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ABSTRACT

Observations of diffuse starlight in the outskirts of galaxies are thought to be a fundamental source of constraint on the cosmological
context of galaxy assembly in the ACDM model. Such observations are not trivial because of the extreme faintness of such regions.
In this work, we investigated the photometric properties of six massive early-type galaxies (ETGs) in the VEGAS sample (NGC 1399,
NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846) out to extremely low surface brightness levels with the goal of char-
acterizing the global structure of their light profiles for comparison to state-of-the-art galaxy formation models. We carried out deep
and detailed photometric mapping of our ETG sample taking advantage of deep imaging with VST/OmegaCAM in the g and i bands.
By fitting the light profiles, and comparing the results to simulations of elliptical galaxy assembly, we have identified signatures of a
transition between relaxed and unrelaxed accreted components and can constrain the balance between in situ and accreted stars. The
very good agreement of our results with predictions from theoretical simulations demonstrates that the full VEGAS sample of ~100
ETGs will allow us to use the distribution of diffuse light as a robust statistical probe of the hierarchical assembly of massive galaxies.

Key words. galaxies: elliptical and lenticular, cD — galaxies: fundamental parameters — galaxies: formation — galaxies: halos —

techniques: image processing

1. Introduction

The cold dark matter (LCDM) galaxy formation theories predict
that galaxies grow through a combination of in situ star forma-
tion and accretion of stars from other galaxies (White & Frenk
1991). The ratio of stellar mass contributed by these two modes
of growth is expected to change systematically over the life-
time of a galaxy as its dark matter halo and star formation ef-
ficiency evolve (e.g. Guo & White 2008). Accreted stars are ex-
pected to dominate in the outer parts of galaxies because they
have much lower binding energies in the remnant system than
stars formed by dissipative collapse. Since dynamical timescales
are long in these outer regions, phase-space substructures related
to accretion, such as streams and caustics, can persist over many
gigayears.

The structural properties of the outer parts of galaxies and
their correlations with stellar mass and other observables might
therefore provide ways of testing theoretical predictions of
growth by accretion. For example, they could constrain the over-
all ratio of stars accreted to those formed in situ, the number
of significant progenitors, and the dynamics of the most im-
portant merger events (Johnston et al. 2008; Cooper et al. 2010;
Deason et al. 2013; Amorisco 2017). In support of this idea,
cosmological simulations of galaxy formation predict trends in
these quantities with mass that are responsible for systematic
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variations in the average shape, amplitude, and extent of az-
imuthally averaged surface brightness profiles (Font et al. 2011;
Cooper et al. 2013; Pillepich et al. 2014). Unfortunately, the ac-
creted debris is also expected to have extremely low surface
brightness (uy ~ 29 mag/arcsec?) on average and therefore to be
very hard to separate from the background sky in conventional
photometric observations.

In this paper we use extremely deep images of six massive
early-type galaxies (ETGs) from the VEGAS survey (described
below) to constrain the properties of their accreted stellar
components. The brightest ETGs are thought to be predomi-
nantly the central galaxies of the most massive DM halos at
the present day (e.g. Frenk et al. 1985; Kauffmann et al. 1993;
De Lucia et al. 2006). In order to explain the exponential high-
mass cut-off of the galactic stellar mass function, theoretical
models have invoked processes whereby in situ star forma-
tion in such halos is strongly suppressed at late times (e.g.
Bower et al. 2006). As a consequence, massive ETGs in these
models accumulate the bulk of their stellar mass by accre-
tion, predominantly through ~10 mergers (in the case of mas-
sive BCGs; De Lucia & Blaizot 2007; Cooper et al. 2015) of
low stellar mass ratio. Their spheroidal morphology is thought
to arise from violent relaxation of the central potential dur-
ing the most massive of these mergers, which can erase coher-
ent structures established by earlier dissipative star formation
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(Villumsen 1983; Cole et al. 2000; Hilz et al. 2012). The same
models predict a rather different relationship between mass
growth and structure for late-type galaxies (LTGs) in less mas-
sive dark matter halos, such as the Milky Way. In LTGs, the
vast majority of stars are formed in situ in rotating discs that
survive to the present day, while the bulk of the accreted stars
are contributed by one or two objects of much lower mass
and are mostly deposited on weakly bound orbits extending far
from the centre of the potential. These models therefore imply
a natural but complex continuum between the properties of the
dominant stellar components of ETGs and those of the diffuse
spheroidal “stellar halos” around LTGs such as the Milky Way,
all of which originate from the same hierarchical accretion pro-
cess (Purcell et al. 2007; Cooper et al. 2013).

From an observational perspective, it is straightforward to
separate the disc and stellar halo components of LTGs because
their mass, kinematics, spatial distribution, and stellar popula-
tions are very different. Moreover, with relatively little ambigu-
ity, the empirically defined stellar halo can be identified with
the bulk of the accreted stellar mass in those galaxies and the
disc with the bulk of in situ stellar mass. In ETGs, however, the
connections between different mechanisms of mass growth and
the “structural components” inferred from images are much less
straightforward. If the bulk of the stars are really accreted, then
the “stellar halo” (or “spheroid” or “classical bulge”) should be
identified with at least the structural component that dominates
the observed stellar mass. However, other empirical “compo-
nents” might also be accreted. In situ stars in ETGs are extremely
difficult to distinguish if they are also spheroidal, dispersion-
supported and have old, metal-rich stellar populations resem-
bling those of the dominant accreted component(s) with which
they have been thoroughly mixed by violent relaxation'.

Cosmological dynamical simulations can help by suggest-
ing plausible interpretations for features in the surface bright-
ness profiles of ETGs in the context of specific galaxy formation
theories. In particular, simulated galaxies show evidence of sub-
structure in the form of inflections (“breaks’), at which the sur-
face brightness profile either becomes steeper or shallower (e.g.
Cooper et al. 2013; Rodriguez-Gomez et al. 2016). As noted
above, models predict that the accreted components of ETGs
comprise several equal-size chunks of stellar mass from different
contributors, but also that these contributors have a range of rela-
tive total (virial) mass ratios, such that their debris relax to distri-
butions with a range of characteristic radii (Amorisco 2017). As
shown for example in Fig. 10 of Cooper et al. (2015), inflections
in the profile may therefore correspond to the transition between
in situ and accretion dominance, which is responsible for the
most obvious profile inflection for most LTGs, although this oc-
curs at relatively low surface brightness (SB) (Abadi et al. 2006;
Font et al. 2011; Pillepich et al. 2014; Rodriguez-Gomez et al.
2016) More generally, these inflections also correspond to vari-
ations in the ratio between individual accreted components as
a function of radius (Cooper et al. 2010; Deason et al. 2013;
Amorisco 2017). Indeed, for the reasons given above, most sim-
ulations? predict that the transition between in situ and accretion-
dominated regions should be almost imperceptible in the az-
imuthally averaged profiles of typical ETGs, even though it

! In the extreme case of a merger between two identical elliptical
galaxies in identical DM halos, it would clearly be impossible to dif-
ferentiate between the in situ component and the “accreted” component
in the surface brightness profile of the remnant.

2 The exception is simulations that do not strongly suppress in situ star
formation in very massive galaxies, which are generally in disagreement
with observed luminosity functions.
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occurs at relatively high SB. This transition may still be de-
tectable as a change in shape or stellar population.

Observational work has clearly identified features in ETG
surface brightness profiles and kinematic distributions that
are indicative of substructure in the accreted component
(Bender et al. 2015; Longobardi et al. 2015a,b; Foster et al.
2016). Some of these feature occur at distances of many effec-
tive radii and hence at very low SB, which could be interpreted as
evidence for multiple accreted components in the context of the
models mentioned above. Using different techniques with obser-
vations of different depths, several authors have concluded that
the profiles of massive ETGs are not well described by a sin-
gle Sérsic r!'/" law component, once thought to be near univer-
sal for spheroidal galaxies. For example, Gonzalez et al. (2005)
found that the surface brightness profiles of BCGs in their sam-
ple were well fitted by a double r!/* de Vaucouleurs law, while
other works have argued that a combination of a Sérsic and an
exponential (n = 1) component provide the best description of
particular ETG light profiles (Seigar et al. 2007; Donzelli et al.
2011; Bender et al. 2015). Huang et al. (2013) have suggested
that three or more Sérsic components may be required for an
accurate description of typical ETGs.

A recent revival of this topic, historically hampered by the
faintness of galaxian halos (de Vaucouleurs & Capaccioli 1979;
D’Onofrio et al. 1994), has been fostered by the forthcoming op-
eration of a new generation of very-wide-field imaging instru-
ments (Ferrarese et al. 2012; Mihos et al. 2013; Duc et al. 2015;
Capaccioli et al. 2015; Iodice et al. 2016). We are taking advan-
tage of the wide field of view and high spatial resolution of the
VLT Survey Telescope (VST; Capaccioli & Schipani 2011) at
the ESO Cerro Paranal Observatory (Chile) to carry out a multi-
band imaging survey of nearby ETGs, named VEGAS (VST
Early-type GAlaxies Survey) (Capaccioli et al. 2015; hereafter
Paper I). The primary aim of the survey is to obtain maps of
the surface brightness of galaxies with heliocentric redshifts
Viag < 4000 kms™! and Mp_, < —19.2 mag sufficiently deep to
detect the signatures of diffuse stellar components; the expected
depths are p, ~ 27.3, u, ~ 26.8, and y; ~ 26 mag/arcsec’. The
large, homogeneous, and deep sample from VEGAS will enable
a more systematic analysis of ETG light profiles and other pho-
tometric trends with radius than has previously been possible.
We expect to obtain deep images for a sample of ~100 ETGs
across a range of environments. To date, we have collected data
for about 30 galaxies. The present status of VEGAS observa-
tions is regularly updated at the link http://www.na.astro.
it/vegas/VEGAS/VEGAS_Targets.html.

