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ABSTRACT

We present a technique that permits the analysis of stellar population gradients in a relatively low-cost way compared to integral field
unit (IFU) surveys. We developed a technique to analyze unresolved stellar populations of spatially resolved galaxies based on pho-
tometric multi-filter surveys. This technique allows the analysis of vastly larger samples and out to larger galactic radii. We derived
spatially resolved stellar population properties and radial gradients by applying a centroidal Voronoi tessellation and performing a
multicolor photometry spectral energy distribution fitting. This technique has been successfully applied to a sample of 29 massive
(M, > 10'%3 M,) early-type galaxies at z < 0.3 from the ALHAMBRA survey. We produced detailed 2D maps of stellar popu-
lation properties (age, metallicity, and extinction), which allow us to identify galactic features. Radial structures were studied, and
luminosity-weighted and mass-weighted gradients were derived out to 2-3.5 R.;. We find that the spatially resolved stellar population
mass, age, and metallicity are well represented by their integrated values. We find the gradients of early-type galaxies to be on average
flat in age (Vlog Ager = 0.02 + 0.06 dex/R.¢) and negative in metallicity (V[Fe/H], = —0.09 + 0.06 dex/R.g). Overall, the extinction
gradients are flat (VA, = —0.03 + 0.09 mag/R. ) with a wide spread. These results are in agreement with previous studies that used
standard long-slit spectroscopy, and with the most recent IFU studies. According to recent simulations, these results are consistent
with a scenario where early-type galaxies were formed through major mergers and where their final gradients are driven by the older
ages and higher metallicity of the accreted systems. We demonstrate the scientific potential of multi-filter photometry to explore the
spatially resolved stellar populations of local galaxies and confirm previous spectroscopic trends from a complementary technique.

Key words. galaxies: evolution — galaxies: formation — galaxies: photometry — galaxies: elliptical and lenticular, cD

1. Introduction

* Based on observations collected at the German-Spanish Astronom-  L-4Ig€ SPECtroscopic surveys such as the Sloan Digital Sky Sur-
ical Center, Calar Alto, jointly operated by the Max-Planck-Institut fir ~ Vey (SDSS; York et al. 2000), the Galaxy and Mass Assembly
Astronomie (MPIA) at Heidelberg and the Instituto de Astrofisica de  project (GAMA; Driver et al. 2011), or the 2dF Galaxy Redshift
Andalucia (CSIC). Survey (2dFGRS; Colless et al. 2001) dramatically improved
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our understanding of galaxy formation in the local Universe.
Through the analysis of sensitive absorption lines or via full
spectral fitting techniques, we can derive galaxy properties such
as the star formation history, chemical content, or stellar mass.
However, these large galaxy surveys are restricted to single-
aperture observations per galaxy and are usually limited to their
central regions. Large photometric surveys are in general also
restricted to global galaxy information since they mostly rely
on integrated photometry. Internal inhomogeneities of a galaxy,
such as radial age and metallicity gradients, are the results of its
star formation and enrichment history. Therefore, spatially re-
solved studies of galaxies are essential to uncover the formation
and assembly of local galaxies.

Early attempts to study radially resolved stellar popula-
tions are based on multiwavelength broadband photometry (e.g.,
MacArthur et al. 2004; Wu et al. 2005; La Barbera et al. 2005,
2010; Tortora et al. 2010; Muiioz-Mateos et al. 2011) as well
as long-slit spectroscopy for nearby galaxies (e.g., Gorgas et al.
1990; Davidge 1992; Sanchez-Blazquez et al. 2006, 2007, 2011;
MacArthur et al. 2009). Several line-strength gradient stud-
ies on early-type galaxies (e.g., Gonzalez & Gorgas 1995;
Tantalo, et al. 1998; Koleva et al. 2011; Sanchez-Blazquez et al.
2006) show mean flat or slightly positive age gradients.

Theoretically, shallow metallicity gradients are expected if
major mergers are a key factor in the formation of elliptical
galaxies (Kobayashi 2004). On the other hand, minor mergers of
low-mass and metal-poor galaxies can change the age and metal-
licity radial structure of the already formed galaxy as it increases
in size. Different ingredients such as galactic winds, metal cool-
ing, or AGN feedback can have important effects that modify
the initial formation scenario and produce a different behav-
ior of the galaxy assembly and the resulting radial gradients of
the present stellar population (Gibson et al. 2013; Hopkins et al.
2013; Hirschmann et al. 2013, 2015). These theoretical works
show that more detailed observational data containing spatial
information are required to further constrain the formation his-
tory and the different mechanisms involved in the assembly of
galaxies.

The arrival of integral field spectroscopy (IFS) has brought a
significant breakthrough in the field. The first generation of IFS
surveys, which targeted one galaxy at a time, has been completed
(SAURON, de Zeeuw et al. 2002; VENGA, Blanc et al. 2010;
PINGS, Rosales-Ortega et al. 2010; ATLAS3P, Cappellari et al.
2011; CALIFA, Sanchez et al. 2012; DiskMass, Bershady et al.
2010). Currently, a new generation of multiplexed IFS surveys,
which can observe multiple galaxies simultaneously, has started
(SAMLI, Bryant et al. 2015; MaNGA, Bundy et al. 2015). These
IFS surveys allow detailed internal analyses through multiple
spectra of each galaxy by creating a 2D map of the object. Re-
cent studies using data from CALIFA provided the most com-
prehensive results so far regarding the radial variations of the
stellar population and star formation history of nearby galax-
ies. Results from this survey support an inside-out scenario
of galaxy formation through different studies (e.g., Pérez et al.
2013; Sanchez et al. 2014; Sanchez-Blazquez et al. 2014). Us-
ing a sample of 107 galaxies, Gonzdlez Delgado et al. (2014)
studied the radial structure of the stellar mass surface density
as well as the age distribution as a function of morphology and
mass. Negative radial gradients of the stellar population ages (in-
ner regions older than outer ones) are present in most of the
galaxies, supporting an inside-out formation. However, the au-
thors find a clear trend with galaxy mass when galaxies are sep-
arated into early-type and late-type systems. In a more extended
galaxy sample, Gonzdlez Delgado et al. (2015) confirmed this
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inside-out scenario, but found that age gradients at larger dis-
tances (R > 2 Reg, i.e., half-light radius) are only mildly nega-
tive or flat, indicating that star formation is more uniformly dis-
tributed or that stellar migration is important at these distances.
They also found mildly negative metallicity gradients, shallower
than predicted from models of galaxy evolution in isolation.

