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ABSTRACT

The optical spectroscopic classification of active galactic nuclei (AGN) into type 1 and type 2 can be understood in the frame of the
AGN unification models. However, it remains unclear which physical properties are driving the classification into intermediate sub-
types (1.0, 1.2, 1.5, 1.8, 1.9). To shed light on this issue, we present an analysis of the effect of extinction and AGN and host galaxy
luminosities on sub-type determination for a sample of 159 X-ray selected AGN with a complete and robust optical spectroscopic
classification. The sample spans a rest-frame 2–10 keV X-ray luminosity range of 1042–1046 erg s−1 and redshifts between 0.05 and
0.75. From the fitting of their ultraviolet-to-mid-infrared spectral energy distributions, we extracted the observed AGN over total
AGN+galaxy contrast, optical/ultraviolet line-of-sight extinction, as well as host galaxy and AGN luminosities. The observed contrast
exhibits a clear decline with sub-type, distinguishing two main groups: 1.0–5 and 1.8–2. This difference is partly driven by an increase
in extinction following the same trend. Nevertheless, 50% of 1.9s and 2s lack sufficient extinction to explain the lack of detection
of broad emission lines, unveiling the necessity of an additional effect. Our findings show that 1.8–2s preferentially live in host
galaxies with higher luminosities while displaying similar intrinsic AGN luminosities to 1.0–5s. Consequently, the AGN to host galaxy
luminosity ratio diminishes, hindering the detection of the emission of the broad emission lines, resulting in the 1.8–2 classification of
those with insufficient extinction. Thus, the combination of increasing extinction and decreasing AGN over galaxy luminosity ratio,
mainly driven by an increasing host galaxy luminosity, constitutes the main reasons behind the sub-type classification into 1.0–5 and
1.8–2.
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1. Introduction

According to standard unification models of active galac-
tic nuclei (AGN), their observed optical spectral proper-
ties can mostly be explained as the effect of anisotropic
obscuration of their nuclear emission (Antonucci 1993;
Urry & Padovani 1995; Netzer 2015). This obscuration arises
from a toroidal distribution of gas and dust, commonly referred
to as the ‘torus’ (Gallimore et al. 2016; Imanishi et al. 2018;
García-Burillo et al. 2016, 2019, 2021; Alonso-Herrero et al.
2018). In the traditional AGN models, the inclination of the
line of sight with respect to the axis perpendicular to the equa-
torial plane of the torus is a fundamental parameter, catego-
rizing the AGN population into two main groups: type 1 and
type 2. AGN are classified as type 1 when the inclination is
preferentially low. In this population, we have a direct vision
of the nuclear region and its characteristic emission at opti-
cal wavelengths: broad permitted emission lines (with a full

? The optical and NIR fitting results of the BUXS sample will be
made publicly available in Mateos et al. (in prep.). The other data prod-
ucts underlying this article will be shared upon a reasonable request to
Silvia Mateos.

width at half maximum (FWHM) greater than 1000 km s−1)
from the broad line region (BLR) and a prominent blue con-
tinuum from the accretion disk. On the other hand, AGN are
classified as type 2 if they are observed at high inclinations,
close to the equatorial plane of the torus, when the emission
from the central engine is absorbed. For these, no blue contin-
uum or broad permitted emission lines are detected, instead, we
will be able only to detect narrow emission lines (FWHM <
1000 km s−1), both forbidden and permitted, also present in type
1. Recent observations in the infrared range showed that the torus
is best described with a clumpy distribution of the obscuring
material (Alonso-Herrero et al. 2003; Elitzur & Shlosman 2006;
Nenkova et al. 2008a,b; Markowitz et al. 2014). In these models,
detection of nuclear emission depends on the probability of the
line-of-sight being intercepted by a dusty cloud, allowing for the
detection of type 1 AGN with high inclination and type 2 AGN
with low inclination (Elitzur 2012).

Moving far beyond from the identification of type 1 and
type 2 AGN, Osterbrock (1977) shows that there is a broad dis-
tribution of flux ratios between the broad and narrow compo-
nents of Hβ among type 1s. This illustrates that some AGN can
be understood as intermediate steps between a pure type 1 or

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A159, page 1 of 15

https://doi.org/10.1051/0004-6361/202348948
https://www.aanda.org
http://orcid.org/0000-0002-9734-4840
http://orcid.org/0000-0002-1375-2389
http://orcid.org/0000-0003-2135-9023
http://orcid.org/0000-0002-1993-0334
http://orcid.org/0000-0001-6794-2519
http://orcid.org/0000-0002-2339-8264
http://orcid.org/0000-0002-9334-2979
http://orcid.org/0000-0001-8849-185X
http://orcid.org/0000-0001-8844-9002
http://orcid.org/0000-0002-9627-5281
http://orcid.org/0000-0002-8660-6809
http://orcid.org/0000-0001-5619-5896
mailto:barquin@ifca.unican.es
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Barquín-González, L., et al.: A&A, 687, A159 (2024)

sub-type 1.0, with a very strong broad component of Hβ dom-
inating the total Hβ profile, and a type 2, for which no broad
component is detected. Subsequently, sub-types 1.0, 1.2, 1.5,
and 1.8 are defined using the flux ratio of a broad and narrow
emission line, usually Hβ and [OIII]5007, and the sub-type 1.9
as those AGN without detection of a broad component for Hβ
but with the detection of a broad component for Hα (Osterbrock
1981; Winkler 1992; Whittle 1992). Intermediate type AGN
are a typical occurrence both at low redshift (Oh et al. 2022;
Mejía-Restrepo et al. 2022) and high redshift, where recent stud-
ies with the James Webb Space Telescope (JWST) show that
intermediate type AGN are the majority of newly discovered
AGN (Matthee et al. 2023; Harikane et al. 2023; Kocevski et al.
2023; Maiolino et al. 2023). However, it is still neither clear
what is the physical origin of the different AGN sub-types nor
if the same mechanism is responsible for the classification in the
different redshift regimes.

A straightforward interpolation between type 1 and type
2 AGN might imply that sub-types are linked to an increas-
ing obscuration. In previous works, an increase in optical
extinction and X-ray absorption with classification is iden-
tified (Alonso-Herrero et al. 2003; Schnorr-Müller et al. 2016;
Burtscher et al. 2016). However, further studies also reveal a
population of unobscured type 1.9, which directly challenges the
extinction scenario (Caccianiga et al. 2004; Trippe et al. 2010;
XueGuang 2024).

Other differences between type 1s and type 2s may be inter-
polated in the same way as obscuration in order to explain the
emergence of the intermediate classification. It is shown in the
literature that type 2s are found in host galaxies with higher stel-
lar mass compared to type 1s (Zou et al. 2019; Mountrichas et al.
2021; Koutoulidis et al. 2022). This could be related to higher
host galaxy luminosity or to an increase of host galaxy dust and,
consequently, optical extinction associated with the interstel-
lar medium (Malkan et al. 1998; Guainazzi et al. 2005). Further-
more, 1.8–2s AGN are more probably found in edge-on galax-
ies than 1.0–1.5 (Maiolino & Rieke 1995; Winter et al. 2009;
Koss et al. 2011). Another factor contributing to the change in
sub-type may be differences in AGN intrinsic luminosities. Sev-
eral surveys at optical, infrared, and X-ray wavelengths show
that type 2 AGN have preferably lower luminosities than type 1
AGN (Della Ceca et al. 2008; Ueda et al. 2014; Koss et al. 2017;
Suh et al. 2019). If the same phenomenon is happening for the
different sub-types, it would make AGN observed features less
intense, explaining the different classification.

In this study, we aim to shed light on what physical proper-
ties play a main role in the optical spectroscopic classification,
focussing on identifying the effect that both optical extinction
and AGN and host galaxy luminosities have on the sub-type
classification. To this end, we fitted the rest-frame ultraviolet
(UV)-to-optical spectroscopic observations and rest-frame UV-
to-mid-infrared spectral energy distributions of an X-ray selected
AGN sample. The AGN sample used in this work was from the
Bright Ultra-hard XMM-Newton Survey (BUXS; Mateos et al.
2012, 2015), a sample of bright, luminous X-ray detected AGN.
We have an almost complete (96%) and uniform optical spectro-
scopic classification up to z = 0.75, based on the detection of
broad emission lines and on the flux ratios of [OIII]λ5007 and the
broad component of Hβ. Thanks to the high spectroscopic iden-
tification completeness and the use of uniform classification cri-
teria, our study does not suffer from biases related to classifica-
tion incompleteness, more severe for sub-types 1.9 and 2 as they
are fainter and more difficult to determine class and redshift. This
makes our dataset ideally suited for the study of the dependence

of AGN subtype with AGN and host galaxy properties. The large
sample size ensures that we can extract robust statistical conclu-
sions from the comparison between sub-types.