The subsample of VEGAS galaxies that we study here are
listed in Table 1 together with their basic parameters. These
galaxies were chosen because of their large angular dimensions,
and because they are the brightest galaxies in their local envi-
ronment. Here we present and analyse the g- and i-band pho-
tometric properties of the four galaxies NGC 4365, NGC 3923,
NGC 5044, and NGC 5846, which are in small groups and clus-
ters. We combine these results with those presented in Paper I
for NGC 4472 in the Virgo cluster, and in Iodice et al. (2016)
for NGC 1399 in the Fornax cluster. Since both NGC 4472 and
NGC 1399 are targets of the VEGAS survey and have been ob-
served with VST, together with the other objects they represent
a homogeneous sample of bright ETGs.

The paper is organized as follows. In Sect. 2 we describe the
galaxies in our sample and their main properties. The observ-
ing strategy and the data reduction procedure are described in
Sect. 3, while the data analysis is presented in Sects. 4 and 5. In
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Table 1. Basic properties of the galaxies studied in this paper.

Parameter Value Ref.
NGC 1399

Morphological type El RC3

RA (J2000) 03"38m29.0° NED

Dec (J2000) -35927m02° NED

Helio. radial velocity ~ 1425 kms™! NED

Distance 20.9 Mpc Blakeslee et al. (2009)

Absolute magnitude M, -23.05° Todice et al. (2016)
NGC 3923

Morphological type E4 RC3

RA (J2000) 11h51m01.7% NED

Dec (J2000) —284948m228 NED

Helio. radial velocity 1739 kms™! NED

Distance 22.9 Mpc Tonry et al. (2001)

Absolute magnitude M, —22.66" This work
NGC 4365

Morphological type E3 RC3

RA (J2000) 12h24m28 3¢ NED

Dec (J2000) +07419™04° NED

Helio. radial velocity ~ 1243 kms™! NED

Distance 23.1 Mpc Blakeslee et al. (2009)

Absolute magnitude M, —22.41¢ This work
NGC 4472

Morphological type E2 RC3

RA (J2000) 12h29m46.7% NED

Dec (J2000) +08400m02° NED

Helio. radial velocity 981 kms~! NED

Distance 16.9 Mpc Mei et al. (2007)

Absolute magnitude M, —22.77¢ This work
NGC 5044

Morphological type EO RC3

RA (J2000) 13h15m24.0° NED

Dec (J2000) -16923m08* NED

Helio. radial velocity =~ 2782 kms™! NED

Distance 31.19 Mpc  Tonry et al. (2001)

Absolute magnitude M, -22.59" This work
NGC 5846

Morphological type EO RC3

RA (J2000) 15"06™m29.3° NED

Dec (J2000) +01936m20° NED

Helio. radial velocity ~ 1712 kms™! NED

Distance 24.89 Mpc  Tonry et al. (2001)

Absolute magnitude M, -22.77° This work

Notes. @  Corrected for interstellar extinction as in

Arrigoni Battaia et al. (2012). ® Corrected for interstellar extinc-
tion as in Burstein & Heiles (1982).

Sect. 6 we compare our data with theoretical predictions, and in
Sect. 7 we discuss our results and draw conclusions.

2. The sample

We briefly describe here the main properties of the four galaxies
analyzed in this work: NGC 3923, NGC 4365, NGC 5044 and

NGC 5846, and those of NGC 4472 and NGC 1399 (published
in Paper I and by Iodice et al. 2016, respectively).

2.1. NGC 1399

NGC 1399 (FCC 213) is the central and brightest elliptical
galaxy in the Fornax cluster. It has been extensively studied in
a wide range of wavelengths. This galaxy has a vast and dif-
fuse stellar envelope surrounding it (Iodice et al. 2016) and an
extended and asymmetric gaseous halo in X-rays (Paolillo et al.
2002). NGC 1399 is the subject of a paper by lodice et al. (2016),
in which its main properties are discussed at length.

2.2. NGC 3923

NGC 3923, first studied by Malin & Carter (1980), is one of the
best examples of a “shell galaxy”, with a vast system of peculiar,
concentric shells. Sandage & Bedke (1994) found at least seven
dwarf ellipticals in the field centred on NGC 3923, which is the
brightest member of this small group. Carter et al. (1998) found
that the galaxy has minor axis rotation. This could be either the
result of a kinematically decoupled core, or evidence of a triax-
ial geometry. Buote & Canizares (1998), by studying the X-ray
isophotes of NGC 3923, found evidence of a dark matter distri-
bution more flattened and extended than the optical luminosity
distribution.

2.3. NGC 4365

NGC4365 (VCC 0731) is a bright and giant elliptical galaxy lo-
cated in a group slightly behind the “Virgo subcluster B” centred
on NGC 4472. It shows the presence of a small scale disc in the
centre that is bluer than the surrounding galaxy (Ferrarese et al.
2006).

Peng et al. (2006) detected a significant population of glob-
ular clusters (GCs) around this object, with a specific frequency
higher than in other galaxies of comparable luminosity, proba-
bly due to a larger number of red GCs. Moreover, Blom et al.
(2012a,b) found the GC system to consist of three subpopula-
tions.

Surma (1993) found evidence for two kinematically distinct
stellar components: a bulge-like component and a disc-like sub-
system. The most interesting kinematic features of NGC 4365
are its kinematically decoupled core (Davies et al. 2001) and
that the galaxy rolls rather than rotates (Arnold et al. 2014).
Bogdéan et al. (2012) found an extended faint tidal tail be-
tween NGC 4365 and NGC 4342 in deep B-band images (ug ~
29.5 mag/arcsec?), which Blom et al. (2014) claimed to be a sign
of ongoing interaction between the two galaxies.

2.4. NGC4472

NGC 4472 (M49), a giant elliptical galaxy, is the brightest mem-
ber of the Virgo cluster. It lies in the centre of the southern group-
ing of the cluster, also known as “Virgo subcluster B”. This
galaxy has been extensively studied by many authors (see e.g.
Kim et al. 2000; Ferrarese et al. 2006; Kormendy et al. 2009;
Janowiecki et al. 2010; Mihos et al. 2013) and, together with its
companion galaxies, it was the subject of the first VEGAS pa-
per (Capaccioli et al. 2015). NGC 4472 presents extended shells
and fans of diffuse material, and Capaccioli et al. (2015) also
detected an intra cluster light (ICL) contribution to the surface
brightness profile. Irwin & Sarazin (1996) found that the X-ray
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contours of NGC 4472 are elongated in the northeast-southwest
direction, probably as a result of motion towards the centre of
the Virgo cluster.

2.5. NGC 5044

NGC 5044 is the central and brightest galaxy of a rich and X-ray
bright group (Mendel et al. 2008). Dust patches near the centre
of the galaxy have been detected by Colbert et al. (2001). X-ray
observations of NGC 5044 show two cavities and cooler filamen-
tary X-ray emission, which are thought to have been caused by a
dynamical perturbation induced by the accretion of a low-mass
satellite (Buote et al. 2003; Gastaldello et al. 2009).

2.6. NGC 5846

NGC 5846 is the optically most luminous galaxy in the cen-
tre of its group. Hubble Space Telescope (HST) images show
the presence of a “parabolic” dust lane around the nucleus of
the galaxy. X-ray observations (Trinchieri & Goudfrooij 2002)
show a disturbed hot gas morphology on arcsecond scales.
Haynes & Giovanelli (1991) found that the three-dimensional
distribution of galaxies around NGC 5846 is a prolate cloud that
is pointing towards the Virgo cluster.

3. The Vegas Survey: observation and data
reduction

The VEGAS survey and the data reduction procedure adopted
in this work are described by Capaccioli et al. (2015). The only
significant change we make here concerns the sky background
subtraction for objects with large angular extent (i.e. those fill-
ing the VST field of view). In Paper I we used a direct polyno-
mial interpolation of regions surrounding our target galaxies that
were identified as “background” after masking of bright sources.
This procedure, according to our experience, works very well to
isolate a statistically significant area for the background interpo-
lation when the target has a angular extent that is much smaller
than the VST field. However, experience gained in reducing im-
ages of NGC 4472 highlighted the need for a different approach,
which we develop here. This modified approach involves both
observations and data reduction.

We decided to adopt a step-dither observing strategy for
galaxies with large angular extent, consisting of a cycle of short
exposures centred on the target and on offset fields (A = +1 de-
gree). With such a technique the background can be estimated
from exposures taken as close as possible, in space and time,
to the scientific images. This ensures better accuracy, reducing
the uncertainties at very faint surface brightness levels, as found
by Ferrarese et al. (2012). This observing strategy allowed us to
build an average sky background of the night, which was sub-
tracted from each science image.