Using a small sample of 12 galaxies produced during the
MaNGA prototype (P-MaNGA) observations, Li et al. (2015)
obtained maps and radial profiles for different age-sensitive
spectral indices which suggest that galaxy growth is a smooth
process. Wilkinson et al. (2015) found by performing full spec-
tral fitting of P-MaNGA data that the gradients for galaxies iden-
tified as early-type are on average flat in age and negative in
metallicity. Most recently, the MaNGA survey (Goddard et al.
2017) used a large representative sample of ~500 galaxies
and reported that early-type galaxies generally exhibit shallow
luminosity-weighted age gradients and slightly positive mass-
weighted median age gradients, which points to an outside-
in scenario of star formation. On the other hand, Zheng et al.
(2017) also used MaNGA data, but different spectral fitting rou-
tines and different stellar population models, and found mean
ages and metallicity gradients to be slightly negative, consistent
with the inside-out formation scenario. These MaNGA studies
are restricted to R < 1.5 R and a redshift range of 0.01 < z <
0.15 with a median redshift at z ~ 0.03. The conclusions of these
diversity of IFU and long-slit spectroscopy studies are not fully
consistent, so that a substantially larger sample size, analyzing
larger galactocentric distances and higher redshifts, will help us
to restrict the radial gradients and also restrict the formation sce-
nario of these objects.

Currently, the number of multi-filter surveys is signifi-
cantly increasing (e.g., COMBO-17, Wolf et al. 2003; ALHAM-
BRA, Moles et al. 2008; PAU, Castander et al. 2012; SHARDS,
Pérez-Gonzalez et al. 2013: J-PAS, Benitez et al. 2014; J-PLUS,
Cenarro et al., in prep.). Half-way between classical photometry
and spectroscopy, these surveys will build a formidable legacy
data set by delivering low-resolution spectroscopy for every
pixel over a large area of the sky. Although multi-filter observ-
ing techniques suffer from the lack of high spectral resolution,
their advantages over standard spectroscopy are worth listing:
1) a narrow-/medium-band filter system provides low-resolution
spectra (e.g., resolving power ~50 for J-PAS) that result in an ad-
equate sampling of galaxy spectral energy distributions (SEDs),
2) no sample selection criteria other than the photometric depth
in the detection band result in a uniform and non-biased spatial
sampling that allows environmental studies, 3) the techniques
have an IFU-like character, allowing a pixel-by-pixel investi-
gation of extended galaxies, 4) the large survey areas lead to
much larger galaxy samples than multi-object spectroscopic sur-
veys, and 5) they have a much greater multiplexing advantage in
terms of galaxy-pixels per night than multiplexed IFU surveys.
Furthermore, direct imaging is more efficient than spectroscopy,
so that multi-filter surveys are generally deeper than traditional
spectroscopic studies (i.e., they provide better access to galaxy
outskirts).

It is therefore clear that multi-filter surveys open a way to
improve our knowledge of galaxy formation and evolution that
complements standard multi-object spectroscopic surveys. Dur-
ing the past few years, several SED fitting codes have been devel-
oped to compensate for the peculiarities of multi-filter surveys
(see Molino et al. 2014; Diaz-Garcia et al. 2015). These codes
are specifically designed to analyze the stellar content of galax-
ies with available multi-filter data. To fully exploit the capabil-
ities of multi-filter surveys, we have implemented a technique
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that combines these multi-filter SED fitting codes with an ade-
quate spatial binning (e.g., Voronoi tessellation). This approach
allows us to analyze unresolved stellar populations of spatially
resolved galaxies based on large-sky multi-filter surveys. In this
paper we present this technique. In order to prove and test the
reliability of our method, we present a 2D analysis of the stellar
populations for a sample of early-type galaxies observed by the
ALHAMBRA survey (Moles et al. 2008).

This paper is organized as follows. Section 2 gives a brief
overview of the ALHAMBRA survey and of the photometric
properties of our sample. In Sect. 3 we describe the technical
aspect of the implemented method and present the 2D maps of
age, [Fe/H], and A,. Section 4 describes the integrated properties
for our sample galaxies and analyzes the potential degeneracies.
Section 5 presents the radial profiles and gradients. We discuss
the results in Sects. 6 and 7 presents the conclusions. Throughout
this paper we assume a ACDM cosmology with Hy = 70 kms™!,
Qum = 0.30, and Q4 = 0.70.

2. Sample

The ALHAMBRA survey is a multi-filter survey carried out with
the 3.5 m telescope in the Calar Alto Observatory (CAHA) us-
ing the wide-field optical camera LAICA and the near-infrared
(NIR) instrument Omega-2000. ALHAMBRA uses a specially
designed filter system that covers the optical range from 3500 A
to 9700 A with 20 contiguous equal-width (FWHM ~ 300 A)
medium-band filters, plus the three standard broadbands, J, H,
and K, in the NIR. The survey spans a total area of 4 deg” over
eight non-contiguous regions of the northern hemisphere. This
characteristic filter set provides a low-resolution 23-band pho-
tospectrum corresponding to a resolving power of ~20. The fi-
nal survey parameters and scientific goals, as well as the techni-
cal requirements of the filter set, were described by Moles et al.
(2008). The full characterization, description, and performance
of the ALHAMBRA optical photometric system was presented
in Aparicio Villegas et al. (2010). For details about the NIR data
reduction see Cristébal-Hornillos et al. (2009), while the optical
reduction is described in Cristébal-Hornillos et al. (in prep.). We
note that of the total ALHAMBRA survey area, only 2.8 deg?
have been analyzed and publicly released. We make use of these
observations to test and prove the reliability of our method.
Thes? observations are available through the ALHAMBRA web
page .

The selection criterion of our initial sample is based on
visual morphology and apparent size. In this work, we focus
on the analysis of early-type galaxies (spheroidal galaxies) for
simplicity. For the purposes of this early paper, we are inter-
ested in a high-quality sample of the largest and brightest galax-
ies. Morphological catalogs based on objective algorithms (e.g.,
Povic et al. 2013) are very successful, but are incomplete for
very extended objects. This effect means that some of the ob-
vious ideal objects on which to test our method are not included
in these catalogs. For this reason, a visual inspection was chosen
to identify our sample. The standard separation between early-
type galaxies and spiral galaxies is entirely based on the presence
of spiral arms or extended dust lanes in edge-on galaxies (e.g.,
de Vaucouleurs et al. 1991). This nearly universal definition of
early-type galaxies is adopted in this paper. In order to prop-
erly bin each galaxy, we also required a minimum apparent size
of every object. As a size indicator we determined the equiva-
lent radius as Req = V(A/m), where A is the isophotal aperture

I http://alhambrasurvey.com/

area in the ALHAMBRA catalog (Molino et al. 2014). Early-
type galaxies that occupy an equivalent radius of Req > 20 pix-
els were selected. This selection criterion restricts this work to
the study of early-type galaxies located at z < 0.3. This selec-
tion provides an initial sample of 58 early-type galaxies. After
the Voronoi tessellation (see Sect. 3.2), galaxies whose signal-
to-noise ratio (S/N) was too low to provide a reasonable 2D map
were rejected. This last cut led a final sample of 29 early-type
galaxies with high enough quality for our analysis. This very re-
stricted quality cut is based exclusively in the inspection of the
final radial profiles and maps to limit the sample to well-mapped
objects. Although our final sample is not complete in mass or
redshift, these selection criteria identify ideal objects for testing
the method and at the same time preserve a reasonable number of
objects. We note, however, that without applying a volume cor-
rection or completeness study, this sample does not represent the
local galaxy population. Table A.1 presents the stellar properties
of the final sample.

