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ABSTRACT

We place our sample of 18 Virgo dwarf early-type galaxies (dEs) on the (V −K)e-velocity dispersion, Faber-Jackson, and fundamental
plane (FP) scaling relations for massive early-type galaxies (Es). We use a generalized velocity dispersion, which includes rotation,
to be able to compare the location of both rotationally and pressure supported dEs with those of early and late-type galaxies. We find
that dEs seem to bend the Faber-Jackson relation of Es to lower velocity dispersions, being the link between Es and dwarf spheroidal
galaxies (dSphs). Regarding the FP relation, we find that dEs are significantly offset with respect to massive hot stellar systems, and
re-casting the FP into the so-called κ-space suggests that this offset is related to dEs having a total mass-to-light ratio higher than Es
but still significantly lower than dSph galaxies. Given a stellar mass-to-light ratio based on the measured line indices of dEs, the FP
offset allows us to infer that the dark matter fraction within the half light radii of dEs is on average �42% (uncertainties of 17% in the
K band and 20% in the V band), fully consistent with an independent estimate in an earlier paper in this series. We also find that dEs in
the size-luminosity relation in the near-infrared, like in the optical, are offset from early-type galaxies, but seem to be consistent with
late-type galaxies. We thus conclude that the scaling relations show that dEs are different from Es, and that they further strengthen
our previous findings that dEs are closer to and likely formed from late-type galaxies.

Key words. galaxies: clusters: individual: Virgo – galaxies: dwarf – galaxies: evolution – galaxies: elliptical and lenticular, cD –
galaxies: formation – galaxies: kinematics and dynamics

1. Introduction

Around 75% of the total baryonic matter in the local universe
is in form of stars in spheroidal objects (early-type galaxies
and bulges of spiral galaxies, Fukugita et al. 1998; Renzini
2006). Within them, dwarf early-type galaxies (dEs, objects with
MB ≥ −18 mag including ellipticals and lenticulars) are by
far the most numerous systems (Ferguson & Binggeli 1994),
but, their origin is not well known. Whether they are the low-
luminosity extension of massive early-type galaxies (Es, objects
with MB ≤ −18 mag) or they are a different population of galax-
ies is still on active debate. Observational evidence seems to
suggest that these faint systems form a heterogeneous popula-
tion, more similar to late-type galaxies than to ellipticals. They
present a great variety of underlying structures, like discs, spiral

� Fulbright Fellow.

arms, irregular features, some of them are also nucleated (Lisker
et al. 2006a,b). Their luminosity profiles are similar to exponen-
tial (Caon et al. 1993; Ferrarese et al. 2006; Lisker et al. 2007)
and they are not composed of a simple, old and metal rich stellar
population, but they rather span luminosity-weighted ages from
1 Gyr to as old as the oldest objects in the universe (Michielsen
et al. 2008; Koleva et al. 2009). Although in appearance dEs look
like Es, their physical properties seem to be different from those
of massive early-types.

It has been proposed that the mechanisms that formed these
systems are purely internal, i.e. the kinetic energy generated in
supernovae sweeps away the gas of the galaxy leaving it with-
out any fuel to create new stars (Yoshii & Arimoto 1987). These
processes are not expected to depend on the properties of the
surrounding environment. They can not explain the morphol-
ogy segregation observed also for dwarf galaxies; dEs are the
most common population in dense environments, like clusters,
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whereas late-type low-luminosity galaxies dominate in num-
ber in the field (Dressler 1980; Sandage et al. 1985; Ferguson
& Binggeli 1994; Blanton et al. 2005; Croton et al. 2005).
This suggests that the environment plays a key role in shap-
ing the evolution of these low-luminosity stellar systems, possi-
bly transforming late-type galaxies into dEs (e.g. Boselli et al.
2008a). Therefore external processes related to the perturba-
tions induced on galaxies by the environment where they re-
side, could be responsible of the formation of dEs. These mech-
anisms can be purely gravitational, galaxy harassment (Moore
et al. 1998; Mastropietro et al. 2005), or due to the interaction
with the intergalactic medium, ram pressure stripping (Boselli
et al. 2008a). To gravitationally disrupt late-type low-luminosity
galaxies and transform them into dEs, close encounters are re-
quired. However, in clusters like Virgo, the density of objects
needed to make this process efficient is only achieved in the cen-
ter, otherwise the time necessary for multiple encounters to oc-
cur is too long (Boselli & Gavazzi 2006). On the contrary, in a
ram pressure stripping event, late-type galaxies infalling into the
cluster lose their gas and become quiescent galaxies just through
their interaction with the intergalactic medium (IGM) (Boselli
et al. 2008a,b).

The most direct way to discriminate between these two dif-
ferent scenarios, harassment versus ram pressure, is to analyse
the kinematic properties of dwarf early-type galaxies. In a ram
pressure scenario the angular momentum is conserved long after
the perturbation, thus the ratio between the mean velocity and the
velocity dispersion (vmax/σ) remains roughly constant. In case
of harassment, after several nearby encounters, the systems are
rapidly heated increasing σ so that vmax/σ decreases. In the last
decade a significant effort has been made to study the kinematic
properties of dEs. Several works have shown that some dEs show
significant rotation while others do not (Pedraz et al. 2002; Geha
et al. 2002, 2003; van Zee et al. 2004; Chilingarian 2009; Toloba
et al. 2009, 2011). The lack of a statistically significant sample,
however, prevented these authors to pose strong constraints on
the evolution of this class of objects.

In order to understand the origin of these dwarf systems,
we have embarked on an ambitious programme to obtain ra-
dial kinematic information for a large sample of dEs in the
Virgo cluster. In Toloba et al. (2009, hereafter T09) we have
shown that the kinematic properties of dEs are directly related
to the Virgocentric distance: rotationally supported dEs tend to
be found in the outer parts of the cluster while pressure sup-
ported systems are preferentially located in the center. Moreover,
those dEs in the outer parts are younger than those in the cen-
ter and present disky underlying structures which are lacking in
those located in the cluster core. In Toloba et al. (2011, hereafter
Paper I) we have shown that rotationally supported dEs have ro-
tation curves similar to those of late-type galaxies of compara-
ble luminosity. All these evidences are consistent with a scenario
where low-luminosity late-type galaxies, the major population in
the field, enter into the Virgo cluster where they are transformed
into dEs. Those dwarf early-types currently in the outer parts of
the Virgo cluster are likely to be ram-pressure stripped late-type
galaxies, whereas those in the center, could have suffered more
than one transforming mechanism. A full discussion on this topic
is presented in T09 and Paper I.

For a complete and comprehensive study of this population
of galaxies we analyse here their kinematic scaling relations:
the Faber-Jackson, the fundamental plane (FP) and the colour-
velocity dispersion relations. These diagrams, widely used to de-
termine distances of early-type galaxies due to their small scat-
ter, are a useful tool to study and compare at the same time the

properties of low and high-luminosity galaxies. The tightness of
these scaling relations has been classically interpreted as an in-
dication that early-type galaxies constitute a homogeneous pop-
ulation shaped by the same formation processes (e.g. Jorgensen
et al. 1996; Pahre et al. 1998). The location of dwarf galaxies in
these relations might thus give information about their origin.