The main advantage of the step-dither technique is the pos-
sibility of obtaining a larger field around galaxies with larger
angular sizes. This reduces uncertainties in distinguishing pixels
belonging to the target galaxy from the background, particularly
in the outskirts of the target. On the other hand, with this tech-
nique galaxy and background exposures are not simultaneous
and more telescope time is consumed with respect to the stan-
dard dithering strategy.

In the subsample of VEGAS analyzed in this work, the im-
ages of NGC 4472 and NGC 4365 were acquired with standard
dithering strategy, while for NGC 1399, NGC 3923, NGC 5044,
and NGC5846 we adopted the step-dither strategy.
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Table 2. VST exposures used in this work.

Object Band Texp FWHM*
[s] [arcsec]
NGC 3923 g 9600 1.08
i 12450 0.70
NGC4365 g 5475 0.86
i 6125 0.73
NGC 5044 g 14100 1.13
i 4800 1.06
NGC 5846 g 8550 0.96
i 1650 0.90

Notes. @ Median value of the FWHM.

The data used in this paper consist of exposures in g and i
SDSS bands (Table 2) obtained with VST + OmegaCAM, both
in service and visitor mode with the following constraints:

S/N > 3 per arcsec’;
dark time;

seeing ~1”;

airmass <1.2.

By assuming the above values for the total integration time,
the ETC for OmegaCam (version 6.2.0) ensures that we should
reach a limiting magnitude in the B band of u = 29 mag/arcsec?
(ug ~ 28.6 mag/arcsec’ in the g band) with a S/N ~ 3 per
arcsec’. The fainter magnitude levels of the azimuthally aver-
aged surface brightness profiles are due to the increasing col-
lecting area with the galactocentric radius.

All the data were processed with the VST-Tube pipeline
(Grado et al. 2012). Details about the various steps of the data re-
duction are described in Appendix A of Capaccioli et al. (2015).
The sky background subtraction procedure for data taken with
the standard strategy is illustrated in Capaccioli et al. (2015).

For images taken with the step-dither technique, the only
difference in our analysis concerns the estimation of the back-
ground. In these cases, an average sky image, relative to each
night, was derived from the exposures of the offset fields, in
which all bright sources were masked. The VST mosaics of
galaxies in this work, showing the masking of bright sources
in the field, are in Appendix A. This mean sky frame was then
scaled to take into account transparency variations and sub-
tracted from the science frame (see Iodice et al. 2016, for de-
tails). In this paper, all magnitudes are quoted in the AB system.

4. Data analysis

4.1. Isophotal analysis

The most critical operation in deep photometric analysis is the
estimation and subtraction of the sky background. In Paper I we
discuss pros and cons of a background subtraction made with the
direct polynomial interpolation and by using a step-dither tech-
nique. After the background subtraction, described in Sect. 3, we
applied the methodology described by Pohlen & Trujillo (2006)
to quantify the sky variations and subtract any possible residu-
als. Following this procedure, on the sky-subtracted mosaics in
both the g and i bands, we masked all the bright sources and
used the IRAF® task ELLIPSE to extract azimuthally averaged

3 IRAF (Image Reduction and Analysis Facility) is distributed by the
National Optical Astronomy Observatories, which is operated by the
Associated Universities for Research in Astronomy, Inc. under cooper-
ative agreement with the National Science Foundation.
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intensity profiles in elliptical annuli out to the edges of the frame
by fixing both the ellipticity (€) and the position angle (PA) to
the values best describing the isophotes at the semi-major axis
R ~ 1 arcmin. By extrapolating the trend in the outer regions of
these intensity profiles for each galaxy in our sample, we found
that the error on the average value of the residual background
is 0.1 < o, < 0.2 counts in the g band and 0.2 < o; < 0.5
counts in the i band. These fluctuations of the sky background
have been taken into account in the error estimates we quote on
our surface brightness measurements. The VST g band images of
NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and
NGC 5846, coloured by surface brightness, are shown in the top
panels of Figs. 1, D.1-D.5, respectively.

In the bottom left panels of the same figures we show the el-
lipticity (€) and position angle (PA) profiles resulting from our
isophotal analysis, performed via the ELLIPSE task, leaving el-
lipticity and position angle free and sampling the semi-major
axis with a variable bin (as described in Paper I). ELLIPSE com-
putes the intensity, /(a, #), azimuthally sampled along an ellipti-
cal path described by an initial guess for the isophote centre,
(X, Y), ellipticity, €, and semi-major axis position angle, 6, at
different semi-major axis lengths, a. At a given ay, I(ag,6) is
expanded into a Fourier series as

I(ap,0) = I + Z(ak sin(k6) + by cos(kB)) €))
k

according to Jedrzejewski (1987). The best-fit parameters are
those minimizing the residuals between the actual and the model
isophotes; a; and by are the coeflicients measuring the devia-
tions from a pure ellipse, including the signature of boxiness
and/or diskiness (Bender et al. 1989). An image sampling is per-
formed at each iteration of the isophote fitting. Three methods
are available for sampling an image along the elliptical path: bi-
linear interpolation and either mean or median over elliptical an-
nulus sectors. Integration over elliptical annulii is preferred to
extract all the information from an image and to avoid the pos-
sibility that some pixels in the image might never be sampled.
For this reason, the SB profiles in this work have been extracted
by performing a median over elliptical annuli, and by applying a
k-sigma clipping algorithm for cleaning deviant sample points at
each annulus. The combined use of the median and sigma clip-
ping algorithm improves the isophotal fitting, ensuring the rejec-
tion of not entirely masked features such as stars, defects, and
outskirts of neighbouring galaxies.

For all the galaxies we find an increase of the ellipticity in the
outer regions, indicating the presence of a more flattened outer
component with a significant gradient in the PA. We return to
this point in Sect. 5.

In the bottom right panels we show g- and i-band VST sur-
face brightness profiles, including comparisons with other mea-
surements in the literature. No correction for seeing blurring is
applied to the inner regions of the profiles. The offsets relative to
the VST g band providing the best match to our photometry are
+0.7 mag for the V-band profile of NGC 3923 by Sikkema et al.
(2007), +0.33 mag for the V-band profile of NGC4472 by
Kormendy et al. (2009), +0.2 mag for the V-band profile of
NGC 4365 by Kormendy et al. (2009), and +0.23 mag for the V-
band profile of NGC 5846 by Kronawitter et al. (2000). Outside
the seeing-blurred cores, despite the different colour bands, the
agreement with the literature is good. The reliability of the sur-
face brightness measurements in the faint outskirts of the galax-
ies has been tested by extracting the surface brightness profiles in
azimuthal sectors (see Appendix B for details). The errors asso-
ciated with our surface brightness measurements were computed

as in Paper I, and take into account both the uncertainties on the
photometric calibration and on sky subtraction. All the profiles
are very extended and deep (29 < p, < 30.5 mag/arcsec?) and
the azimuthally averaged surface brightness of the four objects
spans almost one dex.

As in Paper I, we use the luminosity profiles of the galax-
ies, together with their ellipticity profiles, to compute the growth
curves, which we extrapolate to the derive total magnitudes
mr, effective radii R, and corresponding effective magnitude g,
(Table 3).

In Fig. 2, we plot all the profiles as a function of galactocen-
tric radius normalized to the effective radius R/R.. This compar-
ison shows that, in our sample, we have two kinds of profiles:
those with an “excess” of light in the outer regions, which tend
to flatten in the outer regions, and those for which the surface
brightness falls off more rapidly. The differences in the shape of
the light profiles may be signatures of different dynamical states
for the stellar halos surrounding these galaxies; we discuss this
point in Sect. 7.

The mean (g-i) colour profiles for galaxies in our sample
are shown in right panel of Fig. 2. The (g-i) colour profile for
NGC 1399 is from Iodice et al. (2016), while that for NGC 4472
is from Capaccioli et al. (2015). The colours of all galaxies are
redder than those those typically found for ETGs. As shown by
Ann (2010), galaxies that are beyond the red edge of the red
sequence can have different origins; many of them have dust
lanes or are merging galaxies, and the dust obscuration is mainly
responsible for their red colours. Consistent with this picture,
all the galaxies in our sample show the presence of dust lanes,
shells, and other signs of ongoing interactions. All the colour
profiles display in the central regions (0.01 < R/R. < 0.1),
where on average the galaxies are redder, small but signifi-
cant negative gradients typical of early types (La Barbera et al.
2010; Tortora et al. 2010). At a different radius for each galaxy,
the colours develop a steeper gradient, becoming bluer (for
NGC 1399, NGC 4365, NGC 5044, and NGC 5846) or redder
(NGC3923 and NGC 4472). In Sect. 5 we show that the discon-
tinuities observed in the colour profiles correspond to the transi-
tion radii observed in each surface brightness profile, which are
defined as the locations of the transition between two different
fit components.

4.2. Correction for the PSF

It is well known (Capaccioli & de Vaucouleurs 1983) that the
faint outskirts of galaxies can be contaminated by light scat-
tered from the bright core by the telescope and the atmosphere.
In order to account for the artificial halos created by scattered
light, the point spread function (PSF) must be mapped out to a
radial distance that is at least comparable to the extent of the
galaxian halo. An extended PSF for VST was derived in Ap-
pendix B of Paper I. There we also show how to estimate the
amount of scattered light by deconvolving a noiseless model of
each galaxy with the IRAF task LUCY, which is based on the
Lucy-Richardson algorithm (Lucy 1974; Richardson 1972).