Figure 1 shows redshifts, masses, isophotal aperture areas,
and colors (mp3zssw — mpssow) of our final sample derived from
the ALHAMBRA catalog (Molino et al. 2014). To characterize
the final sample, we overplotted the total ALHAMBRA sample
and our initial sample of 58 early-type galaxies. Panel a in Fig. 1
shows that galaxies removed during the S/N quality check corre-
spond to galaxies beyond z ~ 0.25. For comparison, the CALIFA
parent sample is selected in a redshift range of 0.005 < z < 0.03.
P-MaNGA galaxies are located at z < 0.06, although the fi-
nal MaNGA survey covers a range between 0.01 < z < 0.15.
Panel d revels that 4 galaxies of our final sample have a blue
color (mg3zssw — mpssow < 1.7) and do not populate the so-
called red sequence. This is indicative of current star formation,
and we expect younger stellar populations in these 4 galaxies.
Figure 2 presents the color images of the 29 massive early-type
galaxies analyzed in this study. From Fig. 1, we conclude that
our sample of galaxies comprises massive early-type galaxies at
0.05<z<0.3.

3. Method

The method used in the analysis can be summarized in four main
steps: the homogenization of the point-spread function (PSF),
the spatial binning of each object, the determination of the dif-
ferent stellar populations through the SED fitting of each bin, and
finally, the representation of the 2D maps. The homogenization
of the PSF ensures a homogeneous photometry. The spatial bin-
ning technique used in the analysis is the centroidal Voronoi tes-
sellation. For the SED fitting, we used the MUFFIT code (MUIti-
Filter FITting in photometric surveys; Diaz-Garcia et al. 2015).
In this section we describe each step in detail.

3.1. PSF homogenization

One of the challenges faced by data management of current large
surveys is to provide homogeneous photometry and morphol-
ogy for a large number of objects over large areas of the sky.
To perform good-quality multicolor photometry, it is necessary
to sample the same physical region of the galaxy taking into ac-
count the smearing produced by the different PSFs of each filter.
These PSF variations may produce artificial structure that could
bias our results (Bertin 2011). To avoid this problem, we have
developed a method to analyze, characterize, and homogenize
the PSF using the code PSFEx (Bertin 2013).

We first analyze the seeing of every image and choose a tar-
get PSF for the homogenization. The algorithm allows the user
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Fig. 1. Properties of the analyzed sample from the ALHAMBRA catalog. a) Best photometric redshift distribution, b) stellar mass distribu-
tion, ¢) mass versus isophotal area relation, and d) color (mpsssw — Mrssow) versus stellar mass diagram. Gray symbols correspond to the total
ALHAMBRA sample. Dashed histograms and open circles correspond to our initial sample, and blue histograms and symbols correspond to our
final sample of 29 early-type galaxies after quality control cuts. The dashed black line represents the arbitrary red sequence-blue cloud division at

Mmpsssw — Messaw < 1.7.

to choose the target PSF of the analyzed images. For this specific
case, the worst (widest) PSF value of the image set was chosen
for the homogenization. After selecting the target PSF, we gen-
erate a homogenization kernel that depends on the image posi-
tion by running SExtractor (Bertin & Arnouts 1996) and PSFEx
(Bertin 2013) in every image. To generate the homogenization
kernel, PSFEx performs a y? minimization to fit the target PSF.
A 2D Moffat model is used as an homogenization kernel. Af-
ter determining the variable PSF models, we convolve each im-
age with its corresponding kernel using a fast Fourier transform
(FFT). Although the method penalizes computer resources, it in-
creases the speed of the process in large images. The homog-
enization process allows image combinations and photometry
measurements to be more consistent at the expense of degrading
some images. Therefore it is important to apply the method to a
set of images with similar quality. Finally, we need to take into
account that the homogenization process has consequences in
the image noise, producing pixel-by-pixel correlations. To cor-
rect for this, the algorithm recalculates the noise model of the
images following the procedure described in Labbé et al. (2003)
and Molino et al. (2014). For square apertures of different areas,
the algorithm makes a high number of measurements of the sky
flux in each aperture. The side of each square aperture varies
from 2 to 30 pixels. A Gaussian fit is made to the resulting his-
togram, and the sky noise in an aperture of N pixels is modeled.
Using apertures at different locations on the images, but also dif-
ferent aperture sizes, we account for the pixel-by-pixel correla-
tion. This recalculated noise model has been used for computing
the photometric errors.
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3.2. Centroidal Voronoi tessellation

Spatial binning is a widely used technique to reach a re-
quired minimum S/N for a reliable and unbiased extraction of
information. Given the large variations in the S/N across the de-
tector, ordinary binning and smoothing techniques are not suit-
able to capture detailed structure. Cappellari & Copin (2003)
tested different methods of adaptively binning IFS data and con-
cluded that the centroidal Voronoi tessellation (CVT) is the opti-
mal algorithm that solves the 2D binning problems. We used this
binning scheme that adapts the size of the bin to the local S/N
(e.g., larger bins were applied in regions with a low S/N, while a
higher resolution was retained in parts with a high S/N). Follow-
ing their prescription, we extended the adaptive spatial binning
of IFS data proposed to photometric imaging data.