Some works have addressed the scaling relations of dwarf
galaxies in the past (e.g. Bender et al. 1992; Graham & Guzmán
2003; Geha et al. 2003; de Rijcke et al. 2005; Matković &
Guzmán 2005; Kormendy et al. 2009), but whether dEs follow
the same trends as Es is still unclear. While Kormendy et al.
(2009) claim that Es and dEs are two different populations of
galaxies finding that they follow perpendicular trends in, e.g.,
the Kormendy relation, other works such as Graham & Guzmán
(2003) or Ferrarese et al. (2006) find that there is a continuity
in the physical properties of dwarf and massive early-types. The
debate is still open.

Kinematic scaling relations can also give information on the
dark matter content in galaxies by constraining the dynamical
mass-to-light ratio (Mdyn/L) within the half light radius (Zaritsky
et al. 2006, 2008, 2011). More common approaches to determine
the Mdyn/L, either through a virial mass estimate or dynamical
modeling, have shown that Es within their half-light radii are
dominated by baryons (e.g. Cappellari et al. 2006) whereas the
large Mdyn/L values for dwarf spheroidal galaxies (dSphs) show
that dark matter dominates in these systems (e.g. Wolf et al.
2010). Adopting also virial mass estimates, we showed in Paper I
that dEs have larger Mdyn/L than Es but smaller than dSphs, sug-
gesting that some dark matter is present in these systems. Here,
we use the FP to obtain an independent constraint on the dark
matter fraction within the half-light radii of our dEs.

All these studies have been done mainly in the optical bands,
which do not trace the bulk of the stellar populations and are bi-
ased towards the young stars present in these galaxies. Here, we
go to the near-infrared, a wavelength range that traces the stellar
mass in galaxies (Gavazzi et al. 1996; Bell & de Jong 2001), is
insensitive to recent episodes of star formation and is much less
affected by extinction. Another novelty of this work is the way
the velocity dispersion is computed for dwarf galaxies. As pre-
viously suggested (Zaritsky et al. 2006, 2008; Falcón-Barroso
et al. 2011), the velocity dispersion is best measured within the
half light radius including both the rotation and the random mo-
tions of the stars, so that it represents the kinetic energy of the
systems.

This paper is structured as follows: Sect. 2 presents the sam-
ple and briefly describe the observations and the reduction pro-
cedure. In Sect. 3 we define the photometric parameters mea-
sured for this study and compare them with the literature. In
Sect. 4 we analyse the scaling relations of early-type galaxies.
In Sect. 5 we discuss and summarise the conclusions about the
possible origin of dEs. Appendix A develops the methodology
followed to measure the photometric errors. Appendix B shows,
for completeness, the Kormendy relation, the colour-magnitude
and the colour-size diagrams.

Throughout this paper we use a Hubble constant of H0 =
73 km s−1 Mpc−1 (Mei et al. 2007), which corresponds to a dis-
tance for Virgo of 16.7 Mpc.

2. Data

2.1. The sample

The sample analysed in this work (described in detail in Paper I
and presented in Table 1) consists of 18 Virgo galaxies with
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Table 1. Sample of dEs in the Virgo cluster.

Galaxy RA(J2000) Dec(J2000) Type (vmax/σ)∗ σe Age

(h:m:s) (◦:′:′′) (km s−1) (Gyr)

(1) (2) (3) (4) (5) (6) (7)

VCC 21 12:10:23.14 +10:11:18.9 dE(di, bc) 0.94 ± 0.34 23.7 ± 4.9 0.78 +5.21
−0.52

VCC 308 12:18:50.77 +07:51:41.3 dE(di, bc) 0.96 ± 0.27 33.3 ± 1.2 2.63 +4.72
−1.71

VCC 397 12:20:12.25 +06:37:23.6 dE(di) 2.48 ± 0.57 39.4 ± 1.4 1.60 +3.21
−0.85

VCC 523 12:22:04.13 +12:47:15.1 dE(di) 1.50 ± 0.22 46.8 ± 0.9 3.30 +3.84
−2.00

VCC 856 12:25:57.93 +10:03:13.8 dE(di) 1.04 ± 0.23 34.0 ± 3.2 5.90 +6.76
−3.90

VCC 917 12:26:32.40 +13:34:43.8 dE 0.83 ± 0.29 36.9 ± 0.9 7.42 +9.49
−5.00

VCC 990 12:27:16.91 +16:01:28.4 dE(di) 0.90 ± 0.06 44.0 ± 1.4 11.71 +6.76
−6.22

VCC 1087 12:28:17.88 +11:47:23.7 dE 0.23 ± 0.21 49.7 ± 1.1 7.32 +9.37
−5.43

VCC 1122 12:28:41.74 +12:54:57.3 dE 0.47 ± 0.21 38.6 ± 0.9 8.01 +8.32
−5.72

VCC 1183 12:29:22.49 +11:26:01.8 dE(di) 0.46 ± 0.13 42.4 ± 2.2 3.48 +2.54
−1.06

VCC 1261 12:30:10.35 +10:46:46.3 dE 0.35 ± 0.13 50.5 ± 1.3 3.74 +2.35
−2.00

VCC 1431 12:32:23.39 +11:15:47.4 dE 0.13 ± 0.07 54.1 ± 1.6 16.14 +9.52
−8.07

VCC 1549 12:34:14.85 +11:04:18.1 dE 0.31 ± 0.13 41.1 ± 2.5 11.55 +21.83
−2.41

VCC 1695 12:36:54.79 +12:31:12.3 dE(di) 0.94 ± 0.21 35.1 ± 1.5 2.75 +4.44
−1.25

VCC 1861 12:40:58.60 +11:11:04.1 dE 0.15 ± 0.11 42.2 ± 1.0 8.47 +11.52
−6.31

VCC 1910 12:42:08.68 +11:45:15.9 dE(di) 0.38 ± 0.15 36.1 ± 1.5 7.58 +9.57
−5.51

VCC 1912 12:42:09.12 +12:35:48.8 dE(bc) 0.52 ± 0.14 38.6 ± 1.6 1.35 +2.00
−0.69

VCC 1947 12:42:56.36 +03:40:35.6 dE(di) 1.14 ± 0.09 49.4 ± 1.3 2.99 +3.68
−0.89

Notes. Column 4: morphological type classification according to Lisker et al. (2006a) and Lisker et al. (2006b): dE(di) indicates dwarf ellipticals
with a certain, probable or possible underlying disk (i.e. showing spiral arms, edge-on disks, and/or a bar) or other structures (such as irregular
central features (VCC21)); dE(bc) refers to galaxies with a blue centre; dE to galaxies with no evident underlying structure. VCC1947 was not
in Lisker et al. sample, therefore we classified it attending to its boxyness/diskyness, as described in Paper I. Column 5: anisotropy parameter
corrected for inclination from Paper I. Column 6: velocity dispersion measured collapsing the spectra up to the RSMA. Column 7: luminosity
weighted ages of the stellar population from Michielsen et al. (2008).

Mr > −16 classified as dE or dS0 in the Virgo Cluster Catalog
(VCC) by Binggeli et al. (1985). They were selected to have
SDSS imaging and to be within the GALEX Medium Imaging
Survey (MIS) fields (Boselli et al. 2005, 2011), yielding a mea-
sured UV magnitude or an upper limit.

The three field dEs presented in Paper I are not included in
this analysis, because the distances available show errors above
1 Mpc (using NED), reaching 14 Mpc in the case of NGC 3073
(Tonry et al. 2001), which means errors up to ∼43% while for
the rest of the objects the errors are below 0.5 Mpc (0.9–3.7%).