As discussed in Paper I, the effect of the scattered light is
very different at the same surface brightness level between galax-
ies with large and small angular extent. We found that the surface
brightness profiles of smaller sources in the field of NGC 4472
were marginally affected (~0.2 mag) by the extended PSF at
Hg ~ 29 mag/arcsec®. Galaxies with a large angular extent, how-
ever, were not significantly affected by the PSF.

We also performed a plain numerical convolution for a set of
azimuthally averaged light profiles for artificial galaxy models
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Fig. 1. Top: VST g-band sky-subtracted image of the field around NGC 1399. The colour scale represents surface brightness in mag/arcsec®. The
dashed black contour indciates the transition radius in the surface brightness profile, defined in Sect. 5. North is up, east is to the left. Bottom
left: ellipticity (€) and position angle (PA) profiles for NGC 1399, in the g band (blue points) and i band (red points). Bottom right: azimuthally
averaged surface brightness profiles in the g (blue) and i (red) bands. The dashed lines indicate the transition radii in the surface brightness profile,
listed in Table 6, which represents the location of the transition between two fit conponents, as described in Sect. 5.

A38, page 6 of 29


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629111&pdf_id=1

M. Spavone et al.: Stellar halos of giant ETGs

Table 3. Distances and photometric parameters for the sample galaxies.

ObjeCt D Ag Ai Me.g Teg (Re,g)maj mr g MT,g Me,i Tei (Re,i)maj mr; MT,i <Ein> <€out>
[Mpc] [mag] [mag] [mag/arcsec’] [arcmin] [kpc] [mag] [mag] [mag/arcsec®] [arcmin] [kpc] [mag] [mag]
@ @® ® © © (© () © @© @ @
NGC1399 209 0.05 0.04 24.55 5.87 35.65 8.55 -23.05 - 5.05 30.70  7.51 -24.09 0.095 0.203
NGC3923 229 0.31 0.17 23.22 2.55 16.97 9.14 -22.66 22.30 3.15 2098 7.78 -24.02 0.356 0.292
NGC4365 23.1 0.08 0.04 22.82 1.90 1279 941 -2241 21.15 1.40 9.41 8.52 -23.30 0.238 0.282
NGC4472 169 0.08 0.04 22.68 2.70 13.29 8.37 -22.77 22.23 4.22 20.73  6.92 -24.22 0.137 0.205
NGC5044 312 0.26 0.14 25.04 3.55 3220 9.88 -22.59 24.20 3.65 33.13 8.76 -23.71 0.068 0.340
NGC5846 249 0.21 0.11 24.72 4.62 3341 9.21 -22.77 23.32 3.70 26.80 7.99 -24.00 0.067 0.167

Notes. @ Distances of NGC 3923, NGC 5044, and NGC 5846 are from Tonry et al. (2001); distances of NGC 4365 and NGC 1399 are from
Blakeslee et al. (2009); and the distance of NGC 4472 is from Mei et al. (2007). ® Sources for the extinction correction in the g and i band are
Schlegel et al. (1998) for all objects but NGC 4472 for which we adopt the value used in Paper L. © Derived by integrating the growth curves and
corrected for interstellar extinction. g band mean ellipticity in the ranges —1.5 < 10g(R/R¢)maj < —0.5 (&) and 0 < Iog(R/Re)maj < 0.5 (€our)-
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Fig. 2. Left: azimuthally averaged surface brightness profiles in the g band scaled to their effective magnitude, as a function of galactocentric radius
normalized to the effective radius, R/R.. The innermost region is not corrected for seeing convolution (typical FWHM = 0.8 arcsec). Right: (g-i)

colour profiles of the galaxies in our study.

with different sizes. The difference between the model and its
convolution provides an estimate of the effect of the extended
PSF, at different surface brightness levels, on galaxies with
different sizes. Details and results of these numerical experi-
ments will be presented in a forthcoming paper (Spavone et al.,
in prep.). We conclude that no significant contribution of scat-
tered light to the azimuthally averaged light profile is present in
the faintest, outermost regions of the six giant galaxies we study
in this paper.

5. Fitting ellipticity and light distribution
5.1. Deprojected flattening

It is not easy to make a meaningful comparison between the
apparent ellipticity curves of different ETGs when their intrin-
sic shapes and inclinations, 8, are unknown. As a first-order
approximation to the average trend in our sample we have
deprojected the observed flattening profiles by adopting the

classical prescription (Binney & Merrifield 1998),

q2

1/¢4*

(oblate)

) 2 _
&7 sin” 0 + cos 9—{ (prolate),

@

where ¢ and ¢ are the apparent and true axial ratios, respec-
tively. We have assumed that the dominant spheroidal compo-
nents of all our six galaxies are oblate and have (¢) = 0.62
(Binney & de Vaucouleurs 1981).

Results are shown in Fig. 3, including ellipticity profiles for
NGC 1399 and NGC 4472. The solid line represents a running
mean of the complete dataset. Individual profiles show a wide
dispersion, but an overall increase of flattening from 0.38 to 0.5
is apparent over a range 0.01 < R/R. < 6 along the major axis.
This is broadly consistent with previous findings. For example
Gonzalez et al. (2005) found that a sample of BCGs to be well
described by a two-component model, in which the outer com-
ponent was more elongated than the inner component that they
associated with the BCG.
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Fig. 3. Deprojected ellipticity (e) profiles in the g band, as a function of log (R/R.)msj. The solid black line is the mean trend of the whole sample.
The error bars trace the dispersion of the points. The colour code is the same as that in Fig. 2.

5.2. Fitting the light distribution with two-component models

The remainder of our analysis focusses on the projected one-
dimensional (ellipsoidally averaged) surface brightness profiles
of our sample galaxies. As noted in the introduction, there is
considerable evidence in the literature that the light profiles of
many of the most massive ETGs are not well fitted by a sin-
gle Sérsic law and at least one additional component is needed
(Seigar et al. 2007; Donzelli et al. 2011; Arnaboldi et al. 2012;
Todice et al. 2016). This second component is sometimes (but
not universally) interpreted as evidence for a stellar halo or “in-
tracluster light”.

Theoretical models suggest that massive ETGs accumulate
the bulk of their stellar mass by accretion. For this reason, the
“stellar halo” in these galaxies should be identified with the com-
ponent dominating the stellar mass. From an observational point
of view, it is not straightforward to separate the in situ and the
accreted component in ETGs, since they have similar physical
properties and are well mixed together. The overall profile is
comprised of different contributions and for this reason theory
suggests that the surface brightness profile of ETGs should be
described by the superposition of different components.

Since we are interested in the study of the stellar distribu-
tion in the outer envelopes of our sample galaxies, we do not
use the y statistics in our fitting procedure. The data points cor-
responding to the central regions of the galaxies, in fact, with
their small uncertainties have considerable weight in determin-
ing the best-fit solution obtained by minimizing the y?, while the
outer regions with bigger errors have no weight. This approach
could produce erroneous results when the functional form of the
model is not known a priori, and an empirical model has to be as-
sumed to reproduce the light distribution. To avoid this problem,
we adopt the same approach described by Seigar et al. (2007)
and performed least-square fits using a Levenberg—Marquardt
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algorithm, in which the function to be minimized is the rms scat-

mo s . .
ter, defined as A = Z';‘l L, where m is the number of data points

and ¢; is the ith residual. In all the fit presented below, the inner-
most seeing-dominated regions (~1.5 X FWH M), indicated with
dashed lines, were excluded.

Although we average azimuthally in elliptical annulli, this
does not mean that the components fit to the resulting radial pro-
file should be necessarily expected to be elliptical structures or
even azimuthally smooth. This is simply an empirical approach
to quantify the amount of stellar material as a function of galaxy
radius.

As shown in Sect. 4, we find two apparent types of surface
brightness profiles in our sample: those with steeper slopes in
the outer regions and those with shallower slopes. In either case,
the single Sérsic R'/” model provides a poor description of the
shape of the profile. This can be clearly seen from the residuals
with respect to a single Sérsic fit shown in Fig. D.6.

For this reason, we first present models of the surface bright-
ness profiles of galaxies in our sample with a double Sérsic law
(Sérsic 1963; Caon et al. 1993),

R 1/n
H(R) = pe + k(n) {(r—) - 1},

€

3

where k(n) = 2.17n — 0.355, R is the galactocentric radius,
and r. and u. are the effective radius and surface brightness.
This asymptotic expansion provides an accurate fit for n >
0.36 (Ciotti & Bertin 1999; MacArthur et al. 2003). We found
that this model converges to a best-fit solution with a physi-
cally meaningful value for only two galaxies, NGC 5044 and
NGC 5846. In these cases the fit yields very small Sérsic indices
(ny ~ 0.7 and ny ~ 0.4, respectively) for the outer components.
For the cases in which our double-Sérsic fit did not con-
verge, we imposed an exponential profile (n = 1) on the outer
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Table 4. Best-fitting structural parameters for a two-component fit.