Before the CVT, a mask was applied to determine the area
of the object to be analyzed. When the area is too small, we
lose information of the outskirts. When the area is too large,
it includes regions with low S/N and the tessellation will not
satisfy the morphological and uniformity requirements in the
outer parts. Neither situation will produce an optimal tessella-
tion, therefore we need to reach a compromise between the reso-
lution and the S/N achieved. All pixels inside the Kron radius of
filter F365W, Rxion, Were selected for the CVT. Ry is defined
by SExtractor as a flexible elliptical aperture that confines most
of the flux from an object and has been empirically tested to en-
close >90% of the object light. When secondary objects were
present in the image, they were masked to avoid contaminating
light. An area of 1.5 R of each secondary objects was masked
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Fig. 2. Color images of the 29 massive early-type galaxies analyzed in this paper. Each image corresponds to 22" x 22" centered on each target.
The number of each image corresponds to the ID from Table A.1.

during the analysis. R is defined as the half-light radius, that (c) the potential new bin S/N would not deviate from
is, the radius containing 50% of the object light. R.g was always the target S/N by more than the current bin.
defined from the synthetic F§7/4W images created to emulate the When the candidate pixel fulfills these criteria, it is
analogous band of the Advanced Camera for Surveys (ACS) on- binned to the current bin. Return to step (ii).
board the Hubble Space Telescope (HST). These images are cre- (iv) Complete the addition of pixels to the current bin and
ated as a linear combination of individual filter images and are start a new bin from the unbinned pixel closest to the
used in ALHAMBRA for detection and completeness purposes centroid of the last bin. Return to step (ii) until all pix-
(Molino et al. 2014). els are processed as successful and added to a bin or as
The CVT algorithm is divided into three different phases: unsuccessful and classified as unbinned.
o Phase II: Reassigning phase.
e Phase I: Accretion phase. (v) Evaluate the mass centroid of all the successful identified
(1) Start the first bin from the highest S/N pixel of the image. bins and reassign the unsuccessfully binned pixels to the
(ii) Evaluate the mass centroid of the current bin. closest of these bins.
(iii) Select a next pixel as candidate to be included in the cur- (vi) Recompute the centroid of each final bin.
rent bin and analyze the following conditions: e Phase III: Equi-mass CVT.
(a) the candidate pixel is adjacent to the current bin; (vii) Use the previous centroids as initial generators to per-
(b) the roundness (R.) of the bin would remain smaller form a Voronoi tessellation.
than 0.3, where R. = ™ — [, 1y, is the maximum  (viii) Determine the mass centroids of the Voronoi regions ac-
distance between the centroid of the bin and any of cording to p = (S /N)? to force-generate bins that enclose
the bin pixels, and r is the radius of a disk of the equal masses according to that density. Use this new set
same area as the whole bin; of centroids as new generators.
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(ix) Iterate over step (vii) until the old and the new generators
converge.

This optimal binning scheme satisfies the following require-
ments: a) topological requirement: a partition without overlap-
ping or holes, b) morphological requirement: the bins have to
be as compact as possible so the best spatial resolution is ob-
tained along all directions, c¢) uniformity requirement: small S/N
scatter of the bins around a target value, to avoid compromis-
ing the spatial resolution in order to increase the S/N of each
bin, and d) equal-mass bins according to a density distribution
of p = (S/N)*.

When we consider the photometric depth of the ALHAM-
BRA images and the characteristic SED of typical early-type
galaxies, the S/N will vary significantly from filter to filter and
even along different redshifts. According to Diaz-Garcia et al.
(2015, see their Fig. 7), the bluest filter, F365W, is on average
the band with the lowest S/N at redshift z < 0.4. Therefore,
F365W will place constraints in our ability to determine reliable
stellar population parameters. Enforcing a minimum S/N in filter
F365W will ensure a proper S/N in the remaining bands and also
a reliable determination of stellar parameters. In order to obtain
typical uncertainties of Alog Age;, = 0.14 and A[Fe/H]. = 0.20
for z < 0.4 in ALHAMBRA red-sequence galaxies, the SED fit-
ting code used, MUFFIT, requires an S /N ~ 6 in the bluest filter,
F365W. For a more detailed discussion of the effect of different
S/Ns on the derived stellar population parameters, we refer to
Sect. 4.2 of Diaz-Garcia et al. (2015). To be conservative, CVT
was performed in the filter F365W where the target S/N was set
to 10, defined as the average S/N of the bins. The tessellation
was then applied to the images in all the filters, and finally, the
photometry of every region in all the filters was determined.

Although ALHAMBRA images are already background sub-
tracted, this subtraction was applied globally over the entire im-
age. We performed a local sky subtraction considering an area
of 100 x 100 pixels (22" x 22"") around each target galaxy.
Assuming the small area subtended in the sky by each object,
we considered as a first approximation a constant sky subtrac-
tion. A second approach was tested by applying CHEF functions
(Jiménez-Teja & Benitez 2012). This tool models the light dis-
tribution of the galaxy through an orthonormal polar base that
is formed by a combination of Chebyshev rational functions
and Fourier polynomials. We note that no significant improve-
ment was detected, therefore we finally applied a constant sky
subtraction.

3.3. Stellar population parameters

After the CVT was performed and the photometry of every re-
gion in every filter was determined, we ran the code MUFFIT to
obtain 2D maps of different stellar populations properties. MUF-
FIT is a generic code optimized to retrieve the main stellar popu-
lation parameters of galaxies in photometric multi-filter surveys.
The code compares the multi-filter fluxes of galaxies with the
synthetic photometry of mixtures of two single stellar popula-
tions (SSP) for a range of redshifts and extinctions through an
error-weighted y? approach. In addition, the code removes dur-
ing the fitting process the bands that are affected by emission
lines in order to improve the quality of the fit. The determination
of the best solution space is based on a Monte Carlo method.
This approach assumes an independent Gaussian distribution in
each filter, centered on the band flux or magnitude, with a stan-
dard deviation equal to its photometric error. Each filter is ob-
served and calibrated independently of the remaining filters, so
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that the errors of different filters are not expected to correlate.
This approach not only provides the most likely range of ages,
metallicities (both luminosity- and mass-weighted), extinctions,
redshifts, and stellar masses, but sets constraints on the confi-
dence intervals of the parameters provided.

Several studies have shown that the mixture of two SSPs is
a reasonable compromise that significantly improves the relia-
bility of determining the stellar population parameters of multi-
filter galaxy data (Ferreras & Silk 2000; Kaviraj et al. 2007;
Lonoce et al. 2014). Rogers et al. (2010) showed that the mix-
ture of two SSPs is the most reliable approach to describe
the stellar population of early-type galaxies. Most recently,
Loépez-Corredoira et al. (2017) fit a set of 20 red galaxies with
models of a single-burst SSP, combinations of two SSPs, and
an extended star formation history. They concluded that expo-
nentially decaying extended star formation models (7-models)
improve the fits slightly with respect to the single-burst model,
but they are considerably worse than the fits based on two SSPs,
further supporting the residual star formation scenario. Based
on these studies, we considered the two-SSP model-fitting ap-
proach the best method for our study. However, MUFFIT is cur-
rently being tested with later-type galaxies, and future versions
of the code will also account for the use of different sets of SSPs
or T-models for the best choice of the user. MUFFIT has been
tested and verified using data from the ALHAMBRA survey
(Moles et al. 2008). In particular, MUFFIT accuracy and relia-
bility tests are performed considering the ALHAMBRA sensi-
tivity and filter set, which means that the analysis and results
presented in Diaz-Garcfa et al. (2015) are directly applicable to
our study here.