2.2. Long-slit optical spectroscopy

The medium resolution (R 	 3800) long-slit spectroscopic ob-
servations were carried out in three different observing runs.
Two out of the three runs were conducted at the 4.2 m William
Herschel Telescope (WHT) with the Intermediate dispersion
Spectrograph and Imaging System (ISIS) double-arm spectro-
graph and one run at the 2.5 m Isaac Newton Telescope (INT)
with the Intermediate Dispersion Spectrograph (IDS). The wave-
length range coverage is from 3500 Å to 8950 Å at the WHT,
with a gap between 5000–5600 Å in one of the observing cam-
paigns, and 4600–5960 Å at the INT. The resolution obtained is
1.6 Å (40 km s−1) Full Width at Half Maximum (FWHM) and
3.2 Å (58 km s−1) FWHM in, respectively, the blue and red arms
of ISIS, and 1.8 Å (46 km s−1) FWHM with IDS.

The reduction has been performed through standard pro-
cedures for long-slit spectroscopy in the optical range using

REDucmE (Cardiel 1999), a package specially focused on the par-
allel treatment of errors. An accurate description of the spectro-
scopic data acquisition and reduction is given in Paper I.

2.3. Near-infrared photometry

The photometric data were obtained in the H (1.65 μm) or K
(2.2 μm) bands in 6 different observing campaigns. Two out of
the 6 runs were carried out at the 3.6 m Telescopio Nazionale
Galileo (TNG) with the Near Infrared Camera Spectrometer
(NICS), three at the 4.2 m WHT with Long-slit Intermediate
Resolution Infrared Spectrograph (LIRIS) NIR imager and one
at the 2.5 m Nordic Optical Telescope (NOT) using the Nordic
Optical Telescope near infrared Camera (NOTCam). All the in-
struments provided a resolution of 0.25′′/pixel. The observa-
tions were carried out applying a dithering technique over 4, 8
or 9 positions on the square grid of the CCD in order to con-
struct sky frames. Since the instruments have a 4.2′ × 4.2′ field
of view and the galaxies are small (Re,K � 20′′), this is sufficient
sky coverage.

Individual exposure times varied from 10 s to 30 s in order
to prevent saturation. Total integration times varied from 10 min
up to over an hour depending on the faintness of the galaxy. All
the images have been reduced using the package SNAP (Speedy
Near-Infrared data Automatic Pipeline, www.arcetri.astro.
it/~filippo/snap/). This software was explicitly written for
the TNG telescope’s NICS instrument, but, since many impor-
tant characteristics of the NICS, LIRIS and NOTCam are similar,
we modified SNAP with certain scripts to successfully reduce
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Table 2. Photometric parameters for the sample of dEs.

Galaxy MV εV RSMA,V 〈μe,V 〉 MK εK RSMA,K 〈μe,K〉 (V − K)e Ref.
(mag) (arcsec) (mag arcsec−2) (mag) (arcsec) (mag arcsec−2) mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

VCC 21 –16.75± 0.03 0.36± 0.03 13.86± 0.17 21.59± 0.06 –18.47± 0.05 0.35 ± 0.02 10.80± 0.38 18.81± 0.10 2.42± 0.06 2
VCC 308 –17.65± 0.05 0.04± 0.03 19.16± 0.07 21.79± 0.04 –19.79± 0.07 0.06± 0.03 16.70± 0.05 18.83± 0.06 2.79± 0.06 2
VCC 397 –16.44± 0.05 0.33± 0.03 13.56± 0.14 21.86± 0.05 –18.96± 0.07 0.37± 0.04 13.05± 0.10 18.77± 0.09 3.08± 0.05 1
VCC 523 –18.23± 0.03 0.25± 0.01 26.73± 0.46 21.70± 0.05 –20.59± 0.23 0.27± 0.02 17.34± 0.01 18.30± 0.23 2.91± 0.23 1
VCC 856 –17.45± 0.06 0.08± 0.03 16.21± 0.18 21.63± 0.05 –19.67± 0.08 0.11± 0.05 14.15± 0.21 18.68± 0.09 2.86± 0.05 2
VCC 917 –16.26± 0.03 0.41± 0.02 9.68± 0.07 21.22± 0.05 –18.42± 0.06 0.37 ± 0.07 8.61± 0.07 18.49± 0.13 2.80± 0.06 2
VCC 990 –17.13± 0.03 0.34± 0.02 9.88± 0.06 20.52± 0.04 –19.58± 0.06 0.36 ± 0.04 10.49± 0.05 18.17± 0.09 2.92± 0.06 1
VCC 1087 –17.97± 0.06 0.28± 0.03 27.02± 0.29 21.94± 0.06 –20.55± 0.16 0.32± 0.04 17.47± 0.09 18.57± 0.16 2.97± 0.15 1
VCC 1122 –16.86± 0.03 0.50± 0.04 14.26± 0.14 21.27± 0.10 –18.98± 0.05 0.55± 0.08 11.81± 0.18 18.27± 0.20 2.82± 0.05 2
VCC 1183 –17.55± 0.03 0.22± 0.12 21.85± 0.28 21.99± 0.17 –19.98± 0.05 0.31± 0.09 19.37± 0.42 18.80± 0.16 3.09± 0.05 2
VCC 1261 –18.38± 0.06 0.37± 0.05 23.76± 0.21 21.28± 0.08 –20.94± 0.15 0.41± 0.06 20.37± 0.10 18.32± 0.18 2.80± 0.14 1
VCC 1431 –17.28± 0.06 0.03± 0.01 10.31± 0.05 20.78± 0.03 –20.26± 0.16 0.02± 0.02 9.91± 0.08 17.73± 0.15 3.11± 0.15 1
VCC 1549 –16.96± 0.03 0.16± 0.01 13.09± 0.08 21.55± 0.03 –19.43± 0.06 0.19± 0.01 11.83± 0.08 18.36± 0.06 3.10± 0.06 2
VCC 1695 –17.33± 0.08 0.22± 0.05 27.61± 0.73 22.69± 0.09 –19.11± 0.13 0.16± 0.07 18.43± 0.06 19.24± 0.14 2.86± 0.10 2
VCC 1861 –17.55± 0.06 0.04± 0.02 21.57± 0.28 22.12± 0.04 –20.60± 0.09 0.01± 0.01 20.11± 0.08 18.94± 0.07 3.21± 0.08 1
VCC 1910 –17.43± 0.06 0.14± 0.04 14.24± 0.11 21.20± 0.06 –19.55± 0.08 0.17± 0.01 11.92± 0.04 18.65± 0.06 2.88± 0.06 1
VCC 1912 –17.58± 0.03 0.54± 0.06 23.53± 0.17 21.55± 0.15 –20.18± 0.05 0.59± 0.08 21.14± 0.58 18.59± 0.23 2.77± 0.05 1
VCC 1947 –17.33± 0.03 0.23± 0.01 11.26± 0.08 20.76± 0.03 –20.31± 0.12 0.23± 0.01 9.56± 0.05 17.42± 0.12 3.25± 0.12 1

Notes. Columns 2–5 present the absolute magnitude, the ellipticity, the half light radius along the semimajor axis, and the effective surface
brightness within this effective radius in V band (Johnson-Cousins), respectively. Columns 6–9 show the same parameters in K band. All the
magnitudes used throughout this work are referred to Vega. The transformation from this half light radius to the one used in the scaling relations,
the geometric half light radius, is Re = RSMA

√
1 − ε. Column 10 is the (V − K)e colour measured within an aperture with the size of the half

light radius of each galaxy measured in the SDSS g band. Column 11 specifies the reference of the infrared image: 1 means this work (from H or
K band photometry), 2 means that the image was gathered from GOLDMine database (H band, Gavazzi et al. 2003). The distances assumed for
each galaxy are calculated from their surface brightness fluctuations by Mei et al. (2007), or similarly using H0 = 73 km s−1 Mpc−1, see Paper I for
the list of individual distances.