Object Hel Tel n He2 Te2 ny Ho T mrp mry o fu Ry Hir
[mag/arcsecZ] [arcsec] [mag/arcsecz] [arcsec] [mag/arcsecz] [arcsec] [mag] [mag] [arcmin] [mag/arcsecz]

NGC1399 21.3+0.2 45+4 39+03 - - - 23.4 +0.1 292 +4  9.67 9.08 64% 2.2+0.3 24.0
NGC3923 222+03 77+11 3.8+03 - - - 244 +0.2 273+ 13 943 10.21 32% 4.8+22 253
NGC4365 219+0.2 60+7 4.1+02 - - - 23.4 +0.1 166 +4 9.66 10.26 36% 2.9 +0.8 24.8
NGC4472 225+02 148+14 43+0.2 - - - 269 +0.6 1286 +530 829 936 27% 182 +8.9 27.8
NGC5044 229+0.1 62+4 33+0.1 27.00+0.09 685+33 0.7+0.1 - - 9.43 10.60 40% 3.6 +0.3 26.2
NGC5846 242+03 167+25 53+03 27.22+0.12 820+ 17 0.40 £ 0.07 - - 9.72  9.26 60% 8.7+2.0 27.0

Notes. Columns 2—4 report effective magnitude, effective radius, and Sérsic index for the inner component of each fit. Columns 5-7 list the same
parameters for galaxies we fit with an outer Sérsic component, whereas Cols. 8 and 9 list the central surface brightness and scale length for galaxies
we fit with an outer exponential component. Columns 10 and 11 report the total magnitude of the inner Sérsic (mr,) and outer exponential or Sérsic
component (mr ;). Columns 12-14 give the relative fraction of the outer component with respect to the luminosity of the galaxy, transition radius,

and surface brightness at that radius, respectively.

component, given by the equation

U(R) = o + 1.086 X R/ry, @
where p and ry, are the central surface brightness and exponen-
tial scale length, respectively. In these fits a Sérsic component
without restrictions was retained for the inner regions.

These double Sérsic/Sérsic plus exponential fits were per-
formed on the g-band azimuthally averaged light profile, exclud-
ing the core of the galaxies (R ~ 2 arcsec). The result of these
fits and their residuals are shown in Fig. D.7, in which the core
of each galaxies is indicated with a dashed line. In Table 4 we
report the structural parameters of the best fit for each galaxy
with the relative 95% confidence intervals. In Fig. D.8 we plot
the results shown in Fig. D.7, but on a linear scale, as a function
of R/R.. In this figure the distinction between the two types of
surface brightness profiles is more clear. Specifically, we can dis-
tinguish the profiles of NGC 1399, NGC 5044, and NGC 5846,
which show a downward inflection, from those of NGC 3923,
NGC 4365, and NGC 4472, which have an upward inflection in-
stead. According to our multicomponent modelling, all the up-
ward inflections are the result of a transition from a high-n inner
component to a larger, lower-n, outer component. Downward in-
flections are, instead, the natural cut-off of a low-n component.
This implies that a downward inflection should be accompanied
by an upward inflection at some smaller radius.

We found that the inner components of each fit have effective
radii re ~ 5-25 kpc (45-202 arcsec), with an average value of
re ~ 12 kpc, and Sérsic indices n ~ 36, with an average value
of n ~ 4.3. These values are consistent with those reported by
Gonzalez et al. (2003) and Donzelli et al. (2011), who for their
samples of BCGs found r, ~ 5-15 kpc and n ~ 4.4.

We used these fits to derive the total magnitude of the inner
Sérsic component, mrp, and outer (exponential or Sérsic) com-
ponent, mr,, and the relative contribution of the outer halo with
respect to the total galaxy light, f;, reported in Table 4.

From this analysis we have identified a radius for each galaxy
in our sample that marks the transition between the inner and
outer components of our two-component fit. We label this em-
pirically defined “transition radius” Ry;. This transition occurs at
very faint levels of surface brightness (u) for all our galaxies.
As mentioned in Sect. 4, a discontinuity in the ellipticity, PA,
and (g-i) colour profiles of all six galaxies occurs around Ry;.

For NGC 1399 and NGC 5846 the outer halo component be-
comes even brighter than the inner component at R > Ry, where
the relative contribution of the outer halo with respect to the
total galaxy light (f;) reaches 60% and 55%, respectively. For
all the other galaxies the inner Sérsic component dominates the

Table 5. Correlation between outer profiles and environment.

Object Ngai slope

NGC1399 54 13.13+1.51
NGC3923 3 5.64+0.85
NGC4365 51 5.82+2.08
NGC4472 39 2.26+0.30
NGC5044 127 16.65 +2.53
NGC5846 85 7.10+3.45

Notes. Column 2 reports the number of physically related galaxies (the
spread of velocities for the individual galaxies is about 150 kms™') in
a field of 1 square degree around each galaxy in our sample. Column
3 is the slope of the outer halo surface brightness profiles, obtained by
performing a power-law fit in the region of the outer envelope derived
from the two-component model, that is between R, and the last mea-
sured point.

light distribution, but the outer halo component is never negligi-
ble with relative fractions between 28% and 39%. Since there is
no clear reason to believe that in massive elliptical galaxies the
outer component in a fit such as this accounts for most of the ac-
creted mass, the halo mass fractions reported in Table 4 should
be considered a lower limit for the total accreted mass. We return
to this point in the following section.

In order to investigate the possibility of a correlation between
environment and the shape of surface brightness profiles, in
Fig. 4 we plot the slope of the outer halo surface brightness pro-
files (Fig. D.7) against the number of physically related galaxies
in a field of 1 square degree around each galaxy; the spread of
velocities for the individual galaxies is about 150 kms~'. The
profile slope was obtained by performing a power-law fit in the
region of the outer envelope derived from the two-component
model, that is between Ry and the last measured point (see
Table 5). This figure hints at a trend such that galaxies in more
dense environments have halo light profiles that are steeper than
those in less dense fields. In order to evaluate the robustness of
the correlation between the slopes and the density of the envi-
ronment in Fig. 4, we estimated the Spearman rank correlation
coefficient (SRCC; see Eq. 14.6.1 in Numerical Recipes), which
ranges in the [-1, 1] interval and measures the degree of correla-
tion between two variables. According to this test, two variables
are positively/negatively correlated if the SRCC is significantly
larger/smaller than zero for the two variables. As seen in Fig. 4,
the main uncertainty on the correlation is given by the large er-
ror bars, hence we decided to use a Monte Carlo approach to the
Spearman test to establish the significance of the correlation. We
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Fig. 4. Power-law slope of the outer halo surface brightness profiles (between R, and the last measured point), as a function of the number of
physically related galaxies in a field of 1 square degree around each galaxy in our sample; the spread of velocities for the individual galaxies is

about 150 kms™!.

ran 1000 experiments in which we perturbed the data assuming a
normal distribution around each data point with the standard de-
viation given by the data error and computed the SRCC at every
extraction. The mean SRCC we obtained after the 1000 random
experiments is 0.67 + 0.20(107). Even if we assume the more

conservative standard error on SRCC, i.e. 0.6325/VN -1 =0.3
for N = 6, this test suggests that the slope and density of the
environment are significantly correlated at least at 20~ level. We
believe that this is a new and interesting result to check on larger
samples.

5.3. Fitting the light distribution with three-component models

Numerical simulations predict that stars accreted by BCGs ac-
count for most of the total galaxy stellar mass (~90% on av-
erage), while in situ stars significantly contribute significantly
to the surface brightness profile only out to R ~ 10 kpc
(Cooper et al. 2013, 2015; Rodriguez-Gomez et al. 2016). The
overall accreted profile is built up by contributions from sev-
eral significant progenitors, which can be divided into two broad
types. Stars from massive progenitors, which sink rapidly by dy-
namical friction, are centrally concentrated and have a shape re-
sembling that of the overall galaxy profile, while less significant
progenitors have larger effective radii and lower Sérsic indices
(a detailed discussion of the dynamical principles is given by
Amorisco 2017).

For this reason, theory suggests that the surface brightness
profile of an ETG should be well described by the superposi-
tion of an inner Sérsic profile representing the (sub-dominant)
in situ component in the central regions, another Sérsic pro-
file representing the (dominant) superposition of the relaxed,
phase-mixed accreted components, and an outer diffuse compo-
nent representing unrelaxed accreted material (streams and other
coherent concentrations of debris), which does not contribute
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any significant surface density to the brighter regions of the
galaxy. (Cooper et al. 2015) found an n ~ 1 fitting component
to be a reasonable empirical description of this unrelaxed de-
bris in the azimuthal average. The stellar population of the in
situ component is expected to be very similar to the dominant
relaxed accreted component. As they are well mixed together,
the sum of these two components is expected to have a smooth
distribution with only faint features to suggest they are distinct.

Following these theoretical predictions, we described the
surface brightness profiles of our six galaxies with a three-
component model: a Sérsic profile for the centrally concentrated
in situ stars, a second Sérsic for the relaxed accreted component,
and an exponential or Sérsic component for the diffuse and un-
relaxed outer envelope.

A three-component fit may suffer from substantial degen-
eracy between parameters. However, the numerical simulations
cited above also predict that, for early-type galaxies in the mass
range we are looking at, the variation of n with halo mass is
weak, especially for the in situ component. There is somewhat
more variation with n for the accreted stars, particularly with
halo mass rather than stellar mass. Therefore, to mitigate the de-
generacy in parameters and provide estimates of accreted com-
ponents that are closely comparable to the results of numeri-
cal simulations, we fixed n ~ 2 for the in situ component of
our three-component fits. We allowed small variations of +0.5
around the mean value of n = 2, since this would bracket the
range of n in the simulations and allows us to obtain a better fit.
The Sérsic parameters for the accreted component were left free.
We adopt this typical value of n for the in situ component on the
basis of the results of Cooper et al. (2013) for massive galaxies
(see their Fig. 7 in).

