max
M∗(z)

)
− Γ

(
α(z) + 1,

Ml
min

M∗(z)

) , (F.5)

where Γ is the incomplete Euler gamma function and Φ∗(z) depends of α(z) andM∗(z).

iii) Throughout the derivation of the MF, a Fermi-Dirac like function is assumed for the stellar mass
completeness (see Eq. B.1), which adds two additional parameters: MF and ∆F (see Appendix B for
further details).

For deriving all the parameters involved in the MF, our starting point is the methodology developed by
Sandage et al. (1979), the so-called STY method, that is based in a maximum likelihood estimator. From
the above assumptions, the likelihood for estimating the MF parameters in this work is

lnL =

Ng∑
i=1

ln

 Φ(zi,M?,i) fFD(zi,M?,i)∫ ∞
0 Φ(zi,M?) fFD(zi,M?) dM?

 , (F.6)

where Ng is the number of galaxies of the whole sample (including galaxies below the completeness level),
zi is the redshift of each galaxy, and M?,i its stellar mass. For the maximization of Eq. F.6, we used the code
EMCEE (Foreman-Mackey et al., 2013, an affine invariant sampling algorithm for a Markov chain Monte
Carlo method), which also provides the correlations for the parameters involved in the MF. Although in
a general case, the parameters MF and ∆F can be also derived by the maximization of Eq. F.6, they were
previously fixed by the method presented in Appendix B and a spline interpolation at different redshifts.
From the maximization of Eq. F.6, we derive α1, α0, M1, andM0 (i. e. α(z) andM∗(z), see Eqs. F.3 and
F.4).

For the estimation of Φ∗(z), we fitted the number density of galaxies with stellar masses in the range
1010.76 ≤ M? ≤ 1011.15 (Ml

min and Ml
max respectively) in the redshift range in which the sample is complete

in stellar mass (as in Sect. 3.6, i. e. by a Vmax method). This stellar mass range was established as a
compromise in order to cover a large range in redshift with a large number of galaxies. The redshift range
0.5 ≤ z ≤ 0.7 was excluded from the fit of ρ0 and γ, to avoid the lack of galaxies observed at this range (see
Sect. 3.6).

It is worth mentioning that with this methodology, the impact of cosmic variance observed at z ∼ 0.6 (see
Sect. 3.6) is diluted. In addition, this method is able to extend the MF further the stellar mass completeness
of the sample (until the stellar mass completeness is close to zero), as we know the percentage of galaxies
that are not observed due to incompleteness by fFD(z,M?). This method also increases the reliability of the
MF predictions in the most local sample, because this one is more limit in number (lower volume covered),
but it is supported by the evolution of all the galaxies in previous epochs and same stellar mass, as we do
not expect very dramatic evolution in number of galaxies in short cosmic time periods (∆z ∼ 0.2).

After running our methodology for estimating MFs with the results from BC03 SSP models (redshifts,
stellar masses and the stellar mass completeness parameters), we obtain that for quiescent galaxies the
parameters involved are

ΦBC03
Q (z,M?)


log10(M∗(z)/M�) = 10.84 − 0.005 × z ,

α(z) = −0.91 + 0.24 × z ,
log10 ρ0 = −3.21 ,

γ = −0.80 ,

(F.7)
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Figure F.1: Evolution of the stellar mass functions (MF) of quiescent (top panels) and star-forming (bot-
tom panels) galaxies at different redshifts using BC03 (left panels), EMILES+BaSTI (middle panels), and
EMILES+Padova00 (right panels) SSP models. All the values were obtained assuming h = 0.71.

whereas for the star forming ones, these values are the following

ΦBC03
SF (z,M?)


log10(M∗(z)/M�) = 10.24 − 0.05 × z ,

α(z) = −2.10 + 0.93 × z ,
log10 ρ0 = −4.60 ,

γ = 4.27 .

(F.8)

For consistency, the Schechter parameters of the MF for EMILES predictions were also derived. As we
show in Sect. 3.8, the age and metallicities retrieved with this model set differs from the ones obtained by
BC03, and therefore, the stellar mass predictions can be also altered. After comparing the EMILES+BaSTI
stellar masses with the ones obtained using BC03 SSP models, we found out that there is a systematic shift
between both predictions of 0.15 dex (EMILES+BaSTI more massive than BC03). Consequently, for the
stellar completeness parameter MF we add this shift getting a nice MF fitting. For BaSTI isochrones these
parameters are

ΦBaSTI
Q (z,M?)


log10(M∗(z)/M�) = 10.99 − 0.05 × z ,

α(z) = −0.78 + 0.68 × z ,
log10 ρ0 = −2.95 ,

γ = −1.75 ,

(F.9)

ΦBaSTI
SF (z,M?)


log10(M∗(z)/M�) = 10.67 − 0.04 × z ,

α(z) = −1.76 + 1.63 × z ,
log10 ρ0 = −3.91 ,

γ = 2.76 ,

(F.10)
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For the Padova00 ones, the systematic shift in stellar mass respect the BC03 one is 0.11 dex (EMILES+Padova00
more massive as well). As a result, we respectively obtained for quiescent and star-forming galaxies that

ΦPadova00
Q (z,M?)


log10(M∗(z)/M�) = 11.00 − 0.08 × z ,

α(z) = −0.86 + 0.53 × z ,
log10 ρ0 = −3.13 ,

γ = −1.72 ,

(F.11)

ΦPadova00
SF (z,M?)


log10(M∗(z)/M�) = 11.18 − 0.38 × z ,

α(z) = −2.01 + 0.98 × z ,
log10 ρ0 = −3.62 ,

γ = 1.22 .

(F.12)

The MF of quiescent galaxies present a generalised increment of quiescent galaxies since z = 1.0 at any
stellar mass, top panels in Fig. F.1, as expected from the evolution in number density of quiescent galaxies
(Sect. 3.6). In addition, it is interesting that the evolution in number of massive star-forming galaxies
(bottom panels in Fig. F.1) exhibits a continuous decrement in number, which is an additional support for
the inclusion of the "progenitor" bias in our phenomenological model. A detailed study of the evolution of
MFs, as well as their parameter (specially α(z) and M∗(z)) is out of the scope of this research. The main
goal of this section is only to determine the evolution of the densities of quiescent and star-forming galaxies
to be applied in our phenomenological model, which agree greatly with the number densities observed in
ALHAMBRA in the stellar mass range 95 % complete. In addition, we illustrate in Fig. F.2 the kind of
correlations and degeneracies affecting the MF parameters in our methodology for retrieving MFs. Notice
that there are degeneracies amongst α1, α0,M1, andM0, which drives the well known α-M∗ degeneracy.
In addition, there are degeneracies between γ and log10 ρ0, which affects the normalisation factor Φ∗(z). As
expected from Eq. F.5, degeneracies in α-M∗ drives a degeneracy between Φ∗(z) and α(z),M∗(z), and also
with log10 ρ0,γ.
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Figure F.2: Correlations and degeneracies of the redshift-dependent Schechter parameters involved in our
methodology for deriving stellar mass functions (MF). All the panels correspond to the MF parameters of
quiescent galaxies using BC03 SSP models. To illustrate possible degeneracies, the parameters α(z),M∗(z),
and log10 Φ∗ were estimated at z = 0.4 (bottom-left panel). Darker colours indicate regions of the parameter
values with higher densities, obtained from the EMCEE code (a Markov chain Monte Carlo method). Blue
crosses illustrate the median value for each parameter. The histograms of the Markov chains for each of the
parameters are shown on the right-hand side of each row.
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