This paper is organized as follows. Section 2 introduces
the parent sample and the selection of our working sample. In
Sect. 3, we describe the spectral and photometric fitting process,
as well as the classification scheme. In Sect. 4 we present and
discuss our main result. Conclusions are reported in Sect. 5. In
this paper, we use the reddening, E(B − V), as a proxy of the
optical extinction, AV , and use both terms indistinctly as they
are directly correlated by RV . Throughout this paper, errors are
at 1σ confidence level and we use a cosmology with parameters
ΩM = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1.

2. Sample

The AGN sample used in this study has been drawn from
the Bright Ultra-hard XMM-Newton Survey (BUXS)1. BUXS
is a complete sample of 255 X-ray bright AGN detected with
the XMM-Newton European Photon Imaging Camera (EPIC)-
pn (Strüder et al. 2001) and with 4.5–10 keV fluxes over 6 ×
10−14 erg s−1 cm−2. The selected range of energies allowed for
the reduction of the bias against highly absorbed AGN. For
all the AGN in this work, good quality XMM-Newton spectra
were already available in the observed energy range from 0.25
to 10 keV. The median number of counts after the background
subtraction was 1437. A careful modelling of the X-ray spectra
was carried out to derive X-ray luminosities in the rest-frame 2–
10 keV range, LX . From this point, every time we talk about LX ,
we will refer to the decimal logarithm of its value in ergs per
second. Full details of this analysis will be presented in Mateos
et al. (in prep.). A complete description of the parent sample,
including a table with all the objects forming it, can be found in
Mateos et al. (2012, 2015).

In this work, we have selected those AGN with redshift lower
than z = 0.75 to ensure we have a high identification complete-
ness, 96%, as for higher redshifts Hβ leaves the coverage range
of our optical spectra. A description of the follow-up spectro-
scopic observations and the classification used in this work will
be introduced in Sects. 3.1 and 3.2, respectively. As customary
in other works based on X-ray selected samples, we have also
introduced a cut-off of LX = 1042 erg s−1. The LX-z distribution
of the 165 AGN is illustrated in Fig. 1.

3. Spectral and photometric analysis

3.1. Optical/near-infrared spectral analysis

Spectral classifications, accurate redshifts and rest-frame
UV/optical emission line intensities were determined through
the fitting of the optical and/or near-infrared (NIR) spectra in
the regions around MgIIλλ2796, 2803Å, Hβ, and Hα. To carry
out the spectral analysis several Python scripts were developed
using Sherpa’s modeling and fitting applications as its frame-
work (Freeman & Doe 2001; Doe et al. 2007). The Levenberg-
Marquardt optimization method (Moré 1978), implemented by
Sherpa, was employed to search for the local minimum in the
fitting procedure. Confidence intervals for 1σ were calculated
using the conf method. This method computes the confidence
interval bounds for the model parameters varying one of them
while allowing the others to float to new best-fit values. The fit-
ting process for the MgIIλλ2796, 2803Å, Hβ, and Hα regions

1 https://buxs.unican.es/
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Fig. 1. Decimal logarithm of the intrinsic rest-frame 2–10 keV X-ray
luminosity versus redshift, and the projected distributions of these quan-
tities for different sub-types of AGN (see text). Distributions are nor-
malised such that the sum of the heights equals 1. Symbols, line styles,
and colour codes of this figure depend on sub-type (see Sect. 3.2) and
will remain the same for the rest of the work.

Table 1. Summary of the properties of the optical/NIR spectra.

Instrument N λ range (Å) R(λ/∆λ)
(1) (2) (3) (4)

GTC/OSIRIS 12 4800–10 000 587
NOT/ALFOSC 2 3200–9700 360

1 3650–7110 650
NTT/EFOSC2 2 4085–7520 370

1 3685–9315 210
SDSS/SDSS-I/II 71 3800–9100 1850–2200
SDSS/BOSS 30 3600–10 400 1560–2560
Subaru/FOCAS 3 4700–9100 500
TNG/DOLORES 14 3000–8430 585
UH88/WFGS 1 3800–9700 440
VLT/FORS2 12 4450–8650 440
WHT/ACAM 1 3300–9500 570
WHT/ISIS 15 5300–9300 844
GTC/EMIR 14 8500–13 500 987
WHT/LIRIS 1 9760–13 300 700

Notes. Column 1: name of the telescopes and instrumentes; Col. 2:
number of spectra obtained with that instrument; Col. 3: wavelength
coverage; Col. 4: resolution for a slit width of 1′′. , except for the
WFGS and EMIR which are given for a slit of 1.1′′. . The two rows for
NOT/ALFOSC and NTT/EFOSC2 correspond to different grism con-
figurations. The last two rows correspond to NIR spectographs while
the rest are for optical spectrographs.

was performed independently. For fitting the continuum, we
employed a local model consisting of an accretion disk, host
galaxy, and FeII components. The emission lines were modelled
using multiple Gaussians. A comprehensive explanation of the
spectral fitting procedure can be found in Appendix A.

We collected data for 101 AGN from the public catalogues
of the Sloan Digital Sky Survey (SDSS) Data Release 17
(Abdurro’uf et al. 2022). Among these, 30 observations were

conducted with the BOSS Spectrograph and 71 were carried out
with the old SDSS spectrograph. The remaining spectra were
obtained in our own spectroscopic campaigns. The main prop-
erties of the optical/NIR spectrographs used are summarized in
Table 1.

With our redshift cut of z = 0.75, we can assure coverage of
Hβ for all AGN. However, we start to lack coverage of Hα in the
optical range at z & 0.4. To ensure we use the same classification
schema for all objects in the sample we carried out a follow-up at
NIR wavelengths for 15 AGN without a broad Hβ detection and
for which Hα lies outside the coverage of the optical spectra.
After combining all spectral information, we have coverage of
the region around Hβ for >99% AGN in our sample and of Hα
for 133 AGN (>80% of the sample).

Reduction of the non-SDSS data was carried out using
the Image Reduction and Analysis Facility (IRAF; Tody et al.
1986). A full description of the reduction process is outside the
scope of this work and will be presented in Mateos et al. (in
prep.). The quality of our spectra is good, for 90% the signal-
to-noise ratio is S/N > 52. We corrected for the effect of the
Milky Way extinction in all spectra using the model of Allen
(1976) and the Galactic NH map of Dickey & Lockman (1990)
with RV = 3.1. Thanks to the combination of all these observa-
tions, we have a sample with a homogeneous criterion for the
classification of all sources up to z ∼ 0.75.

3.2. AGN classification

We classified our AGN using a scheme based on that defined by
Whittle (1992). AGN are classified into sub-types 1.0, 1.2, 1.5,
and 1.8 using the observed flux ratio between [OIII]λ5007 and
the broad component of Hβ, R = F([OIII]λ5007)/F(Hβb), as
follows:

– 1.0 when R≤ 0.3;
– 1.2 when 0.3 < R ≤ 1;
– 1.5 when 1 < R ≤ 4;
– 1.8 when R > 4;

Besides these sub-types, AGN are classified as 1.9 when we
detect a broad component for Hα but not for Hβ. Finally, type 2
AGN are identified as those AGN where neither a broad compo-
nent for Hα nor for Hβ are detected. This classification scheme
may be affected by the projected aperture of the observations.
We explored this in Appendix B and found no significant aper-
ture effect in the class determination of our sample.