Single stellar population models are a key ingredient to dis-
tinguish the physical properties of stellar populations. We pro-
vide MUFFIT with two different sets of SSP models: BCO3
(Bruzual & Charlot 2003), and E-MILES (Vazdekis et al. 2016).
To explore any potential dependence of the SSP model used, the
analysis of this study was performed using both sets of mod-
els. For BCO3 with a spectral coverage from 91 A to 160 um,
we selected ages up to 14 Gyr, metallicities [Fe/H] = —1.65,
—0.64, —0.33, 0.09, and 0.55, Padova 1994 tracks (Bressan et al.
1993; Fagotto et al. 1994a,b; Girardi et al. 1996), and a Chabrier
(2003) initial mass function (IMF). E-MILES provides a spectral
range of 1680-50 000 A at moderately high resolution for BaSTI
isochrones (Pietrinferni et al. 2004). E-MILES models include
the Next Generation Spectral Library (NGSL, Heap & Lindler
2007) for computing spectra of single-age and single-metallicity
stellar populations in the wavelength range 1680-3540 A, and
the NIR predictions from MIUSCATIR (Rock et al. 2015). For
the BaSTT isochrones, we chose 21 ages in the same age range
as BCO03, but with metallicities [Fe/H] = —1.26, —0.96, —0.66,
—-0.35, 0.06, 0.26, and 0.4. We assumed a Kroupa universal-like
IMF (Kroupa 2001). MUFFIT allows the user to choose among
several extinction laws. We used the Fitzpatrick reddening law
(Fitzpatrick 1999) throughout, with extinctions values A, in the
range of 0 and 3.1. This extinction law is suitable for deredden-
ing any photospectroscopic data, such as ALHAMBRA (further
details in Fitzpatrick 1999).

To minimize the free fitting parameters, we provide MUFFIT
with an initial constraint of redshift values. We used the spec-
troscopic redshifts determined by SDSS (Gallazzi et al. 2005)
as input parameter. When spectroscopic redshifts were not
available, photometric redshifts determined by ALHAMBRA
(Molino et al. 2014) were used. We note that MUFFIT linearly
averages the ages and metallicities (their Eqgs. (16) and (17))



I. San Roman et al.: 2D study of ALHAMBRA galaxies

(log (Ageyand log ([Fe/H]) versus (log Age) and (10g[Fe/H]))2.
Both types of averaging are found in the literature (e.g., MaNGA
versus CALIFA). We note that a logarithmic weighting formal-
ism may give more weight to younger and metal poorer stellar
populations. Owing to the small range in age and [Fe/H] that we
cover in our analysis, no significant consequences are introduced
in the analysis because of differences in the mathematical treat-
ment. Therefore both approaches are expected to lead to similar
results.

3.4. 2D Maps: age, [Fe/H], and Ay

MUFFIT provides luminosity- and mass-weighted ages, metal-
licities, and extinctions. Mass-weighted properties trace the
whole evolutionary history of the galaxy better since they give
insight into its mass assembly history. On the other hand,
luminosity-weighted properties are more sensitive to the most
recent periods of star formation in the galaxy. Throughout this
study, we show both mass-weighted (log Agey and [Fe/H]y;) and
luminosity-weighted (log Age; and [Fe/H], ) properties as a way
to complement each other and identify certain processes more
clearly. As an illustrative example, Fig. 3 presents the age, metal-
licity, and extinction maps and radial profiles (see Sect. 5) of a
galaxy using E-MILES models and luminosity-weighted proper-
ties. We note a very distinct region around (AX, AY) = (-5, -5)
with a younger, more metal-poor, and more extinct stellar pop-
ulation than the rest of the galaxy. To further probe the quality
of the SED fits, the y> map of every object is inspected as a
goodness-of-fit quality check. A detailed definition of the error-
weighted y? minimization process can be found in Sect. 3.2.1
of Diaz-Garcia et al. (2015). We note that although generally
speaking, a value of y*> ~ 1 is a mean value for a good fit, y?
serves only as an indicator. Other parameters must also be ex-
amined as the distribution of residuals. A good model fit should
yield residuals that are normally distributed around zero with no
systematic trends. Figure 4 shows the x> map of the example
object. Visual inspection of the SED does not show evidence of
higher photometric errors that could suggest an artificial feature,
although the y? of the fits in that area are slightly higher than
the median value. A detailed light decomposition of our sample
will reveal the nature of these substructures and will be present
in future studies. The 2D maps as well as the radial profiles of
all the sample objects are provided in Appendix C.

4. Integrated versus resolved properties
of the sample

In addition to the multi-filter photometry of every bin in a galaxy
tessellation, we also determined the integrated stellar properties
of each galaxy. This integrated photometry was obtained using
exactly the same method as described in Sect. 3 for the galaxy
as a whole, with no tessellation, emulating integrated aperture
photometry. Several studies point out that in addition to the un-
certainties in the stellar properties inferred from all uncertain-
ties in the model assumptions, there are additional biases related
with the fitting procedure that can affect the determination of in-
tegrated stellar population parameter. In particular, the outshin-
ing bias, that is, young stellar populations obscuring older stellar

2 While (log x) corresponds to the logarithm of the geometric mean,
log(x) corresponds to the logarithm of the arithmetic mean. Although
the geometric mean is smaller than the arithmetic mean and less sen-
sitive to extreme values, the geometric mean is not necessarily a good
estimator of the arithmetic mean.

components behind their bright flux, could produce a missing
mass effect (Zibetti et al. 2009; Sorba & Sawicki 2015). This
problem is less severe when a resolved analysis is made, as these
young components are localized in specific areas. Although we
do not expect a strong contribution from young components in
our sample of massive early-type galaxies, we analyze the dif-
ferences obtained with both methods here.

Figure 5 compares for each galaxy the total stellar mass de-
rived from the integrated method (log M™) with the mass ob-
tained by adding the estimated masses in each tessellation bin
(log M'es°ved) The two values agree very well, with a mean dif-
ference of —0.0 + 0.07 dex for BC03 and —0.01 + 0.03 dex for
E-MILES.

Figure 6 compares the Age™ and [Fe/H]™ from the inte-

: : solved
grated photometry to the weighted mean properties ((Age)****

and ([Fe/H])fSOlVEd) from the spatially resolved analysis. The
spatially resolved weighted mean properties are defined as

2iLlssis; - Agey
(A e>resolved — ;’ and (1)
oL i Lssisi
i Lssis,i - [Fe/H]L;
([Fe/H]>reS01Ved — ) 5 (2)
b 2 Lssis,i

where Lss;s,; is the luminosity of bin i evaluated at a reference

rest-frame wavelength of 5515 A and Age; ; and [Fe/H]; the
luminosity-weighted age and metallicity for that i bin.