LIRIS and NOTCam data. The photometric calibration of the
data was performed using stars present in the field of view of
our instruments in comparison with the same stars in the sur-
veys of UKIDSS (UKIRT Infrared Deep Sky Survey, Lawrence
et al. 2007) or 2MASS (2 Micron All Sky Survey, Skrutskie
et al. 2006), when not available in UKIDSS. For those galaxies
without nearby stars present in the field of view of the instru-
ments, we have made the relative flux calibration by compar-
ing the same galaxy in our observations with one of the surveys
mentioned above.

Eight out of the 18 galaxies were not observed within
these campaigns, therefore we use the H band images
from the GOLDMine database (Gavazzi et al. 2001, 2003).
These images come from the near-infrared imaging camera
SofI (NTT telescope, ESO-Chile) and for VCC1122 from
Arnica (TNG-La Palma). These images were recalibrated using
UKIDSS/2MASS with the same procedures applied to our ob-
servations in order to get the most coherent sample possible.

3. Photometric parameters

Photometric parameters have been determined in the K and
V bands using Vega magnitudes. As specified in Table 2, not all
the galaxies were observed in the K band, for those only avail-
able in the H band we have assumed a colour of H − K = 0.21
(Peletier et al. 1999). The V band (Johnson-Cousins) is used to
make comparisons with previous studies that are mostly done
in the optical. The photometric parameters for our sample of
dEs in this optical band have been obtained from the analysis
of g and r bands from the Sloan Digital Sky Survey (SDSS,
York et al. 2000) Data Release 7 (DR7, Abazajian et al. 2009).
The transformation into the V band has been done following

Blanton & Roweis (2007): V = g − 0.3516 − 0.7585[(g − r) −
0.6102], where g and r asymptotic magnitudes have been mea-
sured as described in Sect. 3.1. To transform the AB magnitudes
of SDSS photometry into Vega magnitudes we used mV,Vega =
mV,AB − 0.02 mag (Blanton & Roweis 2007).

3.1. Methodology

The parameters used in the scaling relations are asymptotic mag-
nitudes, effective radii Re (geometric radius containing 50% of
the total light), effective surface brightness 〈μe〉 (the mean sur-
face brightness within Re) and the ellipticity ε. All these pa-
rameters, presented in Table 2, were calculated using the IRAF1

task ellipse and following the same procedure as described in
Paper I.

The first step before obtaining any photometric parame-
ters was to remove the stars surrounding our target galaxies to
avoid their contribution to the flux in the galaxy isophotes. Stars
present in the g band images were removed using the masks we
obtained for the i band SDSS images in Paper I. We matched
the coordinates of both g and i bands using the IRAF task
wregister. The mask of stars for the H/K band was generated
with ellipse. To remove the stars from the images we used the
IRAF task fixpix that interpolates the masked regions by the
surrounding area. To improve the final outcome, we averaged
the results of interpolating along the horizontal and vertical di-
rections for each star. For those galaxies that were on the edge of
the FITS images or had a very bright nearby star, a more careful

1 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under the cooperative agreement with the National
Science Foundation.
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Fig. 1. Comparison of the geometric effective radius (left panels), and apparent magnitudes (central panels) between different sources from the
literature. In grey are shown those samples in common with the SAURON galaxies and in colours those in common with our sample of dEs.
The samples in common with SAURON (de Vaucouleurs et al. 1991; Pahre 1999; Jarrett et al. 2000; Kormendy et al. 2009) were analysed in
Falcón-Barroso et al. (2011). In common with our dEs (T11 dEs) are Gavazzi et al. (2003); Geha et al. (2003); van Zee et al. (2004, GOLDMine
database or GM hereafter, G03 and VZ04, respectively). The right panel shows the location of different samples of dEs on the FP fitted for the
SAURON galaxies by Falcón-Barroso et al. (2011) and their 1σ scatter (solid and dotted lines respectively). With respect to the left and central
panels we add the Fornax sample of dEs by de Rijcke et al. (2005, DR05) and the dEs from Coma by Kourkchi et al. (2012, K12). Those Coma
dEs fainter than MV = −17 mag are plotted in grey.

procedure was followed. Taking advantage of the fact that the
galaxies have smooth surface brightness profiles, the bmodel
task of IRAF can be used to replace the affected areas of the
galaxy by the azimuthal average of the unaffected ones. The out-
put from bmodel was used only to replace a small fraction of
pixels, so that the possible presence of more subtle features, such
as bars or spiral arms, remain. Once very bright nearby stars
were removed, the remaining stars were cleaned following the
same procedure with fixpix as described above.

The second step was to run ellipse fixing only the center of
the galaxy and leaving the rest of parameters free to measure the
ellipticity of the isophotes and the position angle (PA) of their
major axis in each band. The ε value that we assigned for each
galaxy was the mean value between 3′′ and the half light radius
along the semimajor axis (RSMA), the galaxy region covered by
our spectroscopic observations. The error of the ellipticity has
been considered as the scatter of ε in this region. For the posi-
tion angle we just used the typical values in the outer parts of the
galaxy (beyond 1.5−2 times the half light radius, region where
this parameter stabilise). This step was skipped for the optical
images because we used the ε and PA obtained in i band follow-
ing the same method (see Paper I).

To obtain the asymptotic magnitudes and the half light ra-
dius we run ellipse again, with a step between consecutive
isophotes of 1 pixel, and with the center of the galaxy, the el-
lipticity and the PA fixed to avoid overlap between consecutive
isophotes. The procedure followed to obtain these parameters is
described in Gil de Paz et al. (2007). We first computed the ac-
cumulated flux and the gradient in the accumulated flux (i.e., the
slope of the growth curve) at each radius, considering as radius
the major-axis value provided by ellipse. Secondly, we chose
a radial range where this gradient had a linear regime, which is
in the outer parts of the galaxy where the growth curve becomes
flat or nearly flat. Finally, we performed a linear fit to the accu-
mulated flux as a function of the slope of the growth curve. The

asymptotic magnitude of the galaxy is the y-intercept, or, equiv-
alently, the extrapolation of the growth curve to infinity. Once
the asymptotic magnitude is known, the half light radius is de-
termined from the growth curve corresponding to the major-axis
of the elliptical isophote containing 50% of the total flux, RSMA.
(See Appendix A for a description of the errors in the asymptotic
magnitudes.)

To obtain the mean effective surface brightness within the
effective radius we measured half the total flux inside the area of
an ellipse with semi-major axis RSMA

〈μe〉 = m + 2.5 log(2) + 2.5 log
(
πR2

SMA(1 − ε)
)

(1)

with m the asymptotic magnitude. The errors of the surface
brightness were calculated propagating the errors of the mag-
nitudes, RSMA and ε. The half light radius we use in the scaling
relations are geometric radius Re = RSMA

√
1 − ε.