There are 6 AGN for which a reliable intermediate classifi-
cation could not be determined. In two of those, a broad com-
ponent of MgII emission line was detected, but no coverage of
Hβ was available. In another, we detected a broad component of
Hβ, but atmospheric absorption made it impossible to measure
reliably the flux of [OIII]λ5007. These three cases are labelled
as 1.x in Fig. 1. There are also three AGN for which we did
not detect a broad component of Hβ and we did not have cover-
age of Hα. They are labelled as 2.x in Fig. 1. All these 6 cases
were removed from the sample. The remaining 159 AGN is what
we will call onward the working sample from which we will
derive our results. The number of AGN in each sub-type and
their median LX and redshift can be found in Table 2. For the
rest of the work, we consider the sub-types as numerical values.
So increasing sub-type means going from 1.0 to 2 in the order
described just above and a decreasing classification the opposite.

2 S/N has been calculated as the median value of the ratio between the
observed flux density and its associated uncertainty among bins in the
whole spectral range.
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Table 2. AGN properties of the different samples.

Sample Number 〈LX〉 σ(LX) 〈z〉 σ(z)
(1) (2) (3) (5) (6) (7)

1.0 29 43.88 0.47 0.36 0.16
1.2 33 43.74 0.72 0.34 0.20
1.5 21 43.71 0.67 0.34 0.20
1.8–9 32 43.22 0.56 0.25 0.18
2.0 44 43.51 0.56 0.25 0.16

Notes. Column 1: sample by sub-type; Col. 2: total number of the sub-
type sample; Cols. 3, 4: mean value and standard deviation of the rest-
frame 2–10 keV luminosity; Cols. 5, 6: mean value and standard devia-
tion of the redshift.

We looked for possible cross-contamination between 1.0,
1.2, and 1.5 due to the uncertainty in the determination of R.
To determine if there was any important mix between sub-types,
we plotted R against S/N, with threshold values superposed in
Fig. 2. Any potential contamination should be confined to the
few AGN close to the thresholds between sub-types, up to 10
AGN. For most however, it is highly unlikely due to the small
uncertainty of R. Given also that there is no correlation between
S/N and f[OIII]λ5007/ fHβb we can also be sure the quality of the
individual spectra is not playing a role in the determination of
the sub-type.

The detection of broad Hβ becomes increasingly difficult
with R, especially in the spectra with the lowest S/N. Then,
as long as we detect a broad Hα, we cannot discard the pres-
ence of a very weak undetected broad Hβ. To estimate the
impact of the 1.5–8 contamination in our 1.9 AGN sample, we
checked those fits that initially included a broad component of
Hβ, but it was below our detection significance threshold (5σ,
see Appendix A). After a thoughtful visual check-up, we found
a maximum of three objects with a genuine broad component of
Hβ below our significance threshold. This would translate in a
variation in the 1.9 sample no higher than 10%. As the sample
of 1.8 AGN is too small (only 2 objects) to obtain any statisti-
cally significant result, we merged the 1.8s with the 1.9s. From
now on, we will refer to the merged sample as 1.8–9.

We also checked for the impact of 1.9s with low significance
Hα in the type 2 AGN sample. Following the same approach
as before, we found the variation would be no higher than six
objects (14%).

3.3. SED fitting

We fitted the rest-frame UV-to-mid-infrarred spectral energy dis-
tributions (SEDs) in order to obtain the optical/UV extinction
and the continuum luminosity of both AGN and host galaxy at
rest-frame 5100 Å, an usual reference wavelength in the litera-
ture, which is also close to Hβ.

Our SEDs are assembled with data from the Galaxy Evolu-
tion Explorer (GALEX; Bianchi et al. 2017), Sloan Digital Sky
Survey (SDSS; Abazajian et al. 2009), the Two Micron All Sky
Survey (2MASS; Jarrett et al. 2000, 2003), the UKIRT INfrared
Deep Sky Survey (UKIDSS; Lawrence et al. (2007)), the Vis-
ible and Infrared Survey Telescope for Astronomy (VISTA;
Emerson et al. 2006; Dalton et al. 2006) and the Wide-Field
Infrared Survey Explorer (WISE; Wright et al. 2010). All pho-
tometry data were corrected for the Milky Way extinction in
the same way as the spectra. We added to the flux densities an
additional 10% uncertainty in quadrature to consider uncertain-

0.1 0.2 1 4

R

101

102

S
/R

Fig. 2. S/N of the 1.0 (purple dots), 1.2 (blue squares), and 1.5 (green
diamonds) AGN samples versus R. The dotted vertical lines correspond
to the limit values between one sub-type and the following.

ties in absolute flux calibration and any other potential unknown
factors.

We utilized the SED fitting program SEd Analysis using
BAyesian Statistics (SEABAS; Rovilos et al. 2014). It fits the
SED with AGN and host galaxy templates using a Monte
Carlo Markov chain (MCMC) sampling method. For modelling
the AGN emission, we used a combination of an accretion
disk and a torus template. To model the torus emission, we
employed the Seyfert 1 template and the three Seyfert 2 tem-
plates from Silva et al. (2004) corresponding to column densities
log10(NH/cm−2) = {22−23, 23−24, 24−25} cm−2. For the disk,
we used the type 1 quasar SED from Richards et al. (2006) up
to λ = 0.7 µm. For longer wavelengths, we have extrapolated
the disk emission with a power-law λ fλ ∝ λ−1. We have fixed
the intrinsic flux ratio of the unabsorbed disk (E(B − V) = 0)
and torus of an unobscured AGN (log10(NH/cm−2) = 0) at rest-
frame 6 µm, C6 µm, to the observed median value for sub-type
1.0, which typically have low E(B − V). To calculate it, we did
a first fit of all type 1.0 without fixing C6 µm. From these fits, we
obtained the intrinsic value after correcting for the fitted extinc-
tion, obtaining C6 µm = 0.10 ± 0.04. We checked if imposing
a fixed C6 µm affects the extinction estimation of the 1.0s and
found no significant changes. C6 µm is equivalent to LIR/LBOL,
commonly used in the literature, and our value is similar to that
found in previous studies for all AGN sub-types (Richards et al.
2006; Lusso et al. 2013; Roseboom et al. 2013; Ichikawa et al.
2019).

We reddened the disk template with the Small Magel-
lanic Cloud extinction law from Gordon & Clayton (1998) for
λ < 3000 Å and the Galactic extinction law from Cardelli et al.
(1989) for λ > 3000 Å. In both cases, we assumed a RV = 3.1.
To redden the templates, we used a range of E(B − V) from 0
to 2, with a grid of ∆E(B − V) = 0.01 up to 0.65 and a grid of
∆E(B − V) = 0.15 onwards. The increased grid for low values
of E(B − V) allows us to look for potential differences at low
extinction values where the extinction difference effect is less
prominent. We allow for any combination of values of E(B − V)
and log10(NH/cm−2) to account for all the possible shapes of the
AGN emission. The SEABASs application doesn’t allow for the
estimation of uncertainties in the extinction fitted. To estimate
the significance of our extinction results with respect to certain
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threshold levels, we forced a refit with that specific value of
E(B − V) and study ∆χ2 (see below and Sect. 4.2).

Using a fixed disk to torus normalisation, we are able to have
an estimate of the disk extinction, even for the highest values of
our grid and even when the galaxy dominates, since the rest-
frame MIR points of the SED constrain the torus and, from it,
the intrinsic disk luminosity. The value of E(B − V) estimated
this way accounts for the combined contribution of nuclear and
host galaxy-associated components, in the rest of the paper; this
total optical/UV extinction in the line-of-sight towards the AGN
will be referred to as simply extinction, unless otherwise stated
explicitly.

For modelling the host galaxy, we used a library of 75 stellar
templates from Bruzual & Charlot (2003). Our templates have
solar metallicity and a Chabrier initial mass function (Chabrier
2003). To generate them, we used 10 exponentially decaying
star formation histories with characteristic times τ = 0.1–30 Gyr,
a model with constant star formation, and a set of ages in the
range 0.1–13 Gyr. The host galaxy templates were later reddened
using the Calzetti et al. (2000) dust extinction law and a range
of E(B − V)GAL from 0 to 2. We did not add a contribution
by dust heated by star formation to avoid potential degenera-
cies between AGN and host galaxy templates. We can safely do
this, as shown in Mateos et al. (2015), where conservative upper-
limits for the star formation contamination at 6 µm were obtained
for the BUXS sample. For more than 90% of the objects with
LX > 1042 erg s−1, contamination was estimated to be below
15%, having negligible effect on our results. Examples of two
fitted SEDs, a type 1.0 and a type 2, are shown in Fig. 3.