Once again, the values are in agreement with no signifi-
cant offset (Alog Ager gcos = —0.02 + 0.15, Alog Ager gmiLes =
—-0.02 = 0.05, A[FC/H]L,BC(B = 0.03 £ 0.07, A[FC/H]L,EMILES =
0.03 + 0.08). Results are shown for both SSP models. Over-
all, the total stellar mass, age, and metallicity estimated from
integrated photometry are remarkably robust when compared
with those from a spatially resolved analysis. Similar conclu-
sions (see Fig. B.1) are reached when mass-weighted mean
properties are evaluated where the mass-weighted version of
Egs. (1) and (2) are applied (see Appendix B). These results
agree with the recent conclusion obtained using CALIFA galax-
ies (Gonzélez Delgado et al. 2014, 2015) where galaxy-averaged
stellar ages, metallicities, mass surface density and extinction
are well matched by the corresponding values obtained from the
analysis of the integrated spectrum. Table A.1 summarizes the
spatially resolved stellar properties of the sample and the me-
dian y? of the SED fits.

4.1. Spatially resolved mass-age and mass-metallicity
relations

Galaxies in the local Universe exhibit a clear correlation between
stellar mass and their properties in the well-known mass-age and
mass-metallicity (MZR) relations. Instead of characterizing the
nature of these relations, we wish to determine how well our
spatially resolved mass-age and mass-metallicity relations fol-
low previous trends to guarantee that our technique is able to
reproduce previous observational evidence.

In Fig. 7 we show the relation between the spatially re-
solved age and metallicity with the mass, assuming both SSP
models. For comparison purposes, we have overplotted the rela-
tion obtained by Gallazzi et al. (2005), which includes all types
of galaxies. Gallazzi et al. (2005) used a Bayesian approach to
derive ages and metallicities by a simultaneous fit of five spec-
tral absorption features. Their analysis used absorption line in-
dices with different sensitivities for age and metallicity, focus-
ing on Lick indices and the 4000 A break (Gorgas et al. 1993;
Worthey et al. 1994). The population properties were determined
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Fig. 3. Luminosity-weighted stellar population properties maps and radial profiles analyzed using E-MILES-based models for the example object
81461302615. Left column: 2D maps for log Age, [Fe/H], and A, covering an area of 22" X 22" around the target galaxy. The color range has
been chosen to highlight inhomogeneities. Right column: log Age, [Fe/H], and A, as a function of the circularized galactocentric distance R’ (see
Sect. 5). Each red circle corresponds to a bin in the 2D map. The black dashed line corresponds to the error-weighted linear fitting. Black crosses
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correspond to outliers identified during the sigma-clipping process and were not considered during the fit.
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dashed line shows the one-to-one relation.

using BCO3 SSP models. The ages of our galaxies show a clear
increase with the galaxy mass, thus, more massive galaxies tend
to be older, which represents the well-known mass-age relation.
Although this trend overall follows the mass-age relation ob-
tained by Gallazzi et al. (2005) for massive galaxies, there are
five low massive galaxies for each SSP (log M, < 11.0) that
significantly depart from the general trend. These outliers are
identified as either star-forming galaxies or AGN candidates (see
Sect. 5.1 for further details). Peng et al. (2015) split the galaxy
population used by Gallazzi et al. into quiescent and star forming
and found a different mass-age relation between the two popu-
lations. The observational evidence found by Peng et al. (2015)
would explain the position of our star-forming galaxies outside
the general trend. Figure 7 shows that the spatially resolved stel-
lar population properties derived from this method reproduce the
well-known downsizing effect (Cowie et al. 1996).
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rived from MUFFIT for the 29 massive early-type galaxies analyzed in
this paper. Both BCO3 and E-MILES SSP models were used. Symbols
enclosed in squares indicate the six peculiar cases analyzed in Sect. 5.1.
A normal distribution has been fit to the difference between the x-axis
and the y-axis. The mean and standard dispersion is labeled as A in each
panel. The black dashed line shows the one-to-one relation.
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Fig. 7. Spatially resolved ages and metallicities versus mass. The lines
indicate the relation obtained in Gallazzi et al. (2005), where the solid
line corresponds to the median distribution and the dashed lines to the
16th and 84th percentiles. Symbols enclosed in squares indicate the six
peculiar cases analyzed in Sect. 5.1.

On average, the global metallicities of the galaxies increase
with their mass (bottom panel in Fig. 7) and agree with the
general trend found by Gallazzi et al. (2005). Peng et al. (2015)
also found a different metallicity-mass relation between quies-
cent and star-forming galaxies. At a given stellar mass, the stellar
metallicity of quiescent galaxies is higher than for star-forming
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galaxies for log M, < 11. According to their Fig. 2 and for our
mass range, the metallicity difference for the two galaxy pop-
ulations would be [Fe/H] ~ —0.2 dex, in agreement with our
BCO3 results. In general, the behavior of our galaxy sample re-
produces the mass-age and mass-metallicity relations of the lo-
cal Universe well based on SDSS observations, although a clear
offset is present based on the SSP models used.

4.2. Comparison with previous spectroscopic studies

No common objects were found between our sample and any
IFU survey such as SAURON, CALIFA, or MaNGA. This incon-
venience hinders a one-to-one galaxy comparison of our method.
However, there is a subsample of nine galaxies in the SDSS cat-
alog for which individual integrated spectroscopy is available.
Estimates of ages and metallicities of the central area of these
galaxies are provided by Gallazzi et al. (2005). SDSS spectra
were taken using a fiber aperture of 3", while our photo-spectra
are not restricted to a fixed aperture. For a fair comparison and
to avoid any aperture effects, we considered only the spatially
resolved properties of our maps in a 3" circular aperture placed
at the galaxy center ((Age){°"*® (3") and ([Fe/H])[*°" (3")).

Figure 8 presents a one-to-one comparison of the spec-
troscopic luminosity-weighted ages and metallicities given by
Gallazzi et al. (2005) and our photometric values analyzed
in a 3” aperture of the subsample of nine common objects
(AAge. = (Age)f“’”ed (3”) — AgerL(SDSS) and A[Fe/H] =
([Fe/H])‘L"S"l"‘°‘“l (3”) — [Fe/H]. (SDSS)). The offsets between
both studies are plotted against the luminosity-weighted age and
metallicity to explore any dependency. A careful look at the
top panel reveals that except for one single object that drives
a misleading trend, the sample shows an offset for BCO03, in
agreement with the expected ~2 Gyr difference determined by
Diaz-Garcia et al. (2015). As the authors concluded, this dis-
crepancy is due to intrinsic systematic differences between the
two methods. In the bottom panel, an apparent trend is shown
between the metallicity offsets as a function of the luminosity-
weighted metallicities, suggesting a possible degeneracy. In
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order to study the accuracy and reliability of the stellar popula-
tion parameters retrieved, we quantify the expected degeneracies
among the derived parameters in the next section.