The colour (V − K)e is measured in a fixed aperture with
radius equal to the half light radius in the SDSS g band. The very
different depth of the optical and near-infrared images prevents
us from using infinite apertures.

3.2. Comparison with the literature

Only few spectrophotometric studies of Virgo dEs are avail-
able in the literature. In the left and central panels of Fig. 1
we show a comparison of the geometric half light radii and ap-
parent magnitudes, in the V and K bands, for the galaxies in
common with our sample of dEs. We added here the literature
comparison for a sample of large galaxies (the SAURON study
by Falcón-Barroso et al. 2011, hereafter FB11). Only the sam-
ple by van Zee et al. (2004, VZ04) provides geometric radii,
thus we homogenized the RSMA using the ellipticity for each
system, which in both cases are provided, Gavazzi et al. (2003,
the GOLDMine database, hereafter GM) and Geha et al. (2003,
hereafter G03).
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As expected we find a better agreement for the magnitudes
than for the radii. When measuring magnitudes most papers ex-
trapolate the light outwards. This method generally does not cre-
ate too large uncertainties. However, when determining radii fit-
ting e.g. Sérsic profiles to the surface brigtness distribution the
results are strongly degenerate with surface brightness and also
depend on the depth of the photometric images (e.g. HST in G03
versus SDSS in T11). In any case, the scatter found for the galax-
ies in common with other works, except for one outlier, is similar
to the one found for massive galaxies.

The right panel of Fig. 1 presents the FP for dEs in com-
parison to the fit for the SAURON sample of galaxies. We have
added here the samples of dEs by de Rijcke et al. (2005, here-
after DR05) and Kourkchi et al. (2012, hereafter K12), Fornax
and Coma dEs respectively. For the Virgo cluster galaxies we
have considered the distances calculated in Mei et al. (2007,
HST/ACS survey) for individual galaxies when available, or the
mean distance to the A or B cluster substructure also from Mei
et al. (2007, 16.7±0.2 and 16.4±0.2 Mpc, respectively). To know
in which Virgo cluster substructure the galaxies reside we have
used the Virgo Cluster Catalog (Binggeli et al. 1985, VCC). For
Coma and Fornax cluster galaxies we have used the mean dis-
tance to the cluster by Thomsen et al. (1997, HST/ACS survey,
102 ± 14 Mpc) and Blakeslee et al. (2009, HST/ACS survey,
20.0 ± 0.3 Mpc) respectively.

The large spread of dEs compared to our much tighter re-
lation is likely for a large part caused by the different meth-
ods followed to measure the velocity dispersion of the galax-
ies. The GM sample in itself mixes velocity dispersions from a
large number of different datasets that have different resolutions
and are based on different procedures to extract the velocity dis-
persions (see GM for details). Moreover, while K12 measures
central velocity dispersions, G03 and VZ04 average the σ pro-
file of the galaxies, and DR05 measures a luminosity weighted
σ within a circular aperture after correcting for h4, a measure of
the kurtosis.

Following the works where both late-type and early-type
galaxies are analysed together in the kinematic scaling relations
(e.g. Zaritsky et al. 2008, 2011, FB11) we use σe, measured after
first collapsing the spectra within RSMA. As a consequence, the
lines in the individual spectra are broadened not only by random
motions but also by rotation, and hence it is a proxy for kinetic
energy. FB11 also measures the velocity dispersion within the
half light radius so that we can directly compare our results for
dEs with the SAURON sample of galaxies.

4. Scaling relations

The aim of the present paper is to make the first study of the
Faber-Jackson relation and the FP of a sample of dEs in the
near-infrared, a wavelength range insensitive to the dust extinc-
tion that measures the bulk of the stellar populations. In order
to make a complete and coherent study, we also discuss the
colour–σe relation and include an appendix with purely pho-
tometric scaling relations that involve size, surface brightness,
magnitudes and colours.

Due to the novelty of this near-infrared wavelength band
for dwarf galaxies, we also study these scaling relations in the
V band to be able to compare with the data available in the lit-
erature (Fig. 1), and also to investigate the effects of the stellar
populations.

To study whether dEs follow the scaling relations of Es we
need a coherent and homogeneous sample of galaxies to com-
pare with. We choose the SAURON galaxies as control sample

Fig. 2. Colour-σe diagram. The (V − K)e colour has been measured in
a fixed aperture equal to the half light radius of each galaxy. The new
dE sample presented in this work (T11) is shown with the red (pres-
sure supported) and blue (rotationally supported) symbols. Stars indi-
cate dEs younger than 7 Gyr while circles older than 7 Gyr. The more
massive hot stellar systems are the SAURON sample (Falcón-Barroso
et al. 2011, FB11). The dark grey dots and light grey diamonds are the
early-types and Sa galaxies respectively. The solid black line is the fit
for E/S0 done by FB11 (Sa galaxies not included in the fit). The dotted
lines denote the 1σ scatter in the relation for the fitted galaxies.

because in FB11 they analyse all these scaling relations in
Spitzer/Irac 3.6 μm band, very similar to the K band, and in
the optical V band. In that paper they fit these relations, compare
with the rest of the literature and discuss the different systematic
effects and uncertainties. Thus, we will use here the same fits to
analyse the position of dEs with respect to them. The SAURON
data and fits at 3.6 μm have been transformed to the K band as-
suming that the geometric half light radius in both bands is the
same, as shown in FB11, and a colour of K − [3.6] = 0.1, as
measured also in that paper.

The SAURON distinction between slow and fast rotators
(Emsellem et al. 2007) is different from our definition of pres-
sure and rotationally supported dEs ((vmax/σ)∗ ≷ 0.8), therefore
we will not use here any division for the SAURON galaxies and
we will treat all of them as early-types.

The symbols that are used throughout this work are the fol-
lowing: dark grey dots and light grey diamonds are the early-type
and Sa SAURON galaxies respectively (FB11). The red and blue
symbols are the dEs presented in Paper I (T11 in the diagrams),
with pressure supported dEs ((vmax/σ)∗ < 0.8) in red and rota-
tionally supported dEs ((vmax/σ)∗ > 0.8) in blue (see Table 1 and
Paper I). The shape of the symbol for our sample of dEs indicates
the age of the stellar populations as determined by Michielsen
et al. (2008). Galaxies older than 7 Gyr are indicated with cir-
cles, and galaxies younger than 7 Gyr with asterisks. In general,
young dEs (asterisks) are rotationally supported (blue) while the
old ones (circles) are pressure supported (red). Grey open tri-
angles and squares are Milky Way and M31 dwarf spheroidal
galaxies (Wolf et al. 2010; Brasseur et al. 2011; Tollerud et al.
2012).

4.1. Colour−σe relation

Figure 2 shows the (V − K)e colour versus σe – both measured
within the Re – of the SAURON galaxies and T11 Virgo dEs. The
(V − K)e colour, due to its large baseline, helps us to distinguish
between different stellar populations. The dEs spread ∼1 mag
in this colour, which is the direct consequence of their range
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in age and metallicity (Michielsen et al. 2008). This correlation
between the mean velocity dispersion of the stellar population
of the galaxy and its colour was previously found for massive
galaxies (e.g. Bernardi et al. 2003; Graves et al. 2009, FB11),
and it is in agreement with a downsizing star formation history.
In this scenario the mass of the galaxies is the parameter that
drives galaxy evolution, being low-mass galaxies those with star
formation histories more extended in time than massive galax-
ies (Cowie et al. 1996; Gavazzi et al. 1996; Boselli et al. 2001;
Caldwell et al. 2003; Nelan et al. 2005; Bundy et al. 2006).