To determine which best fits are compatible with no extinc-
tion at all, we refitted all objects imposing E(B − V) = 0. If the
significance of the improvement is less than 90% (∆χ2 < 2.71),
the value fitted would be identified as compatible with no extinc-
tion. Additionally, if the extinction is comparable to the uncer-
tainty of the Galactic correction, we also mark these fits as com-
patible with no extinction. We found that 70% of the objects with
a non-zero value of E(B − V) and less or equal to 0.05 are com-
patible with no obscuration at all. We keep the fitted values for
the sake of obtaining the best possible fit, but mark them in all
plots as compatible with no extinction with a triangle pointing
down.

For some cases, the best fit SED resulted in a very bright and
blue galaxy to describe what should be fitted with an unobscured
disk at rest-frame UV wavelengths. There is a known degeneracy
between fitting a very blue disk without extinction with a faint
host galaxy, or a bright blue host galaxy with an absorbed disk
at these wavelengths as their shapes are similar (Suh et al. 2019;
Marshall et al. 2022). To identify those cases, we compare the
SED fit with the optical spectrum. If after a visual analysis of the
optical spectra we conclude the continuum is clearly dominated
by the disk emission, we limit the maximum extinction of the
disk to E(B − V)=0.1 to favour the fit of an unobscured disk.
This was necessary for 13 objects (8%): six Type 1.0, six Type
1.2, and one Type 1.5 AGN.

Another way to obtain a value of extinction is from the dif-
ference between the observed and intrinsic Balmer decrement
of the broad emission lines. In this work, we chose to deter-
mine extinctions using the SED instead because estimates based
on Balmer decrements have important limitations. First, it can
only be applied to AGN with both detected broad Hβ and Hα,
i.e., sub-types 1.0, 1.2, 1.5, and 1.8, which does not allow us
to study the whole sample but simply a subset. Secondly, it
depends heavily on the still debated intrinsic line flux ratio
(Dong et al. 2008; Gaskell 2017; Lu et al. 2019). However, as
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Fig. 3. Two examples of the SED decomposition analysis. Coloured
symbols corresponds to the different surveys the data were taken from.
The upper fit is correspond to a type 1.0 AGN. The blue dotted line cor-
responds to a reddened accretion disk with E(B − V) = 0.02 plus torus
template with NH = 1022 cm−2, while the dashed-green line corresponds
to the host galaxy component with E(B − V)GAL = 0.057. The lower fit
correspond to a type 2 AGN with E(B − V) = 2.0, NH = 1024 cm−2 and
E(B − V)GAL = 0.062.

Balmer decrement-based extinctions are frequently used in the
literature, we checked if they correlated well with those derived
from the SED fits. We obtained the Balmer decrements for those
1.0–5s with broad Hβ and Hα detected and coming from the
same spectra. To convert it to an extinction value, we use an
intrinsic ratio of F(Hαb)/F(Hβb) = 3.06 ± 0.03 (Dong et al.
2008). In Fig. 4, we can see how the two estimates of the optical
extinction are well correlated. From this point, any reference to
E(B − V) will refer to the values obtained from the SED fits.

4. Results and discussion

In this section, we will show the main results of the compari-
son of several parameters between intermediate classes and dis-
cuss their implications. Below, when we compare two differ-
ent distributions we will refer to the result of the Kolmogorov–
Smirnov (KS) test to statistically quantify their differences. We
will identify a difference as significant if the probability of the
null hypothesis3, P(H0), is lower than 0.003, i.e., it is greater than
3σ. The P-values of every KS test run in this work are shown in
Table 3. We also repeat the comparison for Cols. 3–5 and 8 with

3 The null hypothesis assumes that both distributions were drawn from
the same parent distribution.
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Table 3. KS test p-values results for the null hypothesis that the samples under consideration have the same distribution for different parameters
of the AGN or host galaxy.

Sample 1 Sample 2 p-values

Cobs E(B − V) log10[F(Hαn)/F(Hβn)] LAGN LGAL LAGN/LGAL
(1) (2) (3) (4) (5) (6) (7) (8)

1.0 1.2 0.006 0.117 0.383 0.074 0.113 0.029
1.2 1.5 0.506 0.534 0.637 0.815 0.245 0.462
1.5 1.8–9 0.000 0.000 0.422 0.855 0.000 0.005
1.8–9 2.0 0.086 0.607 0.055 0.184 0.072 0.880
1.0 1.5 0.009 0.014 0.331 0.012 0.339 0.020
1.2 1.8–9 0.000 0.000 0.458 0.939 0.056 0.009
1.5 2.0 0.000 0.000 0.086 0.918 0.000 0.005
1.0–5 1.8–2.0 0.000 0.000 0.856 0.062 0.001 0.000
1.0–5Low E(B−V) 1.8–2.0Low E(B−V) ... ... ... 0.009 0.000 0.000

Notes. We consider a result as significant if it is greater than 3σ (P(H0) < 0.003). In this case, we mark the result in bold. If the result lies between
3σ and 2σ (0.003 < P(H0) < 0.05) we display it in italic. Columns 1, 2: samples evaluated by the KS test; Col. 3: observed contrast of the AGN
over the total flux at rest-frame 5100 Å; Col 4: extinction of the AGN emission; Col 5: Balmer decrement of the narrow emission lines; Col 6:
host-galaxy luminosity at rest-frame 5100 Å weighted by redshift distributions (see Sect. 4.3); Col 7: absorption-corrected luminosity of the AGN
at rest-frame 5100 Å weighted by redshift distributions (see Sect. 4.3); Col 8: ratio between host galaxy and AGN optical luminosity at rest-frame
5100 Å.
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Fig. 4. Optical extinction of the accretion disk derived from the SED fit
(E(B − V)AGN,SED) versus the one derived from the Balmer decrement
of the Hα and Hβ broad emission lines (E(B − V)AGN,BD). The grey
area represents the 1:1 relation and its 1σ uncertainty from Dong et al.
(2008). A random contribution of ±0.003 was added to E(B − V)SED to
avoid the superposition of points with the same value. The inset shows
a zoom of those objects with E(B − V)SED < 0.1. Symbol and colour
coded as in Fig. 1, except for AGN with E(B − V) compatible with no
obscuration, that are represented with empty triangles pointing down.

the Anderson-Darling test, which is more sensitive to tails, find-
ing similar results for all tests shown here. The same could not
be done for Cols. 6 and 7, as we used a special KS test imple-
mentation for these distributions to take into account differences
in the redshift distributions of the samples (see Sect. 4.3).

4.1. Observed contrast

In this work, we defined the observed contrast as,

Cobs = fAGN/( fAGN + fGAL). (1)

where fAGN and fGAL are the observed AGN and host galaxy
flux density at rest-frame 5100 Å, respectively. Our first step was
to calculate the observed contrast of every sub-type and com-
pare them. The values of fAGN and fGAL were obtained from
the SED best-fit templates. The distribution of the observed con-
trast is shown in Fig. 5. The KS results indicate that there are
two significantly different groups: one composed of 1.0, 1.2,
and 1.5 and another of 1.8, 1.9, and 2.0 AGN, with the former
having an overall higher contrast than the latter. No significant
differences are found between individual sub-types within these
groups, although it is hinted a difference between 1.0s and 1.2s
(P(H0) = 0.006) and 1.0s and 1.5s (P(H0) = 0.009). Encour-
aged by these results, we will conduct any subsequent compari-
son also for the two main groups identified (hereafter referenced
as 1.0–5 and 1.8–2) for the rest of this work.

To properly explain the change in class we need to identify
which physical parameters, or which combination of them, leads
to this decrease of contrast with increasing sub-type. This could
be due to an increase on the extinction level or to changes in the
intrinsic luminosity of the host galaxy or AGN. The first physical
parameter we checked for potential differences is the extinction.