The reason for the weak variation of n with stellar mass and
halo mass is because in situ stars are relatively deeply embed-
ded in the oldest and most stable part of their host potential
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Table 6. Best-fitting structural parameters for a three-component fit in which the Sersic index of the inner component is fixed.

Object Het S He2 Te2 ny Ho T mry mry mr3 fir R R
[mag/arcsec?] [arcsec] [mag/arcsec?] [arcsec] [mag/arcsec®] [arcsec] [mag] [mag] [mag] [arcmin] [arcmin]
NGC1399 19.44 +0.08 14+1 2 227+02 83+7 1.1+£032333+£006 291+4 10.33 9.74 9.02 84%0.5+0.1 23 +0.2
NGC3923 20.15+0.10 17+4 2 228+03 94+11 1.5+0.6 24.1+0.3 269 + 19 10.61 9.51 9.95 82%0.5+0.2 3.6 +0.8
NGC4365 20.00 £0.09 17+2 22 23.6+02 162+121.8+04 26.0+1.1 350 £ 10 10.51 9.16 11.28 80%0.5+0.2 12+2

NGC4472 21.04 £ 0.03
NGC 5044 21.44 +0.08
NGC 5846 20.67 + 0.09

56+2 2.5 2405+0.06 280+6 09+0.1 272+02 5446 +3200 890 842 6.56 91%2.3+0.113.1+1.3
23+2 2 2407+027 82+7 06+0224.74+0.08 320+10 11.24 11.11 10.2279% 0.9 +0.2 2.2+ 0.2
1543 2 236+02 110+£132.0+09 25.0+02 452+29 11.4110.02 9.7 89%0.4+0.2 42+0.9

Notes. Columns 2—4 report effective magnitude and effective radius for the inner component of each fit. The Sérsic index for the in situ component
was fixed to n ~ 2 using the models as a prior (Cooper et al. 2013). We allowed small variations of +0.5 around the mean value of n = 2. This
would bracket the range of » in the simulations and allows us to obtain a better fit. Columns 5-7 list the same parameters for the second component,
whereas Cols. 8 and 9 list the central surface brightness and scale length for the outer exponential component. Columns 10-12 report the total
magnitude of the inner Sérsic (mr;) and outer components (mr, and mr3). Column 13 gives the total accreted mass fraction derived from our

three-component fit, while Cols. 14 and 15 report the transition radii between two fit components.

and initially have quasi-exponential density profiles, i.e. they are
late-type galaxies*. The high-energy (large apocentre) tails of
these distributions then diffuse outward slightly in radius follow-
ing relaxation in the near-equal mass ratio mergers that are re-
sponsible for making these massive galaxies early types by z = 0
(e.g. Hilz et al. 2012). Only very massive mergers (in terms of
total mass) affect the central regions of the potential in this way
(hence the preservation of stable discs with exponential profiles,
characteristic of ongoing dissipative star formation, as the domi-
nant structural component of LTGs). Even in very massive clus-
ters, most of the ~10 mergers that contribute significantly to the
observed light profile are associated with dark halos of relatively
low mass compared to the host (cluster) potential. Consequently,
even though each progenitors has roughly similar stellar mass,
most of these these mergers is (by the common convention) “mi-
nor”, and the inner part of the potential with the in situ stars is
rarely disturbed.

The results of these fits are shown in Fig. D.9 and the best-
fitting parameters are reported in Table 6. As already explained
in Sect. 5.2, even if we extract azimuthally averaged light pro-
files, the components fit to the radial profile are not necessarily
elliptical structures. From this plot it appears that, as argued by
Cooper et al. (2015), the radius Ry identified in Fig. D.7 marks
the transition between different accreted components in different
states of dynamical relaxation, rather than that between in situ
and accreted stars. We found that the Sérsic indices for the ac-
creted components in this case range between 1 and 2. These val-
ues appear somewhat lower than those reported by (Cooper et al.
2013), but this is most likely because we included a third com-
ponent that accounts for a significant fraction of the outermost
regions of the profile. In support of this, in Appendix C, we re-
port parameters obtained with this theoretically motivated ap-
proach without the outer exponential component, i.e. from a two-
component Sérsic fit in which the inner component is fixed to
n ~ 2. In that case the index of the outer component ranges
1.45 < ny < 6.10. We derived the total accreted mass fraction
Jn1 in Table 6 using the sum of both the “accreted” components
in our three-component fit. As discussed further in the next sec-
tion, this makes it easier to compare our results directly with
theoretical predictions for this quantity.

Huang et al. (2013) also report multicomponent fits of a
sample of 94 bright ETGs, but without imposing constraints
based on simulations. From their analysis they identified three

* This is by construction in the Cooper et al. models but obtained
self-consistently in hydrodynamical simulations such as those of
Rodriguez-Gomez et al. (2016).

subcomponents: a compact inner component, and intermediate
component, and an outer and extended envelope. All the sub-
components in their work had average Sérsic indices n ~ 1-2. In
our work we imposed a restricted range of models using numer-
ical simulations as “prior” or guide for the decomposition, sim-
ply to mitigate the degeneracy in multicomponent fits to ETG
profiles. Nevertheless, our approach gives results that are fully
consistent with Huang et al. (2013).

Moreover, looking at the rms scatter A, of each fit, we can
clearly see that by adding the third component we achieve an
improvement of at least 10% for each galaxy. Since the expected
value of A scales as V/(m — k)/m (see Seigar et al. 2007), where
m is the number of measured points (~70 in our case) and k is the
number of free parameters, we would need 18 free parameters to
obtain an improvement of 10%. This means that the improve-
ment we obtain in our fits is not only due to the introduction
of additional free parameters, as already shown by Seigar et al.
(2007).

6. Comparison with theoretical predictions
for accreted mass fractions

In the previous section, we identified inflections in the surface
brightness profiles of galaxies in our sample that may correspond
to transitions between regions dominated by debris from differ-
ent accreted progenitors (or ensembles of progenitors) in differ-
ent dynamical states. From our fitting procedure, we estimated
the contributions of outer exponential “envelopes” to the total
galaxy mass, which range from 28% to 60% for the galaxies in
our sample, and the fraction of total accreted mass, which range
from 83% to 95%.

We can convert these results to estimates of the stellar mass
fractions in the different components by assuming appropriate
stellar mass-to-light ratios. To obtain typical colours for the cen-
tral galaxies regions and for the outer envelopes, we measured
the mean g-i colour for each galaxy in regions where each of
those components dominates. The mean colours are reported in
Table 7 and are estimated for R, < R < 2R., where R, is the
effective radius derived by the two-component fit (see Table 4)
for the inner and outer component.

We derived the mass-to-light ratios corresponding to
the average colours, and hence the stellar mass of the
whole galaxy, outer envelope, and accreted component, via
the stellar population synthesis models (Vazdekis et al. 2012;
Ricciardelli et al. 2012) with a Kroupa IMF. These results are
summarized in Table 7.
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Table 7. Total and accreted stellar masses of galaxies in our sample.

Object (g =Din (€= Douw M/L)in (M/Lyow My M one Mol acreted
[mag] [mag] [Mo/Lol [Mo/Lo]l  [Mo] (Mo] [Mo]
NGC1399 1.2 0.8 52 0.6 58x10'" 3.7x10'" 4.9x 10"
NGC3923 1.3 1.4 6.2 9.1 1.5x 102 49x 10" 1.2x 102
NGC4365 1.1 0.9 34 09 43x10" 1.5x 10" 3.4x 10!
NGC4472 1.2 1.1 5.2 34 86x10'" 23x 10" 7.8x 10"
NGC5044 1.2 0.7 52 0.5 57x10" 23x 10" 45x10"
NGC5846 1.4 0.7 9.1 05 9.6x10'" 58x 10" 8.5x10!

Notes. Columns 2-5 show the mean, extinction corrected, (g-i) colour of the inner and outer regions of each galaxy and the relative mass-to-light
ratios in the g band. Columns 6 is the galaxy stellar mass, while Cols. 7 and 8 are the outer envelope and total accreted stellar masses, derived from
the second component of the two-component fit and from both the accreted stellar masses in the three-component fit, respectively.

In Fig. 5 we compare the accreted mass ratios we infer from
our observations (filled red triangles) with other observational
estimates for BCGs by Seigar et al. (2007), Bender et al. (2015)
and lodice et al. (2016), theoretical predictions from semi-
analytic particle-tagging simulations by Cooper et al. (2013,
2015), and the Illustris cosmological hydrodynamical simula-
tions (Rodriguez-Gomez et al. 2016). We find that the stellar
mass fraction of the accreted component derived for galaxies
in our sample is fully consistent both with published data for
other BCGs (despite considerable differences in the techniques
and assumptions involved) and with the theoretical models by
Cooper et al. (2013, 2015).

In the same figure we also include the halo mass fraction ob-
tained for NGC 1316, for which the VEGAS photometry will
be published in a forthcoming paper (Iodice et al., in prep.).
NGC 1316 is a peculiar galaxy in the Fornax cluster with a very
perturbed morphology. The presence of shells, tidal tails, and
dust indicates that the galaxy has undergone a recent interaction
event. The accreted mass fraction and total stellar mass for this
object are consistent with those of NGC 4472 and NGC 3923,
which also show peculiar features, such as shells and dust lanes,
and evidence of ongoing interactions.