Some of the dEs seem to be above the relation for Es. In
FB11 it is argued that the Sa galaxies that are above this relation
are in fact deviating from it because of their dust content. This
argument is not valid for the dEs, because of their lack of dust
(usually associated to cold or warm gas, but no emission lines are
seen in this sample of dEs). It is not a metallicity effect, because
looking at how the metallicity affects this colour (FB11), it is
seen that it goes in the opposite direction (see also Fig. B.2).
A similar effect has been seen by Hammer et al. (2010, Fig. 13)
for compact ellipticals in the Coma cluster in an optical colour.
To understand this effect more and better quality data is needed.

4.2. Faber-Jackson relation

Figure 3 shows the Faber-Jackson relation in the K and V bands.
We can compare the position of the dEs with respect to massive
early-type systems for which the fits are shown as black solid
lines (FB11). The dashed black line is the average distance of
our sample of dEs with respect to these fits. In the K band we
find that this distance is consistent with the 1σ scatter of the
fitted galaxies (dotted lines). However, in the V band this dis-
tance is even smaller than the scatter of the SAURON elliptical
galaxies. Thus, although in both cases their distance is consistent
with the scatter of the early-type galaxies, the dEs are grouped
below the fit. When compared with the position of dSphs, the
dEs seem to be the population where the Faber-Jackson relation
begins to bend downwards. The perpendicular distance of the
dSphs with respect to the fit of E/S0 galaxies is related to their
dynamical mass-to-light ratio, thus to their dark matter fraction,
which then suggests that dEs have a larger amount of dark matter
than E/S0 galaxies.

Table 3 shows the average perpendicular distance, and its
rms, that the dEs have with respect to the fits of massive Es (d⊥).
We have also divided these distances by the 1σ scatter (Δfit) of
the SAURON early-type galaxies (Δ1σ = d⊥/Δfit). This quantity
indicates whether the location of the dEs is statistically different
from the distribution of more massive systems (Δ1σ > 1.0). In
the case of the Faber-Jackson relation, rotationally and pressure
supported dEs are indistinguishable, both show the same average
distance with respect to the massive ellipticals within the errors.
However, the intrinsic scatter (rms of d⊥) of pressure supported
dEs is systematically smaller than the values found for the rota-
tionally supported ones.

4.3. Fundamental plane

The fundamental plane (FP), originally defined by Djorgovski
& Davis (1987) and Dressler et al. (1987), is the flat surface
that best fits massive early-type galaxies in the three-dimension
space defined by the effective surface brightness, the velocity
dispersion and the effective radius. The edge-on view of the FP
is widely expressed as:

log Re = α logσe + β〈μe〉 + γ (2)

Fig. 3. Faber-Jackson relation in the K (upper panel) and V (lower
panel) bands. Solid and dotted lines are the fit and 1σ scatter for E/S0
by FB11. Symbols as in Fig. 2. The black dashed line is the average per-
pendicular distance of T11 dEs with respect to this fit. The grey open
symbols in the V band are the dwarf spheroidal galaxies (dSphs) from
the Milky Way (MW) and Andromeda (M31). The size of the symbol is
related to the dynamical mass-to-light ratio at the half light radius of the
galaxy following the values by Wolf et al. (2010); Tollerud et al. (2012).
The smallest symbols are for dSphs with Mdyn,1/2/L1/2 < 50 M�/L�,V ,
and the biggest for Mdyn,1/2/L1/2 > 500 M�/L�,V .

where α, β and γ are the coefficients that minimise the scatter of
the FP.

Figure 4 presents this edge-on view of the FP in the K and
V bands. The fits (solid lines) and 1σ scatter (dotted lines) are
those performed by FB11 for massive early-type galaxies. In the
radius range in which Es and dEs overlap, dEs, instead of fol-
lowing the same plane as Es, lie above it. The black dashed lines
show the average perpendicular distance of the dEs with respect
to the FP of E/S0 galaxies, and Table 3 quantifies it as a func-
tion of the 1σ scatter of the FP for massive early-type systems.
This distance is a bit more than 3σ in the K band, and about 4σ
in the V band. In addition, if we look at the distance of pres-
sure and rotationally supported dEs individually (Table 3), we
see that, although the intrinsic scatter of pressure supported dEs
(rms of d⊥) is significantly smaller than that of rotationally sup-
ported dwarfs, both populations do not show, within the errors,
any difference in their offset with respect to the plane.

4.4. Fundamental plane in the κ-space

Bender et al. (1992) re-cast the FP into a κ-space in which
the axes are proxies for mass (κ1), effective surface brightness
(κ2), and dynamical mass-to-light ratio (κ3). Figure 5 shows the
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Table 3. Averaged perpendicular distance and rms (d⊥ ± rms) of our sample of dEs to the Faber-Jackson and FP relations of massive hot stellar
systems (with and without the stellar mass-to-light ratio Υ∗).

Band d⊥ (FJ) Δ1σ (FJ) d⊥ (FP) Δ1σ (FP) d⊥ (FP,Υ∗) Δ1σ (FP,Υ∗)
All dEs K 0.11 ± 0.09 0.99 ± 0.81 0.16 ± 0.06 3.30 ± 1.23 0.10 ± 0.07 2.45 ± 1.71
Rot. supported dEs K 0.13 ± 0.10 1.19 ± 0.87 0.16 ± 0.08 3.25 ± 1.64 0.11 ± 0.09 2.69 ± 2.13
Press. supported dEs K 0.09 ± 0.08 0.79 ± 0.75 0.17 ± 0.04 3.34 ± 0.75 0.09 ± 0.05 2.20 ± 1.26

All dEs V 0.08 ± 0.10 0.54 ± 0.69 0.21 ± 0.07 4.45 ± 1.53 0.09 ± 0.08 2.01 ± 1.68
Rot. supported dEs V 0.08 ± 0.13 0.55 ± 0.85 0.21 ± 0.09 4.38 ± 1.86 0.10 ± 0.09 2.10 ± 2.05
Press. supported dEs V 0.08 ± 0.08 0.54 ± 0.55 0.21 ± 0.06 4.51 ± 1.25 0.09 ± 0.06 1.91 ± 1.32

Notes. Δ1σ = d⊥/Δfit quantifies these distances as a function of the 1σ scatter of Es in these relations. If Δ1σ > 1.0 then the dEs are outside
the fit of Es in more than 1σ scatter. The 1σ scatter of the Faber-Jackson and FP fits reported by FB11 have been transformed to be measured
perpendicularly to the fits.

edge-on and face-on projections of this κ-space. In the V band we
have added dSph galaxies from the Milky Way and Andromeda
(Wolf et al. 2010; Brasseur et al. 2011; Tollerud et al. 2012).

In the face-on view, dEs continue the sequence of Es and
Sa galaxies to lower masses, and this sequence can be extended
down to dSphs. However, in the edge-on view dEs do not fol-
low the trend of more massive systems, but bend towards the
dSph galaxies. We see that for the same mass, dEs have a larger
Mdyn/L than massive early-type galaxies. Moreover, the overall
shape of this edge-on view is the U-shape identified in Paper I
when the dynamical mass-to-light ratio is plotted versus the ab-
solute magnitude of these systems (see also Zaritsky et al. 2006;
Wolf et al. 2010). This U-shape plot has been used as a clear
proof of the large dark matter content of dSphs. Those with low
amounts of dark matter appear near the dEs (the smallest sym-
bols in Fig. 5), while those highly dark matter dominated are
further away (large symbols). This suggests that the Mdyn/L is
the reason why dEs are shifted above the FP of massive objects.