4.2. AGN and host galaxy extinction

Changes in the amount of extinction may explain the decrease in
contrast observed. To identify if this is the situation, we com-
pared the distributions of extinction in intermediate types in
Fig. 6. According to the results of the KS test (see Table 3), we
found that 1.0–5 AGN are significantly less extinguished than
1.8–2 AGN, while no significant differences are found between
finer sub-types. Furthermore, the difference in observed contrast
previously hinted between 1.0s and 1.2s becomes less relevant
(P(H0) = 0.117). Consequently, even if 1.0s have higher con-
trast, this is unlikely to be due to their lower overall extinction.
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Fig. 5. Observed contrast of the AGN over the total flux at rest-frame
5100 Å. Line styles as in Fig. 1.

To look for additional insight and a potential relation-
ship between observed contrast and extinctions, we plotted one
against the other in Fig. 7. It can be seen that the higher values
of extinction concentrate at lower values of contrast (Cobs < 0.3)
while for the lowest extinction values the contrasts values show a
much wider range of values. This is again related to AGN classi-
fication in the same direction as before, 1.0–5s with low extinc-
tions and 1.8–2s being affected by high-extinction.

Despite this overall trend, there is a significant fraction of
1.8–9s and 2s with low extinction, comparable to 1.0–5s. To
have a quantitative definition of what we can call high and
low extinction, we used as threshold value E(B − V) = 0.65,
which was found by Caccianiga et al. (2008) as the amount of
extinction that was able to suppress the broad component of
Hβ enough to be undetected. Using this value, we have 16
(50%) 1.8–9s and 22 (50%) 2s with low extinction, insufficient
to explain their intermediate classification. We checked that all
these objects have a probability of at least 90% to be below this
limit using ∆χ2. A similar fraction of 1.8–9 with low extinction
are found in previous works in the literature (Caccianiga et al.
2004; Trippe et al. 2010). For these objects, some additional
effect should be decreasing the observed contrast enough to
explain their optical class. This will be explored in Sect. 4.3.

We also have to take into account that the extinction mea-
sured from the SED fits accounts for the total extinction along
the line-of-sight. Consequently, it could be associated to the
nuclear material from the AGN, to the gas and dust of the host
galaxy (Maiolino & Rieke 1995; Alonso-Herrero et al. 2003;
Baron et al. 2016; Buat et al. 2021) or be a combination of both.
To clarify in which situation we are, we investigated whether
there are differences in extinction associated to the host galaxy
between sub-types.

To estimate the extinction caused by the host galaxy, we cal-
culated the Balmer decrement of the Hα and Hβ narrow emis-
sion lines, F(Hαn)/F(Hβn). The narrow emission lines originate
far from the nuclear region of the AGN, at hundreds of par-
sec. Consequently, their emission is not affected by the nuclear
extinction (Heard & Gaskell 2016), but they can suffer extinc-
tion from the gas and dust of the host galaxy. The intrinsic nar-
row Balmer decrement distribution is not expected to change
between sub-types (Gaskell & Ferland 1984); therefore, any dif-
ferences should be related to changes in the host galaxy extinc-

10−2 10−1 100

E(B-V)

0.0

0.1

0.2

0.3

0.4

0.5

F
ra

ct
io

n

Fig. 6. Line-of-sight optical extinction of the AGN accretion disk com-
ponent. Values of E(B − V) = 0 were added to the lowest bin. The
appearance of the distributions and KS results don’t change signifi-
cantly if E(B − V) values compatible with no obscuration are treated
as E(B − V) = 0. Line styles as in Fig. 1.
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Fig. 7. Optical extinction of the accretion disk component of the SED
fit versus contrast. To represent E(B − V) = 0 values in a logarithmic
axis they were approximated as E(B − V) = 0.005. The grey, dashed
line represents the E(B − V) = 0.65 limit defined by Caccianiga et al.
(2008). Symbol and colour codes as in Fig. 1, except for AGN with
E(B − V) compatible with no obscuration, that were represented with
empty triangles pointing down.

tion. We considered the total flux of the narrow components of
Hβ and Hα for those AGN with detection for both emission lines,
and both are measured in the same spectra (69% of the working
sample).

The distributions of the narrow line Balmer decre-
ment are shown in Fig. 8. The distributions are visually
similar for all sub-types, exhibiting a clear peak around
log10[(F(Hαn)/F(Hβn)] = 0.61, comparable with previ-
ous findings in literature (Baron et al. 2016; Lu et al. 2019;
Selwood et al. 2023). The KS tests indicate the differences are
not significant for any comparison between groups. If we assume
an intrinsic ratio of F(Hαn)/F(Hβn) = 3.1 (Gaskell 1982;
Gaskell & Ferland 1984; Wysota & Gaskell 1988), we find that
AGNs with line-of-sight E(B − V) < 0.65 have values of
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Fig. 8. Distribution of the Balmer decrement of the narrow components
of Hα and Hβ. We indicate the number of AGN with coverage in both
spectral regions. Line styles as in Fig. 1.

extinction compatible with those derived from the narrow line
Balmer decrement. For this population most, if not all, of the
line of sight extinction could arise in material in the host galaxy.
However, for those 1.8–2s with E(B − V) > 0.65, there must
be an important nuclear component contribution, which is likely
playing the main role in the class determination.

Then, according to our results, extinction is an important
actor behind the contrast change and, consequently, the deter-
mination of AGN sub-type. It increases from 1.0–5 to 1.8–2s
and follows the same trend as contrast. The increase of extinc-
tion for those 1.8–2s with E(B − V) > 0.65 can be associated
with a nuclear component, while for the rest, it can be explained
by material in the host galaxy.

4.3. AGN and host galaxy luminosity

As shown before, extinction can not be the only parameter driv-
ing the sub-type determination. A potential additional explana-
tion would be a decrease of the AGN luminosities and/or an
increase in the galaxy luminosity with sub-type, which would
result in a decline in the observed contrast.

Previous works show that type 1 AGN have higher intrin-
sic luminosity than type 2 AGN. This trend is detected at dif-
ferent wavelengths but mostly in X-rays (Della Ceca et al. 2008;
Burlon et al. 2011; Ueda et al. 2014; Lacy et al. 2015; Koss et al.
2017). Additionally, Stern & Laor (2012) shows a decrease of
the AGN luminosity with increasing sub-type, using Hα lumi-
nosity as a proxy of the total luminosity. To look for any depen-
dence with classification in our sample, we used the extinction-
corrected AGN luminosity at rest-frame 5100 Å, LAGN, derived
from our SED fitting.

To properly compare luminosities, we need to account for
the differences in the redshift distributions (shown in Fig. 1).
To correct for this, we assigned to each object a weight fol-
lowing the same procedure as in Mendez et al. (2016) and
Mountrichas et al. (2021). To obtain this weight, first, we
obtained the distribution of redshift of the full sample and
divided it in bins of ∆z = 0.125. Then, the same process is
repeated for the distribution of each sub-type. Finally, for each
AGN in a particular bin i of a certain sub-type, s, the weight,
wis, is calculated as the number of AGN in that bin, Ni, over the

overall number of AGN of that certain sub-type in the same bin,
Nis,

wis =
Ni

Nis
. (2)

All discussion about luminosity distribution from this point will
be about the redshift corrected distribution. We also accounted
for the redshift correction when conducting the KS test. We
weighted the luminosity cumulative distributions involved by
these same weights. To implement it, we adapted of the
unweighted KS test code available in the package Numpy
Harris et al. (2020) to follow the procedure shown in Monahan
(2011).

The distributions of LAGN are presented in Fig. 9. Visually,
it appears that type 1.0 have slightly higher luminosities overall.
In fact, the lowest values of P(H0) between individual sub types
correspond to the comparison of 1.0s with 1.2s and 1.0s with
1.5s. However, no comparison between individual sub-types or
even between 1.0–5 and 1.8–2 returns a significance greater than
3σ. Similar results are found if we use instead X-ray luminosi-
ties. Based on these results, there is no evidence of a signifi-
cant difference in LAGN between sub-types, so this parameter is
unlikely to play an important role in the AGN classification.

Previous studies in the literature find a small increase
in host galaxy stellar mass for type 2 AGN, which may
or may not appear statistically significant (Zou et al. 2019;
Mountrichas et al. 2021; Koutoulidis et al. 2022). The more
massive host galaxies are expected to be more luminous, and
then the observed contrast of the hosted AGN would be smaller.
In this work, we directly derived the host galaxy luminosity at
rest-frame 5100 Å from the SED fitting. With this approach, we
are focusing on the parameter directly affecting the observed
contrast.