4.3. Degeneracies

Understanding the degeneracies between the different parame-
ters is a crucial step in order to avoid any misinterpretation that
could misdirect the analysis. Although some of these degenera-
cies are unavoidable, in this section we analyze their extension
and potential effects. As in any color-dependent diagnostic tech-
nique, any parameter that can modify the color of the object
needs to be evaluated. This means that we need to include not
only the age and metallicity, but also the extinction in the analy-
sis of the degeneracies. To address the degeneracy problem, we
used the stellar population values recovered by MUFFIT during
the Monte Carlo approach for every single object in every bin
of the tessellation. Then we stacked each distribution to build
a final distribution per object and obtained distributions among
pairs of parameters (age, metallicity, and extinction). To quantify
the final degeneracy between each pair of distributions, we fol-
lowed the method used in Diaz-Garcia et al. (2015). Each distri-
bution of potential values is characterized by setting confidence
ellipses (2D confidence intervals) that enclose the results pro-
vided during the Monte Carlo process. These ellipses are ob-
tained from the covariance matrix of each distribution. The el-
lipticity, e, and the position angle, 6, of these ellipses allow us
to quantify the degeneracies. A value of e close to zero implies
no degeneracy between the two parameters. Furthermore, when
0 lies on any of the two axes (6 is a multiple of 7/2), the two pa-
rameters are not correlated and no degeneracy is found. In addi-
tion, Diaz-Garcia et al. (2015) quantified the level of degeneracy
between parameters via the Pearson correlation coefficient (see
Eq. (25) in Diaz-Garcia et al. 2015). If the Pearson coefficient,
I'xy»is close to 1 (or —1), the correlation (anticorrelation) is large,
meaning that there is a degeneracy between the parameters. In
contrast, the closer the coefficient is to 0 (e.g., —0.1 < ry, < 0.1),
the more uncorrelated are the parameters. Thus, we finally have
an ellipse of degeneracy (e, 6 and r,,) per object for every pair of
parameters, where the ellipse represents the covariance error el-
lipse that encloses, at the 95% confidence level, the distribution
of the parameters during the Monte Carlo approach.

Figure 9 corresponds to the stacking of the ellipses of de-
generacy for all the objects, where the red lines illustrate the
minor and major axis of each ellipse and the black lines show
the median values for the entire sample. Figure 10 provides the
histogram of 6, e, and 7y, in all regimes. Table 1 summarizes
the median values of the covariance error ellipses. An old metal-
rich sample such as ours exhibits an anticorrelation in all cases.
This means that, for example, a stellar population reddened by
extinction can imitate the behavior of a population that is red-
dened because of the metal-rich content, or vice versa. We also
checked that the general degeneracy trends do not significantly
vary on the basis of the input model set (BC03 vs. E-MILES)
except for the case of log Ageyn vs. [Fe/H]m where E-MILES
SSP can break or reduce the degeneracy (ry, = —0.10). We em-
phasize that these results are restricted to our sample, that is,
to early-type galaxies, and that the covariance error ellipses for
more complicated stellar population histories could be different.

5. Radial profiles and gradients

To show and quantify radial variations of the galaxies, we ob-
tained the radial profiles of the three parameters (age, metallicity,
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Fig. 10. Histogram of the position angle (6), ellipticity (e), and Pear-
son’s coefficient (ry,) for E-MILES models. The related variables are
shown at the top of each column.

and extinction) for all 29 galaxies. It is common practice to de-
rive radial profiles of stellar population properties by binning
the output values into elliptical annuli that are scaled in along
the major axis such that the bins are constant in effective radius.
These azimuthally averaged radial profiles assume a priori sym-
metry in the stellar population of the galaxies and remove the im-
portant 2D information imprint in the maps by directly collaps-
ing the information to a 1D plot. We take a different approach by
plotting the stellar population values of each bin in each object

Table 1. Median values of the covariance error ellipses for all the ob-
jects in the sample: position angle (), ellipticity (e), and Pearson’s co-
efficient (7).

Models 0 e Ty
A, vs. log Ager BCO03 134 043 044
E-MILES 132 044 -0.50
[Fe/H]L vs. Ay BCO03 122 035 -0.27
E-MILES 135 046 -0.51
log Agey, vs. [Fe/H]. BCO03 136 040 -043
E-MILES 120 0.29 -0.29
A, vs. log Agem BCO03 143 034 -0.28
E-MILES 133 042 -0.38
[Fe/H]ym vs. Ay BCO03 138 037 -0.36
E-MILES 142 048 -0.53
log Agey vs. [Fe/H]y BCO03 129 029 -0.23
E-MILES 69 0.26 -0.10

as a function of the circularized galactocentric distance, R’:

R =R - \Jcos2¢ + (a/b) - sin’¢, (3)
where R is the galactocentric distance of the bin, ¢ is the an-
gle of the bin with respect to the semi-major axis, and a/b is
the semi-axis ratio of the galaxy as obtained by IRAF/Ellipse in
the synthetic F87/4W band. Along the semi-major axis, (¢ = 0)
R’ = R, whereas in a more general case, R’ > R. For the specific
case of an apparent circular galaxy (a/b = 1), R” = R at all ¢.
This parameter, R’, allows us to take the information in all the
bins into account while considering the morphology of the ob-
ject. The right panels in Fig. 3 present the radial profiles for the
age (log Age), metallicity ([Fe/H]), and extinction (A,) as ob-
tained from the 2D maps of an example object. Each red symbol
corresponds to a bin in the 2D map. For a given R’, the spread
of the values gives us an idea of the departure of the stellar pop-
ulation from symmetry. It is important to note that the majority
of previous studies cannot reach beyond R = 1.5 R.¢, except for
CALIFA (Gonzélez Delgado et al. 2015), which reaches 2.7 Rg-.
In contrast, our analysis derives gradients out to 2—3.5 R.g.