In Fig. 5 we also compare the stellar mass fractions obtained
for the outermost exponential component of our multicompo-
nent fit (open red triangles) with the mass fraction associated
with unbound debris streams from surviving cluster galaxies in
the simulations of Cooper et al. (2015). We found that the mass
fraction in this component of our fits is consistent with these val-
ues from the simulations, suggesting that such components may
give a crude estimate of the mass distribution associated with dy-
namically unrelaxed components originating from disrupting or
recently disrupted galaxies, as argued by Cooper et al. (2015).

7. Discussion and conclusions

We have presented new deep photometry in the g and i bands
for four giant ETGs in the VST Early-type Galaxy Survey (VE-
GAS): NGC 3923, NGC4365, NGC 5044, and NGC 5846. In
particular, we studied the shapes of their surface brightness pro-
files to obtain evidence of structural variations that may constrain
their assembly history. We also combined the results of this pho-
tometric study with those presented in Paper I, for NGC 4472,
and in lodice et al. (2016), for NGC 1399.

The data used were collected with the VST/OmegaCAM in
March and April of 2015 within the Italian Guaranteed Time
Observation (GTO). The large field of view (FOV) of Omega-
CAM mounted on VST (one square degree), together with its
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high efficiency and spatial resolution, allows us to map the sur-
face brightness of galaxies out to many effective radii and to very
faint levels. We can therefore probe regions associated with the
faint stellar envelopes of these galaxies, which, due to their long
dynamical timescales, may retain signatures of their assembly
history.

Our analysis suggests that the surface brightness profiles of
the galaxies in our study are best reproduced by multicompo-
nent models. As already pointed out by Mendez-Abreu et al.
(2017), this kind of photometric decompositions need a “human-
supervised” approach, and the choice of the number of compo-
nents included in the fit is a relevant source of uncertainty. Since
the surface brightness profiles of many galaxies could be fit
equally well by a whole range of alternative models, the results
of these photometric decompositions, especially for featureless
early-type galaxies, strongly depends on the model adopted. We
took two approaches to constructing such models. Adopting an
empirically motivated, two-component approach most common
in the literature, we find that four of our six galaxies (NGC 3923,
NGC 4365, NGC 4472, and NGC 1399) can be modelled by an
inner Sérsic component and an outer exponential, while the other
two objects (NGC 5044 and NGC 5846) are best fitted with a
double Sérsic model. The inner Sérsic components for each
galaxy have an average effective radius r. ~ 12 kpc and Sér-
sic index n ~ 4.3, which is very similar to the values found
(with a similar fitting philosophy) by Gonzalez et al. (2003) and
Donzelli et al. (2011), i.e. r. ~ 5-15 kpc and n ~ 4.4.

We also used an alternative approach, which is motivated
by the predictions of numerical simulations, in which we fitted
the surface brightness profiles of our galaxies with three com-
ponents: two dominant Sérsic components and an outer expo-
nential component. To mitigate some of the degeneracy in this
approach, we fixed the Sérsic index of the inner component to a
representative value from simulations. In those simulations, this
component corresponds to a mixture of stars formed in situ and
the remnants of mergers are subject to violent relaxation. Com-
pared to the traditional empirical fit, this approach allows us to
make a more meaningful estimate of the total contribution of ac-
creted stars. The accreted stellar mass fractions that we infer for
galaxies in our sample with this approach are consistent with the
theoretical predictions of Cooper et al. (2013), in which the frac-
tion of accreted stars, and hence the Sérsic index of the overall
surface brightness profile, increase strongly with stellar mass.

The most massive galaxies in our study, NGC 3923 and
NGC 4472, are in the mass range typically identified with BCGs
and ICL phenomena, as is NGC 1316 (Iodice et al., in prep.).
These three galaxies show clear signs of ongoing interaction and
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Fig. 5. Accreted mass fraction vs. total stellar mass for ETGs. Our VEGAS measurements are given as red filled and open triangles (see text for
details). Black circles correspond to other BCGs from the literature (Seigar et al. 2007; Bender et al. 2015; Iodice et al. 2016) and the magenta
dot represents NGC 1316 (Iodice et al., in prep.). Red and blue regions indicate the predictions of cosmological galaxy formation simulations by
Cooper et al. (2013, 2015) and Rodriguez-Gomez et al. (2016), respectively. Purple-grey points show the mass fraction associated with the streams
from Table 1 in Cooper et al. (2015) for comparison to the observations shown by open symbols.

recent accretion events, indicating that their outer regions are
still being assembled, which is consistent with theoretical expec-
tations for such galaxies (e.g. Cooper et al. 2015). In this regard
it is interesting that the mass fractions in the exponential compo-
nents of our two-component profile decompositions are in good
agreement with the mass fractions associated with streams from
surviving galaxies in the simulations of Cooper et al. (2015).
This suggests these outer exponential components may give a
crude estimate of the stellar mass fraction associated with re-
cently disrupted galaxies. We find values for this fraction rang-
ing from 28% to 64%.

Previous works, for example by Gonzalez et al. (2005) and
Zibetti et al. (2005), have identified outer components similar to
those in our fits with so-called diffuse intracluster light (ICL).
Typical claims for the mass fractions in ICL range from 10-30%.
From a theoretical perspective, it is not clear that it is physically
meaningful to attempt to distinguish such a component from
the outer envelopes of BCGs (see for example the discussion
in Cooper et al. 2015). A wide variety of definitions of ICL have
been adopted in both the observational and theoretical literature,
and according to many of these studies, such components cannot
be unambiguously identified from photometry alone. We there-
fore leave open the question of how the outer-component light
fractions we derive relate in detail to previous claims regarding
the nature of ICL.

For all the galaxies in our study we can identify at least
one inflection in the surface brightness profile. These inflec-
tions occur at very faint surface brightness levels (24.0 < u, <
27.8 mag/arcsec?). They appear to correlate with changes in the

trend of ellipticity, position angle, and colour with radius, where
the isophotes become flatter and misaligned and the colours be-
come bluer beyond the inflections. This suggests that these in-
flections mark transitions between physically distinct compo-
nents (or ensembles of similar components) in different states of
dynamical relaxation. This sense of the surface brightness inflec-
tion is upward (i.e. a break to a shallower slope) in NGC 3923,
NGC 4365, and NGC4472, and downward (i.e. a break to a
steeper slope) in the other galaxies.

A variety of possible interpretations for such features have
been suggested based on theoretical models. Upward inflections
(shallower outer slopes) might reflect transitions between ei-
ther an inner in situ-dominated region and an outer accretion-
dominated region, or else between two accreted components
(Abadi et al. 2006; Font et al. 2011). Downward inflections can
occur within the profiles of debris from a single progenitors
alone, corresponding to the characteristic apocentric radius of its
stars (Cooper et al. 2010; Deason et al. 2013; Amorisco 2017)
and therefore need not represent a transition between two sep-
arate components; however they need not always correspond to
a single progenitor because they can also be created by a drop
in the density of only one of a small number of contributions
having a roughly equal density interior to the break. It has been
claimed that the strength and radius of downward inflections in
the accreted component encode information on the number of
progenitors as well as the orbital properties of the dominant pro-
genitor and its disruption timescale. For example, Deason et al.
(2013) examine aspects of these relationships in the context of
satellite accretion onto Milky Way analogues and claim that the
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properties of the break can be used to infer the accretion time
of the progenitor. In massive ETGs the picture is further compli-
cated by violent relaxation of the central potential (e.g. Hilz et al.
2012).

Since there are many ways to produce these inflections, any
given profile might in principle be expected to have several in-
flections in both directions. In practice (as seen in the profile
decompositions in Cooper et al. 2010, 2015) the fact that the
accreted component is the superposition of many contributions
tends to blur out most of the individual dynamical downward
inflections, but nevertheless to preserve a (more gradual) aver-
age steepening of the profile to larger radius. In support of such
predictions, D’Souza et al. (2014) found that the transition ra-
dius between the different accreted components, Ry, varies sys-
tematically with the stellar mass, which is on average smaller
for more massive galaxies, in agreement with the trends pre-
dicted by Cooper et al. (2013), Rodriguez-Gomez et al. (2016).
We also find a possible correlation between the slope of the sur-
face brightness profiles beyond the inflection point and the den-
sity of the field around each galaxy, indicating that objects in
more dense fields (hence perhaps more massive dark matter ha-
los) have steeper outer profiles.

For our galaxies with upward profile inflections, the inflec-
tion point is well beyond 2R., suggesting that these features are
attributable to an excess in the number of weakly bound stars
with large orbital apocentres, perhaps associated with more re-
cent accretion events. We do not observe significant changes in
surface brightness or other properties at the transition point be-
tween the inner two components of our theoretically motivated
three-component fits. This is perhaps not surprising because sim-
ulations predict that the in situ accreted transition is hardly no-
ticeable in very massive galaxies, for the most part because the
in situ stars account for a relatively small fraction of the total
mass even in the bright body of the galaxy. In the most mas-
sive galaxies, the accreted mass is expected to be made up from
~10 significant contributions with roughly similar mass, and of
a similar mass to the in situ component; this is in contrast to
Milky Way-mass galaxies, which are expected to have stellar ha-
los dominated by only one or two progenitors much less massive
than the in situ contribution (Cooper et al. 2013). Moreover the
same models predict that the ages and metallicities of in situ stars
in massive ETGs are quite similar to those of the most signifi-
cant “relaxed” accreted components (De Lucia & Blaizot 2007;
Cooper et al. 2013).