G03 also analysed this κ-space in the V band, but, due to
the lack of a sample of early-types with a large range in mass,
they found that dEs were isolated in an area distinctly different
from other stellar systems. Now, we do not see any empty region
between dEs and Es.

4.5. Corrections to the FP: dark matter content of dEs

One can think of two major effects responsible for the offset that
dEs show with respect to the plane defined by massive early-
type systems: 1) differences in stellar populations; 2) differences
in dark matter fractions.

FB11 found that those galaxies with extremely young popu-
lations, and signs of ongoing extended star formation, have the
largest offset and are displaced below the FP. This is not the
case of our sample of dEs: although some of them are as young
as ∼1 Gyr, they do not show emission lines, and their offset is
above the plane, not below it. Moreover, not only those with the
youngest populations are away from the plane of Es, but all of
them are. Even so, those that are older are, on average, more
separated from the plane than those that are younger. For these
reasons, a pure stellar population effect is discarded.

Several studies have tried to explain the thickness of the
FP as a mass-to-light ratio effect (see e.g. Zaritsky et al. 2006,
2008; Graves & Faber 2010, FB11). Following the idea of the
Fundamental Manifold (Zaritsky et al. 2006), FB11 include a
new term in the FP, the stellar mass-to-light ratio (Υ∗), and they
find that those galaxies that had the largest deviation with respect
to the plane move closer to it.

To measure Υ∗ we generate a grid of 11 models of expo-
nentially declining star formation histories with values of τ, the
declining time scale, from 0.1 to 10.0 based on the MILES stel-
lar library (Sánchez-Blázquez et al. 2006; Vazdekis et al. 2010)
and assuming a Kroupa initial mass function (IMF), as done for
the Es. This is based on the fact that the star formation history
of dEs has been extended over time (e.g. Boselli et al. 2008a;
Michielsen et al. 2008). For each of the models we get Υ∗, in the
V and K bands, and the Hβ line strength in the Lick system. We
find the best linear fit for the Υ∗ − Hβ relation obtained from the
models and apply it to the Hβ values of our dEs by Michielsen
et al. (2008).

Figure 6 shows the FP when Υ∗ is included. The grey dashed
line, the averaged perpendicular distance of the dEs to the plane,
indicates that a systematic offset still remains. Table 3 shows
that, with respect to the classic FP, the offset of rotationally and
pressure supported dEs has been inverted, in the sense that the
rotationally supported dEs are now those with the largest offset
from the plane, but still the pressure supported dEs have the low-
est scatter. This offset, d⊥,K = 0.10±0.07 and d⊥,V = 0.09±0.08,
can be used to estimate the dark matter fraction of dEs within
their Re, relative to that for Es, by rewriting the FP relation as:

log Re = α logσe + β〈μe〉 + γ + δ log

(
Υ∗

Mdyn

M∗

)
· (3)

Transforming the measured perpendicular distances along the
y-axis we get in this way lower limits on the total-to-stellar-
mass fractions of Mdyn/M∗ = 1.7 ± 0.5 in the K band, and
Mdyn/M∗ = 1.7 ± 0.6 in the V band. As mass ratios ought to
be independent of wavelength range, it is indeed good to see that
both values are consistent with each other, as well as the inde-
pendent estimate of Mdyn/M∗ = 1.6 ± 1.2 obtained in Paper I.
Whereas here we used the FP offset combined with an estimate
of the stellar mass contribution based on exponentially declining
star formation and the measured Hβ line strength, in Paper I we
used the virial mass estimate of Cappellari et al. (2006) com-
bined with simple stellar population modeling using the age and
metallicity as derived by Michielsen et al. (2008).

5. Discussion and conclusions

Scaling relations have been historically used as an observational
constraint in the study of galaxy formation and evolution. The
aim of this paper is to extend previous studies, mainly dedicated
to massive Es, to dEs, with particular attention to possible sys-
tematic differences between pressure and rotationally supported
systems. We have focused this paper on the kinematic scaling
relations: the colour-velocity dispersion, the Faber-Jackson, and
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Fig. 4. Fundamental plane. Symbols as in Fig. 2. The continuum line show the fit by Falcón-Barroso et al. (2011) and the dotted lines present the
1σ scatter for all the massive early-type galaxies plotted. The black dashed line is the average perpendicular distance of our dEs to the FP.

Fig. 5. Face-on (upper panels) and edge-on (lower panels) views of the FP in the κ-space. Symbols as in Fig. 3.

the FP relation. To investigate where dEs lie with respect to Es,
we use the scaling relations of FB11 for the E, S0 and Sa galax-
ies of the SAURON survey.

In the case of (V − K)e versus velocity dispersion, the dEs
extend a much larger range in colour than Es, making them to

be above the fit for more massive objects. While in the case of
Sa galaxies their large dynamic range in (V − K)e can be ex-
plained as the presence of dust, dEs do not show any indication
for the presence of dust. Moreover, based on Fig. 7 by FB11,
this is not a metallicity effect. To understand the behaviour of
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Fig. 6. Fundamental plane in the K and V bands when the stellar mass-to-light ratio (Υ∗) is included. Symbols as in Fig. 2.

Fig. 7. Size-luminosity relation. Symbols as in Fig. 2 including the dSphs from the Milky Way (grey triangles) and M31 (grey squares). The blue
line in the V band is the fit by Shen et al. (2003) for late-type galaxies. The dotted dashed line is the fit for dSphs by Brasseur et al. (2011). All the
half light radii have been transformed to semi-major radii, but the fit (solid line) and 1σ scatter (dotted lines) for the SAURON early-type galaxies
from FB11 is based on geometric radii.

the optical-infrared colours, more and better data will have to be
obtained.

Regarding the Faber-Jackson relation, we find that dEs, al-
though within the 1σ scatter of Es, tend to lie below them, in
the same direction that dSphs deviate. This result might disagree
with other authors, such as Matković & Guzmán (2005), who
found that Es and dEs lie on the same Faber-Jackson relation.

In the analysis of the FP we find that dEs are clearly offset
with respect to the plane defined by Es. This result is in agree-
ment with de Rijcke et al. (2005). They suggest that different
star formation histories can explain the offsets from the plane
of massive ellipticals. However, plotting the FP in κ-space, we
have realized that while dEs follow the same surface brightness
and mass relation as Es, that can even be extended to dSphs,
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they show an offset in their Mdyn/L ratio: they have values that
are larger than that of Es, but still lower than the ones of dSphs.
This suggests that their location with respect to the plane and
Faber-Jackson diagrams is for a large part related to their dy-
namical mass-to-light ratio (Graves & Faber 2010). The offset
found with respect to the FP, that is not explained by stellar pop-
ulations, is directly related to Mdyn/M∗. Therefore, this offset can
be used to estimate the dark matter content of dEs relative to Es.
The values found for this ratio are Mdyn/M∗ ≥ 1.7 ± 0.5 in the
K band, and Mdyn/M∗ ≥ 1.7 ± 0.6 in the V band. These val-
ues, fully consistent with 1.6 ± 1.2 measured in Paper I in the
I band and with a completely independent method, indicate that
the dark matter (DM) fraction of dEs is not as high as the one for
dSphs, but it is still measurable: MDM/Mdyn � 42% within their
half light radius (uncertainties of 17% in the K band and 20% in
the V band).