We show the distributions of host galaxy luminosity, LGAL,
in Fig. 10. According to the KS results, we found significant dif-
ferences when comparing 1.5s with 1.8–9s and 2s, respectively
(see Table 3 Col. 7). Motivated by these and previous results, we
considered the comparison of 1.0–5s vs. 1.8–2s. We found also a
significant difference between the two groups. This finding is in
agreement with previous results in the literature (Zou et al. 2019;
Mountrichas et al. 2021; Koutoulidis et al. 2022). As shown in
Appendix B, the apertures of 1.0–5 and 1.8–2 AGN are differ-
ent, so we checked if the observed difference remains if we con-
sider the light of the host-galaxy collected by the spectrograph.
To do so, we multiplied the host galaxy luminosity by the fGAL
obtained in Appendix B. The differences persist, and so do the
significance levels when comparing groups.

The observed contrast involves both the host galaxy and
the AGN. So, we also investigated their combined effect using
the ratio of the intrinsic AGN over host galaxy luminosities.
LAGN/LGAL has the additional advantage over the individual
luminosities of being a value which does not need a redshift cor-
rection. The results are presented in Fig. 11. We compared the
individual and grouped distributions as before. Once again, the
KS test reveals a 3σ significance when comparing 1.0–5s ver-
sus 1.8–2s. Additionally, the combined effect of both AGN and
host galaxy luminosities enhances the significance of a poten-
tial difference for several individual comparisons, although all
remain below 3σ. However, the results hint at individual differ-
ences between sub-types 1.0 and 1.2–5, with similar results to
those of the observed contrast distributions. We also compared
the main groups limiting to E(B − V) < 0.65 to focus on the
1.8–2s not explained by the extinction alone, finding also a sig-
nificant difference.
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Fig. 9. Redshift weighted distributions of the intrinsic AGN luminosity
at rest-frame 5100 Å. Line styles as in Fig. 1.
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Fig. 10. Redshift weighted distributions of the intrinsic luminosity of
the host galaxy at rest-frame 5100 Å. Line styles remains as in Fig. 1.

So far, we have already considered the effect of the extinc-
tion and of the intrinsic luminosities separately. In order to iden-
tify the relation between both, we represented extinction versus
intrinsic luminosity ratio in Fig. 12. We compared both main
groups for a given extinction and found 1.8–2s have overall
lower intrinsic AGN over host galaxy luminosity ratios than
1.0–5. In fact, the mean values of log10(LAGN/LGAL) for the
whole samples are −0.23 ± 0.08 and 0.84 ± 0.11, respectively.
The resultant difference is of more than one order of magni-
tude, 1.08 ± 0.19 dex. It becomes even larger, 1.3 ± 0.2, if we
take only into account those AGN with extinctions lower than
E(B − V) = 0.65. These results suggest the following scenario:
half the 1.8–2 objects lack enough extinction to provoke by itself
their change from 1.0–5 to 1.8–2. In these objects, a decrease of
the LAGN/LGAL, led mainly by an increase of LGAL, is enough
to provide the extra reduction in observed contrast necessary for
that change between groups.
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Fig. 11. Intrinsic AGN over host galaxy contrast at rest-frame 5100 Å.
Line styles as in Fig. 1.
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Fig. 12. Intrinsic AGN over host galaxy contrast at rest-frame 5100 Å
versus the optical extinction. To represent E(B − V) = 0 val-
ues in a logarithmic axis they have been approximated as E(B −
V) = 0.005. Large stars corresponds the mean points of groups
1.0–5 (blue, 〈log10(LAGN/LGAL)〉 = 0.87 ± 0.11) and 1.8–2 (maroon,
〈log10(LAGN/LGAL)〉 = −0.41 ± 0.08) both with extinctions under
E(B − V) = 0.65. Symbol and colour code as in Fig. 1, except for
AGN with E(B − V) compatible with no obscuration, that have been
represented with empty triangles pointing down.

5. Conclusions

This work aimed to shed light on the effect of extinction and
AGN and host galaxy luminosity on the AGN optical spec-
troscopic optical classification. We studied the variation of the
observed contrast at rest-frame 5100 Å, fAGN/( fAGN + fGAL),
extinction and luminosity of AGN and host galaxy of a large
sample of 159 X-ray selected AGN with complete and robust
optical spectroscopic classification. The AGNs were drawn from
the BUXS sample and have z ∈ [0.05−0.75] and intrinsic
2–10 keV, absorption-corrected luminosities between 1042 and
1046 erg s−1.

A159, page 9 of 15



Barquín-González, L., et al.: A&A, 687, A159 (2024)

To classify our AGNs, we fitted the Hβ, Hα, and MgII
regions of their optical and/or NIR spectrum. We also obtained
the Balmer decrement of the narrow emission lines using
the ratio between the narrow components of Hβ and Hα. To
calculate the observed AGN over total flux contrast, optical/UV
line-of-sight extinction, and AGN and host galaxy optical lumi-
nosities we decomposed the rest-frame UV-to-mid-infrared SED
into galaxy and AGN components. The main results of our work
can be summarized as follows:
1. A clear decrease of the observed AGN over total

AGN+galaxy contrast with the intermediate class was found,
identifying two main groups of high (1.0–1.5) and low
(1.8–2) contrast. This is significant not only for the main
groups but also for any comparison between any sub-types
in the 1.0–5 and 1.8–2 groups. A less significant difference
is hinted for sub-types 1.0 and 1.2-5.

2. We found a similar increase in the extinction with intermedi-
ate class, showing 1.8–2s to have overall higher extinctions
than 1.0–5s; in agreement with previous results in the lit-
erature. The shared change between contrast and extinction
reveals it as one of the effects producing the change of sub-
type. No significant change between sub-types inside these
groups is found.

3. We found a population of 1.8–9s (50%) and 2s (50%) AGN
with insufficient extinction to suppress the BLR emission
enough to change the classification of the AGN only by itself.

4. The extinction in the host galaxy, gauged from the Balmer
decrement of the narrow line, is not significantly different
between sub-types. However, for most 1.0–5 and the low
extinction 1.8–2.0, it could contribute significantly to the
total line-of-sight extinction.

5. No statistically significant difference is found in LAGN
between different AGN sub-types. If there is such a differ-
ence in our sample, it must be small and be at most a sec-
ondary effect.

6. When comparing LGAL between sub-types, a difference is
found between 1.0–5s and 1.8–2s and also when comparing
1.5s with 1.8–9s and 2s, with higher values for the former
group in both cases.

7. Differences in LGAL produce a decrease in the intrinsic ratio
between AGN and host galaxy luminosity, LAGN/LGAL, for
1.8–2s. Furthermore, for a given extinction, 1.8–2s have
lower values of LAGN/LGAL than 1.0–5s.

Based on the results presented, the sub-type classification into
the main groups made of 1.0–5s and 1.8–2 is driven by a decreas-
ing contrast effect. As the observed contrast decreases, the abil-
ity to detect the broad component of Hβ and Hα worsens, until
is no longer possible to detect them, resulting in the change of
sub-type.

By itself, extinction explains roughly the classification of
50% of the 1.8–2s. For the rest, the change cannot be explained
without an additional effect of a decreasing LAGN/LGAL ratio
(which we found to be mainly driven by a higher LGAL in 1.8–
2.0). For these, the combination of intermediate levels of extinc-
tion and low LAGN/LGAL would reduce the contrast enough to
make impossible the detection of the broad components and pro-
duce the change of sub-type.

Those 1.8–2 with extinction high enough to prevent the
detection of the broad emission lines, the dominant extinction
component must be associated to a nuclear contribution. How-
ever for the rest of the sample the extinction associated to the
host galaxy could be a significant contribution to the total line-
of-sight extinction, as shown with the estimates from the narrow
line Balmer decrement estimation.

We find no significant difference in any of the studied param-
eters between sub-types within the main groups. It is hinted a
potential contrast effect for type 1.0. However, the lack of a
strong significance means that the effect, in any case, would
be weak. The LAGN/LGAL results suggest this potential differ-
ence could be led by an increase of the LAGN/LGAL in compar-
ison to 1.2 and 1.5. Nevertheless, once again, this remains only
as a potential hint as we find no significant difference. Future
work will focus on explaining the effect leading to the change
of sub-types inside the two big groups identified using this same
sample.
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Appendix A: Fitting of continuum and emission
lines fitting

To obtain the optical classification and emission line properties,
we needed to fit the emission lines and continuum around MgII,
Hβ, and Hα, respectively. This appendix explains the general
procedure and the models used for the continuum and emission
lines.