It is encouraging that we see a variety of profile inflections in
our photometric investigation of this small subset of the VEGAS
sample and that these are broadly consistent with the expecta-
tions of state-of-the-art theoretical models. Our results suggests
that with the complete sample of extremely deep surface bright-
ness profiles from the full survey, we will be able to investigate
the late stages of massive galaxy assembly statistically, thereby
distinguishing dynamically evolved systems from those that are
still reaching dynamical equilibrium and probing the balance be-
tween in situ star formation and accretion across a wide range of
stellar mass. This is a promising route to constraining cosmolog-
ical models of galaxy formation such as those we have compared
with here, which predict fundamental, relatively tight correla-
tions between the present-day structure of massive galaxies and
the growth histories of their host dark matter halos.
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Appendix A: Masking of bright sources

Fig. A.1. VST g-band mosaic of NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846, showing the masking of bright sources
in the field.
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In Fig. A.1, we show the masks used in this work for
the photometric analysis of NGC 1399, NGC 3923, NGC 4365,
NGC 4472, NGC 5044, and NGC 5846, respectively. All sources
have been masked out by using EXAM® (Huang et al. 2011),
a programme based on SExtractor (Bertin & Arnouts 1996),
which was developed to accurately mask background and fore-
ground sources, reflection haloes, and spikes from saturated
stars.

Appendix B: Surface brightness profiles
in azimuthal sectors

We measured the surface brightness profiles for each galaxy in
four azimuthal sectors to test the reliability of the profile mea-
surements at large galaxy radii and to quantify the combined
systematic uncertainties due to masking, assumption of ellipti-
cal isophotes, stray light, etc. The same has already been already
done for NGC 1399 by lodice et al. (2016).

5> ExAM is a code developed by Z. Huang during his PhD. A detailed
description of the code can be found in his Ph.D. thesis, available at the
following link: http://www.fedoa.unina.it/id/eprint/8368

We found that the surface brightness profiles in the outskirts
of almost all galaxies are on average the same as the azimuthally
averaged profiles. The only exception is NGC 5044 in the SW
sector, where it shows an excess of light. Such excess is ob-
served at bright magnitudes (~25 mag/arcsec®) and it is in the
direction where most of the galaxies belonging to the group are
located. Since NGC 5044 belongs to a fossil group of galaxies
(Faltenbacher & Mathews 2005), the excess of light observed in
the SW direction could be the signature of the presence of intra-
cluster light.
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Fig. B.1. VST g-band surface brightness profiles of NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846, extracted in azimuthal sectors
and compared with the azimuthally averaged profile. The red line is the average profile, while the dashed lines indicate the location of the transition

radii.
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Appendix C: Two-component models fixing
the innnermost (in situ) component

In Sect. 5.3 we presented three-component fits to our sample of
ETG light profiles using a theoretically motivated constraint on

stars) when we do not include an exponential outer component.
The parameters obtained in this way are more directly compara-
ble to those of other work using two-component fitting (e.g., in
particular, the higher values of n,), but they are less representa-
tive of the behaviour of the outermost part of the profiles in our

the Sersic index of the innermost component (representing stars

formed in situ) and the outermost component (representing unre-
laxed debris). In Fig. C.1 and Table C.1 we present analogous re-
sults for the dominant component (representing relaxed accreted

Table C.1. Best-fitting structural parameters for a two-component fit in which # for the inner (in situ) component is fixed.

deep observations.

Object Hel Tel ny He2 Te2 ny mry  mrp i
[mag/arcsecz] [arcsec] [mag/arcsecz] [arcsec] [mag] [mag]

NGC1399 19.76 +0.06 1948+0.89 2 24.60+0.06 382+11 145+0.08 9.92 8.30 82%
NGC3923 2041+0.14 1734190 2 2411+£0.15 215+16 336+045 10.83 9.06 84%
NGC4365 20.06+024 10.72+1.60 2 2356+0.15 159 +11 396+036 11.52 9.17 90%
NGC4472 21.08 033 3995+750 2 2532+049 547+118 6.10+0.69 9.68 824 T9%
NGC5044 22.16 +£0.05 303+1.8 25 27.03+£0.17 678«55 154+027 1080 949 77%
NGC5846 21.11 +£0.16 18.9 + 1.1 2 2687+028 757+101 547+068 11.34 9.09 89%

Notes. Columns 2—4 report effective magnitude, effective radius, and Sérsic index for the inner component of each fit. The Sérsic index for the in
situ component has been fixed to n ~ 2 using the models as a prior (Cooper et al. 2013). We allowed small variations of +0.5 around the mean
value of n = 2. This would bracket the range of » in the simulations and allows us to obtain a better fit. Columns 5-7 list the same parameters for
the outer Sérsic component. Columns 8 and 9 report the total magnitude of the inner (mr,) and outer Sérsic component (m1,). Column 12 gives
the relative fraction of the outer component with respect to the total luminosity of the galaxy.
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Fig. C.1. VST g-band profiles of NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846 plotted on a logarithmic scale. The
blue line indicates a fit to the outer regions. The magenta line indicates a fit to the inner regions with a Sérsic profile with n fixed from theory
(Cooper et al. 2013), and the black line indicates the sum of the components in each fit. The dotted line indicates the core of the galaxy (R ~ 2
arcsec), which was excluded in the fit.
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Fig. D.2. Same as Fig. D.1 for NGC 4365. The V-band surface brightness profile by Kormendy et al. (2009, magenta points in the bottom panel)
was shifted by +0.2 mag to match the amplitude of the VEGAS profile.

A38, page 22 of 29


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629111&pdf_id=10

M. Spavone et al.: Stellar halos of giant ETGs

NGC 4472

T 1 T ] W T T T
g Kcﬁ?ﬁg}fdy oy : : E 1 :-- l.........' ig:;:zcg;l['[5 ]

4 - : :i _ Ty .-'-- 1 |
wﬂil- [ : :! ] i "“\.“' .. i i ]
I i lllm.ml'“:""' ] - : : |
. M - B 1 | .

oz P&‘"I I .I!; : : :
g3 | I{: YOl J : ]
HH————HH————H :: ::::"r:': g | ! ! |
o | { { T T : 1 I: 7 E | 1 : )
—10 | {I i i 7] I& | : I. i }
.E. .ﬂ!a ; : E{ : | : ‘:i}: J
R S N
—_— - : &. : J L : F| -

Fol o - o
L . )
—gp il v v .: .......iq| L AT B R T TIT BE S A AT I T | .: ‘......l: L

0.01 0.1 1 10 0.01 0.1 1 i0

R [arcmin] R [arcmin]

Fig. D.3. Same as Fig. D.1 for NGC 4472. The V-band surface brightness profile by Kormendy et al. (2009, magenta points in the bottom panel)
was shifted by +0.33 mag to match the amplitude of the VEGAS profile.
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Fig. D.4. Same as Fig. D.1 for NGC 5044.
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Fig. D.5. Same as Fig. D.1 for NGC 5846. The V-band surface brightness profile by Kronawitter et al. (2000, magenta points in the bottom panel)
was shifted by +0.23 mag to match the VEGAS result.
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Fig. D.6. VST g-band profiles of NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846 plotted on a logarithmic scale. The
black line is a fit to the surface brightness profiles with a single Sérsic law. The dashed line indicates the core of the galaxy (~1.5 x FWHM),

which has been excluded in the fit.
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Fig. D.7. VST g-band profiles of NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 5846 plotted on a logarithmic scale. The
blue line is a fit to the outer regions with an exponential component, for NGC 1399, NGC 3923, NGC 4365, and NGC 4472, and with a Sérsic
component for NGC 5044 and NGC 5846. The magenta line is a fit to the inner regions with a Sérsic profile, and the black line is the sum of the
components in each fit. The dashed lines indicate the core of the galaxy (1.5 X FWHM), which was excluded in the fit, and the transition point
between the two components, respectively.
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Fig. D.8. Same as Fig. D.7, in linear scale as a function of R/R.. In the small boxes, the enlarged portions of the inner regions in a log radius scale

NGC 3923

20 - —
%
[
£ R
a
. 1
¥
E = —
e
Total
Exponential
Sersic n=3.8
A0 <
N
| I T N N SR
0 2 4 L} a 10
R/R,
NGC 4472
20 |-
LN
3
¢
i
3
E ®
e
Total
Exponential
Sersic n=4.27
e —
N TN T N SN SN TN AT SN SN T TN R SO N T T S N
[+ 2 14 L} a 10
R/R,
NGC 5848

#, [mag/naroaec?]
]
T

Ao -

Total
Sersic n=5.30
Sersic n=0.40

R/R,

are shown and the dashed lines indicate the cores of the galaxies (~1.5 x FWHM), which have been excluded from the fit.
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Fig. D.9. VST g-band profiles of NGC 1399, NGC 3923, NGC 4365, NGC 4472, NGC 5044, and NGC 57.546, fitted with a three-component model
motivated by the predictions of theoretical simulations.

A38, page 29 of 29


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629111&pdf_id=17