From the study of these relations one can see that dEs have
properties that are different from Es. This is also seen from the
size-luminosity relation in Fig. 7, where dEs do not follow the
same trend as Es (see also Kormendy 1985; Janz & Lisker 2008;
Kormendy et al. 2009; Kormendy & Bender 2012). In the V band
dEs follow the same relation as late-type galaxies and this can,
within the uncertainties, be extended towards the faintest dSphs.
Although no infrared photometry is available for these dSphs,
the different behaviour between Es and dEs is visible in the
K band, making this result independent from the passband and
the stellar populations of the galaxies involved. Brasseur et al.
(2011) argue that this common size-luminosity relation from
dSphs to late-type galaxies is related to the initial baryonic an-
gular momentum. The fact that we find that dEs follow the same
relation as late-type galaxies indicates that they also conserve
the angular momentum of their progenitors. This scenario agrees
with our finding in Paper I, where rotationally supported dEs
have the same shape of the rotation curve as late-type galaxies
of similar luminosity. Therefore, the scenario of late-type galax-
ies being transformed into dEs is further supported.

The study of the scaling relations strengthens the argument
that the properties of dEs are different from those of Es, suggest-
ing that their formation mechanisms are independent. While it
is widely accepted that massive early-types are likely formed by
mergers (e.g. Boylan-Kolchin et al. 2006; Robertson et al. 2006),
the simulations performed for dwarf galaxies reject this possibil-
ity (De Lucia et al. 2006), and the results found here and in other
works (e.g. Kormendy 1985; Bender et al. 1992; Kormendy et al.
2009; Toloba et al. 2009, 2011; Kormendy & Bender 2012) indi-
cate that dEs are the result of transformations of late-type galax-
ies (but see e.g. Graham & Colless 1997; Graham & Guzmán
2003; Ferrarese et al. 2006). We expect that, if the dEs are in
different states of their transformation this would show up in
the scaling relations. We can check that by looking at the var-
ious subgroups of dEs, and, within the errors, there is no differ-
ence in the location of rotationally and pressure supported dEs in
these relations, as previously found in the study of the FP in the
κ-space by G03. The only appreciable distinction between the
two populations is that pressure supported dEs have the lowest
intrinsic scatter.

We have to remark that the sample of pressure and rotation-
ally supported dEs is not complete in any sense but biased to-
wards the brightest dE members of the Virgo cluster. They might
thus not be representative of the whole dE populations of the
cluster. In order to improve the statistical significance of this
analysis we are conducting new spectroscopic and photometric
observations of dEs in the Virgo cluster to achieve a complete

and representative sample of this population of objects (see Janz
et al. 2012).
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Appendix A: Errors in the asymptotic magnitudes

The errors of the optical magnitudes, here expressed in Vega sys-
tem using the SDSS AB to Vega transformation of Blanton &
Roweis (2007), have been computed as described in Appendix A
of Paper I.

The errors of the near-infrared magnitudes have been cal-
culated following the description of Muñoz-Mateos et al.
(2009), based on Gil de Paz & Madore (2005). Calculating the
magnitude as

m = −2.5 log(F − Fsky) + ZP (A.1)

where F is the total flux measured in the image, Fsky is the flux
of the sky, and ZP is the zero point flux calibration. To the first
order, the error in the magnitude can be obtained as

Δm =

√(
2.5 log(e)
F − Fsky

)2 (
ΔF2 + ΔF2

sky

)
+ ΔZP2 (A.2)

where ΔF, ΔFsky and ΔZP are the errors in the incident flux, the
sky flux and the zero point flux calibration respectively.

The uncertainty in the incident flux can be estimated assum-
ing Poissonian statistics

ΔF =
√

F/geff (A.3)

where geff is the effective gain that converts the incoming flux in
counts into electrons.

The uncertainty in the sky flux has two different contribu-
tions, from high and low spatial frequency variations. The for-
mer is due to the combination of Poisson noise in the Fsky and
the pixel-to-pixel flat fielding errors, and the latter is due to large-
scale flat fielding errors such as reflections or gradients in the
background. To estimate these two contributions we have mea-
sured the sky in ∼10 square regions of Nregion pixels each, ran-
domly placed around each galaxy far enough from it to avoid
contamination from the galaxy itself. Fsky is, therefore, the mean
sky value in all the boxes and its error can be expressed as

ΔFsky =

√
N〈σsky〉2 + N2max

(
σ2
〈sky〉 −

〈σsky〉2
Nregion

, 0

)
(A.4)

A78, page 11 of 13



A&A 548, A78 (2012)

Fig. B.1. Kormendy relation in K band, upper panel, and V band, lower panel. Symbols as in Fig. 2. Solid and dotted lines are the fit and 1σ scatter
for the early-types of the SAURON sample of galaxies.

Fig. B.2. Colour–magnitude and colour-size diagrams. Symbols as in Fig. 2.

where 〈σsky〉 is the mean standard deviation, σ〈sky〉 is the stan-
dard deviation of the mean sky values among different boxes,
and N is the number of pixels used to compute the mean flux
within each isophote. The second term of Eq. (A.4), that ac-
counts for the large-scale background errors, can be neglected
if the low-frequency flat-fielding errors are negligible compared
with the combined effect of the sky photon noise and the high-
frequency flat fielding errors, but this is not usually our case,
with the sky background often being not flat.

Appendix B: The Kormendy relation,
the colour–magnitude and the colour-size
diagrams

These relations are shown in this Appendix for completeness
and are similar to those already published in the literature (e.g.
Ferrarese et al. 2006; Lisker et al. 2008; Boselli et al. 2008b;
Kormendy et al. 2009; Kormendy & Bender 2012).

Figure B.1 presents the Kormendy relation for massive and
dwarf early-type galaxies. In both the upper and lower panels,
K and V bands respectively, the trends observed are very similar.

Whereas the SAURON sample of galaxies follows a correlation
where the brightest objects are the smallest ones, dEs present an
offset with respect to them, having a lower surface brightness
for their size. This is in the direction of dSph galaxies, showing
a large range of sizes and lower surface brightnesses.

Figure B.2 shows the colour-magnitude diagram in the in-
frared (left panel), in the V band (central panel) and the colour-
size relation (right panel), the fits plotted are those for massive
early-type galaxies (FB11). The dEs show a larger dispersion
than the massive early-types, a dispersion that is more similar to
the one presented by Sa galaxies. This large dispersion is likely
due to the luminosity-metallicity relation of passive galaxies re-
ported by Graves et al. (2009), but due to the large errors in the
metallicities for our sample of galaxies (Michielsen et al. 2008)
we are unable to verify this.

In the case of the colour-size relation, all the samples overlap
in the same range of sizes, but the dwarf systems are systemati-
cally bluer than the massive galaxies (as previously found in the
colour-magnitude relation by e.g. Boselli et al. 2005; Ferrarese
et al. 2006; Janz & Lisker 2009), indicating younger stellar pop-
ulations (Michielsen et al. 2008).
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We do not see any significant difference between rotationally
and pressure supported dEs in any of these diagrams.
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