To obtain the best constraints, we fitted Hβ and Hα inde-
pendently. We fitted first the local continuum in a region free of
emission lines defined around Hβ and Hα. We considered the
same wavelength regions that Shen et al. (2011) used for both
the continuum and the emission lines. If a part of the regions
was affected by atmospheric absorption, we removed it from the
fit. We provide the values used to define every region in the cor-
responding subsections below.

To avoid over-fitting and adding non-necessary components,
we gradually increased the complexity of the emission line
model. We accepted a more complex model if an F-test returned
a 5σ improvement after including an extra component or param-
eter.

For all AGN, we had an initial redshift estimation from a
visual fit of the position of at least one of the Balmer emission
lines or the [OIII] doublet. The redshift was then let to vary
while fitting to obtain a more accurate value. For two type 2
AGN, there was no clear detection of the prominent emission
lines, even though their nature as AGN was confirmed using the
X-ray information. In these AGN, the initial redshift estimation
was obtained from the absorption features of CaII as as the host
galaxy dominated their continuum.

We corrected the intrinsic width of all emission lines fitted
for the instrumental broadening of the spectrographs employed.
The value of the instrumental broadening was directly available
for SDSS spectra. For the rest, we fitted he profile of the atmo-
spheric lines of the sky spectrum to derive it.

A.1. Iron Emission Template

AGN show a pseudo-continuum FeII emission across the UV
and optical ranges. This emission is a consequence of the blend-
ing of a large number of individual emission lines produced by
the high-velocity movement of the gas in which they originated.
In some AGN, the FeII emission can contribute significantly to
the continuum in the Hβ and MgII ranges, so it is fundamental
to account for this component.

To model the FeII emission, we used the theoretical predic-
tion from Verner et al. (2009). It covers from 1000 Å to 10 000
Å and was built using an 830-level model atom for FeII. There
are different templates available that differ in the NH , the micro-
turbulence, and the ionizing flux. Here, we used the one that best
fits I ZW 1, the prototypical FeII emission of AGN, as used in
other works in the literature (Dong et al. 2008; Jin et al. 2012;
Calderone et al. 2017).

The template has three degrees of freedom: the normali-
sation, a wavelength shift up to ±1800 km s−1 and the width
of a Gaussian function used to convolve with the iron tem-
plate to model the blending of the FeII emission lines, up to
10000 km s−1.

A.2. Galaxy Template

Previous works show that luminous AGN, as the ones in our
sample, are most likely hosted by elliptical galaxies (Floyd et al.
2004; Polletta et al. 2007; Calderone et al. 2017; Coffey et al.

2019). Consequently, we used the composite spectrum obtained
for ∼2000 early-type galaxies from SDSS DR74 to fit the host
galaxy contribution. When fitting the galaxy template, we have
two free parameters: normalisation of the template and a small
wavelength shift up to ±600 km s−1 associated with small cor-
rections to the input redshift.

As this template was obtained from a combination of spec-
tra measured with the SDSS spectrograph, we need to correct it
for the difference in spectral resolution with other spectrographs
used for a fraction of the spectra in our working sample (see
Sect. 3.1). First, we deconvolved the host galaxy template with
a Gaussian with width equal to the mean instrumental width of
the SDSS spectra in our sample. Then, we convolved the resul-
tant spectrum with a Gaussian function with a width equal to
that of the instrumental width obtained from the sky spectrum
associated with each observation.

A.3. Disk Continuum Model

As in previous works in the literature (Shen et al. 2011;
Koss et al. 2017; Coffey et al. 2019), we used a local power-
law to model the AGN continuum associated with the disk. The
power law was defined as,

fλ = A
(

λ

5100Å

)α
. (A.1)

The index of the power law, α, was limited to take values
in the range [−6, 6], and the normalisation factor, A, was left
free to take any positive value and corresponds to the fλ value at
5100Å. As the disk continuum is only fitted in the region around
Hα, Hβ, and MgII, and for obscured AGN, the continuum will
be dominated by the host galaxy light, we will not model the
associated extinction, as it would be poorly constrained.

A.4. MgII

Although we did not use the properties of the MgII emission
lines in this work, their detection was employed to identify
the AGNs classified as type 1.x and 2.x. For completeness, the
description of the procedure to fit them is included here.

The region of MgII emission, as defined by Shen et al.
(2011), covers the wavelengths [2700, 2900] Å. The continuum
fitting regions were [2200, 2700] Å and [2900,3090] Å. The con-
tinuum was modelled locally using a combination of the accre-
tion disk power law and the iron template (see above). We have
coverage of MgII for 41 AGN (∼ 26% of the sample).

We employed two models for fitting: one model with only a
continuum and a narrow component of MgII and the other one
with the addition of a broad emission line. Although MgII is a
doublet, the proximity of the two lines, combined with signifi-
cant line broadening, causes it to be detected as a single line. We
described the narrow and broad components using one Gaussian
component for each one. We required the broad emission line to
have a width of at least 1000 km s−1 and no bigger than 20000
km s−1. The narrow line was required to be narrower than 2000
km s−1.

The overlapping width ranges allowed us to fit cases with
exceptionally wide narrow emission lines (> 1000 km s−1) or
exceptionally narrow broad emission lines (< 2000 km s−1).

4 Template number 23 in http://classic.sdss.org/dr7/
algorithms/spectemplates/
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Fig. A.1. Example of a spectral fitting in the MgII region. The spectrum
corresponds to a type 1.0 AGN. Wavelength is represented in rest-frame.

However, for no AGN, the narrow emission line was wider than
the broad component. One example of a fit in the MgII region
can be seen in Fig. A.1.

A.5. Hβ and [OIII]

We define the region of the Hβ emission line as the wavelengths
in the range [4700, 5100] Å. The continuum fitting regions were
[4435, 4700] Å and [5100, 5535] Å. We modelled the continuum
using a combination of the host galaxy template, the accretion
disk power law, and the iron template.

Each one of the narrow emission lines was fitted with one
Gaussian with separation fixed by the theoretical centroids of
[OIII]λλ4959,5007Å and Hβ. The ratio between the [OIII] was
fixed to the theoretical value of 2.98 (Storey & Zeippen 2000)
and the three lines shared the same width, that can go up to 2000
km s−1. The narrow emission lines could also be displaced by
small wavelength shift up to ±600 km s−1 to take into small cor-
rections to the input redshift, similar to the host galaxy template.

The narrow emission lines [OIII]λλ4959,5007 can show blue
wings or other complex profiles (Boroson 2005; Shen et al.
2011; Rojas et al. 2020). To properly fit them, we added a
Gaussian component with the same constraints in their relative
wavelengths and fluxes but different widths, up to 2500 km s−1.
The wings of the narrow emission line could also be shifted up
to ±1800 km s−1 to account for the wavelength shift relative to
the core components.

For the broad component of Hβ, we initially used one
Gaussian. However, for many AGN a single Gaussian is not
enough to correctly fit its profile. TWe consider an additional
Gaussian component to ensure a good fit if it improves the fit
by 5σ. Both components are required to have widths greater
than 1000 km s−1 and limited up to 20000 km s−1. As for MgII,
although the width ranges overlap, no fit returned a narrow emis-
sion line wider than the broad component. Both components
could have a wavelength shift up to ±3500 km s−1, to allow the
fit of complex profiles.

After the visual screening, we rejected the additional com-
ponent when it did not describe the broad component. It can
happen in several ways. In some cases, the additional Gaussian
component has a width on the upper-limit range of the allowed
range of widths. Usually, when this happens, the Gaussian used
to describe the broad component is instead misfitted as an addi-
tional component to fit the continuum. Sometimes, the opposite
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Fig. A.2. Example of the spectral fitting in the Hβ region. The AGN
dominates the continuum, and a strong broad component of Hβ mod-
elled with two Gaussian components is detected. The additional com-
ponent of the narrow emission line is labelled as ‘Narrow Wings’. The
plot corresponds to a 1.0 AGN. Wavelength is represented in rest-frame.

4600 4800 5000 5200 5400

λ / Å
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Fig. A.3. Example of the spectral fitting in the Hβ region with a con-
tinuum dominated by the host galaxy. The plot corresponds to a type 2
AGN. Wavelength is represented in rest-frame.

situation happens, a line width in the lower limit of possible val-
ues. In these cases, the broad component is misused to fit small
features close to the central wavelength of Hβ. It can also hap-
pen that the displacement of the broad component goes to the
limits of ±3500 km s−1 and the program misuses the compo-
nent fitting a bump unrelated to the broad component of Hβ,
associated with the shape of the observed local continuum. We
identified all these non-physical artefacts after a visual analysis.
We rejected the resulting fit and forced a new one without this
additional component, even if the former combination formally
improved the fit by 5σ.

Figures A.2 and A.3 show two examples of fits in the region
of Hβ with and without a broad component fitted.

A.6. Hα, [NII] and [SII]

We defined the region of the Hα emission line as the wavelengths
in the range [6400, 6800] Å. The continuum fitting regions were
[6000, 6250] Å and [6800, 7000] Å. The continuum was mod-
elled locally in the same way as in the Hβ region but without
adding a FeII contribution, as its contribution is negligible at
these wavelengths.
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Fig. A.4. Example of the spectral fitting in the Hα region with broad Hα
component. It corresponds to a 1.2 AGN. Wavelength is represented in
rest-frame.
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Fig. A.5. Example of the spectral fitting in the Hα region without broad
Hα component. It corresponds to a type 2 AGN. Wavelength is repre-
sented in rest-frame.

To fit the emission lines in the region of the Hα (Hα, [NII]
and [SII]), we used the same approach as for the Hβ region.
However, as the narrow emission lines [NII] and Hα are heav-
ily blended, the determination of the wings is problematic. The
blending of the wings of the narrow components could be mis-
interpreted as a broad component, as shown by Shimizu et al.
(2018). To overcome these problems, we added the wing com-
ponents to the narrow emission lines only if previously detected
in the Hβ region. In this case, we forced them to have the same
width and wavelength shift as the wings in Hβ. Two examples of
fits in the region of Hα with and without a broad component can
be seen in Fig. A.4 and Fig. A.5.

The broad components of Hα are brighter than those of Hβ,
so they are usually better constrained. To confirm the goodness
of the fit of Hβ and reject non-physical fits, we compared their
flux, width and displacement relative to the expected central
wavelength. If we found inconsistencies for two parameters, we
rejected the detection of broad Hβ.

We used the Balmer decrement to compare the flux of the
broad Hα and Hβ components. Although the intrinsic value is
still a debated topic in literature (Dong et al. 2008; Gaskell 2017;
Lu et al. 2019), one of the lowest central values of its intrinsic
distribution proposed in the literature is F(Hαb)/F(Hβb) = 2.7
Gaskell (2017). This value can increase with extinction, but
lower values can only be due to the dispersion of the intrinsic
distribution, so we can not expect much bluer values. Any AGN

with a Balmer Decrement lower than 2.5 (lower 5σ range of the
intrinsic distribution of Gaskell (2017)) was marked as incon-
sistent according to the flux of the broad components. For the
comparison of widths, we considered that Hβ is systematically
broader than Hα following the relation of Greene & Ho (2005).
Using this method, we corrected a total of 18 spurious broad Hβ
fits.

Appendix B: Projected aperture effect in class
determination

The classification of our sources, as defined in Sect. 3.2 may
be dependent on the projected aperture. The fraction of the host
galaxy light collected by the spectrograph increases with the pro-
jected aperture because of the extended nature of the host galaxy
(∼ several kiloparsecs) while the unresolved emission from the
AGN (∼ hundreds of parsecs) will remain constant.

We would then expect an increasing dilution of the AGN
light by the host galaxy with the projected aperture. The
increased host-galaxy contribution will hamper the detection of
broad emission lines and increase the measured [OIII]5007Å
luminosity. The former would favour the identification of 1.9 and
2 AGN at larger projected apertures. The latter would produce a
decrease of R with the projected aperture, changing the classifi-
cation 1.0→ 1.2→ 1.5 with an increasing projected aperture.

In this appendix, we briefly study both effects to determine
if we have a significant aperture effect in our class determina-
tion. To do so, we obtained the projected aperture for all of the
objects from their redshift and the size of the slit or fibre used
in the observation. First, we calculate the angular distance, in
kpc/′′, of our objects from their redshifts, applying the cosmol-
ogy described at the end of Sect. 1. We then obtained the pro-
jected aperture by multiplying it by the aperture of the slit or
fibre in arcseconds.

To carry out our analysis, we also calculated the fraction of
host-galaxy light inside the projected aperture. We modelled the
surface brightness of the host galaxy as a De Vaucouleurs pro-
file with an Re = 3 kpc, the typical value for early-type galaxies
in our range of luminosities Shen et al. (2003). When integrat-
ing the profile of a fibre, we used a radial integral using half
the projected aperture as the integration radius. For a slit-based
observation, we carried out a 2D integration of a square area.
The size of one side of the square was the projected aperture,
while for the other, we obtained the projected aperture for 2′′,
the extraction diameter defined in the reduction of the spectra.

We first estimated the increase of the host galaxy contri-
bution to the measured [OIII]5007Å luminosity. We obtained
the luminosity ratio between AGN at rest-frame 5100Å and the
[OIII]5007Å emission line to measure its strength in relation to
the AGN. We then compared it against the projected aperture,
as shown in Fig. B.1. The former ratio is equivalent to the EW
of [OIII]5007Å. Any significant host galaxy contribution associ-
ated with an aperture effect should increase such ratio with the
projected aperture. The lack of any significant correlation is con-
firmed with a τ-test (P(H0) ∼ 0.29).

We followed two approaches to check for the potential effect
of host galaxy dilution on the broad emission lines. First, we
compared the distribution by subtypes of our sample in an AGN
luminosity versus projected aperture diagram (Fig. B.2). Sec-
ond, we compared the fraction of host-galaxy light inside the
projected aperture by subtypes (Fig. B.3). We would expect that
an aperture effect would place 1.9-2 at higher projected apertures
for a given luminosity and at higher fractions of host-galaxy light
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Fig. B.1. Intrinsic AGN over [OIII]5007Å luminosity ratio versus the
projected aperture for all AGN in the sample. Symbol and colour codes
as in Fig. 1.

observed. If we do not observe either, we can confidently affirm
that the effect of aperture in our class determination would be
negligible.

In Fig. B.2, we compare the AGN luminosity at rest-frame
5100Å versus the projected aperture. 1.9-2 are not at higher pro-
jected apertures, but instead, they are preferentially at the low-
est apertures. This is due to a selection effect. To carry out the
spectroscopic follow-up of our AGN sample, we first collected
all available SDSS spectra. Then, we carried out a follow-up of
those sources without them. We used long-slit observations with
typical sizes of ∼ 1′′, so the projected apertures are smaller than
those of the 2′′ and 3′′ fibre-based SDSS spectra. The SDSS
spectroscopic survey is biased towards blue type 1 AGN and
selected preferentially 1.0-5s. As such, the identification of 1.8-
2s has been carried out mainly with our observations, which
explains the position of 1.0-5 in the diagram.

We also checked for differences in the fraction of host-galaxy
light in the spectra, fGAL, by sub-types. We show the distribu-
tions in Fig. B.3. As can be seen, 1.9 and 2 AGN have lower
fGAL overall than 1.0-5.

The combined evidence of both analyses is enough to con-
clude that any effect of dilution by aperture is not significant in
the class determination of our sample.
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Fig. B.2. Decimal logarithm of the intrinsic AGN luminosity at rest-
frame 5100Å ratio versus the projected aperture. Sources with fibre
spectrum from SDSS are marked with empty dark squares. Symbol and
colour codes as in Fig. 1
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Fig. B.3. Distributions of the fraction of light of a galaxy with a De
Vaucouleurs profile and Re = 3 kpc collected by the instrumental con-
figuration of every AGN grouped by subtypes. Line styles remains as in
Fig. 1.
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