Although the radial profiles of our sample seem to follow, in
general, linear relations as a function of galactocentric distance,
several authors have assumed power-law gradients. For compar-
ison purposes, radial gradients were fitted assuming a linear re-
lation in linear space and logarithmic space as

X = Xo + VX - R/R.q, and
X =Xo+VX- IOg(R/Reﬁr),

“
(&)

where VX corresponds to the radial gradient of the different
stellar population analyzed (in linear scale Vlog Age (dex/R.s),
V[Fe/H] (dex/R.s), and VA, (mag/R.g) and in log scale
Vlog Age (dex/dex), V[Fe/H] (dex/dex), and VA, (mag/dex) and
Xo the fitted values at the central region (log Agey, [Fe/Hl]o,
and A,g) for the case of luminosity-weighted values and mass-
weighted values. Radial gradients were determined through an
error-weighted linear fitting of the profiles out to 2—3.5 R.g (de-
pending on the photometric depth of each object). The process
was performed iteratively via a sigma clipping on the residuals
to remove outliers. Black crosses in Fig. 3 represent values that
were not considered during the fit. The black dashed line corre-
sponds to the final gradient. The individual uncertainties of each
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stellar population value of each region are derived by MUFFIT
through a Monte Carlo method. For clarity we did not include
individual errors in the figure, but typical errors are Alog Age =
0.15 dex, A[Fe/H] = 0.15 dex, and AA, = 0.10 mag. The gra-
dients determined for each object are summarized in Table A.2.
The radial profiles and the 2D maps of all the sample objects can
be found in Appendix C.

5.1. Peculiar cases

Although it is beyond the scope of this paper to enter in the pe-
culiarities of individual objects and maps, it is worth mentioning
that the level of resolution is so high in some cases that a sim-
ple visual inspection of the maps reveals fine structures. In this
section, we describe the peculiar cases that stand out from the
analyzed sample. The 2D maps and the radial profiles of all the
sample objects can be found in Appendix C.

e AGN profiles: Galaxies 81422406945 (Fig. C.5),
81451206302 (Fig. C.11), and 81473103857 (Fig. C.24)
show very distinct profile behaviors that are different from
those of the remaining sample. With a very well-defined
core, their radial profiles are not well represented by a
linear fitting. Objects 81451206302 and 81422406945 were
previously identified as AGN candidates based on their
X-ray detection (Flesch 2016; Page et al. 2012). The source
81473103857 seems to be an obscured AGN (Cutri et al.
2002, 2003). Similar core profiles have previously been
observed in several studies (Kolevaetal. 2011; Li et al.
2015). Some of the CALIFA spheroidal galaxies also show
positive central gradients in age (Gonzalez Delgado et al.
2014, 2015). It is likely that these very young areas with
high extinction levels are due to the AGN and not to the
properties of the underlying stellar population.

e Disk or ring substructures: Galaxy 81422406945 (Fig. C.5)
shows an apparent disk that is particularly evident in metal-
licity along the major axis. As mentioned before, this ob-
ject has been identified as an AGN candidate. Galaxies
81473405681 (Fig. C.13) and 81422407693 (Fig. C.22)
show apparent rings more prominent in age. A detailed light
decomposition of these objects will reveal the nature of these
substructures.

e Very young profiles: In addition to two of the AGN pro-
files (81451206302 and 81473103857) and the objects with
apparent rings (81473405681 and 81422407693) mentioned
before, one other galaxy also has a very young profile
(81474307526, Fig. C.16). These five galaxies correspond to
the blue objects outside the red sequence in Fig. 1 (panel d).
These objects are star-forming galaxies or AGNs, based on
their location in panel d of Fig. 1.

In order to avoid compromising the results, we excluded these
six objects with peculiar profiles from the following analysis.
However, considering that the main goal of this study is to
present and test our method, we included the profiles, maps, and
spatially resolved properties in the final tables and appendices as
a probe of the potential of the method.

5.2. Radial gradients

The age, metallicity, and extinction luminosity-weighted gra-
dients in linear space are summarized in the histograms of
Fig. 11. Mass-weighted stellar population gradients are shown
in Fig. B.2. In order to avoid compromising the results, we ex-
cluded the peculiar cases from the analysis (see Sect. 5.1) for a
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Table 2. Median light-weighted and mass-weighted gradients in linear
and logarithmic space.

MBCO3 MEMILES Units
Vlog Ager. 0.02+0.08 0.02+0.06  dex/Res
Vlog Agem 0.02+0.06 0.02+0.04  dex/Res
V[Fe/H];, -0.11 £0.07 -0.09+0.06 dex/Rcs
V[Fe/H]yy -0.11+0.08 -0.09+0.07 dex/Res
VA, —0.01 £0.15 -0.03+0.09 mag/Req
HBCO3 HEMILES Units
Vlog Age;, 0.04+0.31 0.03+0.21  dex/dex
Vlog Ageyy  0.01 £0.16  0.02+0.07  dex/dex
V[Fe/H], -0.20+0.27 -0.17+0.13 dex/dex
V[Fe/Hlyy -022+0.25 -0.15+0.14 dex/dex
VA, 0.01 £0.39 -0.04 £0.15 mag/dex

Notes. Errors correspond to the 1o~ value from the distribution.

final subsample of 23 objects. Table 2 presents the median light-
and mass-weighted values of the linear and logarithmic space
radial gradients. Although the median values do not seem to be
affected by which SSP model is used, BCO3 produces a higher
scatter driven by a few relatively large outliers. This evidence
indicates that systematic errors are associated with the different
SSP models.
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Table 3. Comparison table providing the most relevant previous studies on stellar population gradients.

Reference Sample size ~ Observation type ~ Radial range Vlog Ager, V[Fe/H]. Units
Davies et al. (1993) 13 Long-slit 1-1.3 Regt - -0.2 £ 0.10 dex/dex
Mehlert et al. (2003) 35 Long-slit 1 Regr ~0 -0.16 £0.12  dex/dex
Wau et al. (2005) 36 Photometry <5 Regp 0.02 + 0.04 -0.25 £0.03  dex/dex
Sanchez-Blazquez et al. (2006) 61¢ Long-slit <1 Reg 0.08 + 0.01 -0.21 £0.02  dex/dex
Sanchez-Blazquez et al. (2006) 21° Long-slit <1 Refp 0.03 £ 0.07 -0.33 £0.07  dex/dex
Brough et al. (2007) 6 Long-slit <1 Refp 0.01 =0.04 -0.31 £0.05  dex/dex
Reda et al. (2007) 12 Long-slit 1 Reg 0.04 + 0.08 -0.25+£0.05  dex/dex
Sanchez-Blazquez et al. (2007) 11 Long-slit <1 Refp 0.16 = 0.05 -0.33 £0.07  dex/dex
Rawle et al. (2008) 12 IFU 1 Regr 0.08 +0.08 -0.20 £ 0.05  dex/R.q
Spolaor et al. (2008) 2 Long-slit <1.5 Regr -0.01 £0.04 -0.42+0.06 dex/dex
Kuntschner et al. (2010) 48 IFU <1 Refp 0.02+0.13 -0.28 £0.12  dex/dex
Rawle et al. (2010) 19 IFU 1 Rer -0.02+0.06 -0.13+0.04 dex/Reg
Spolaor et al. (2010) 14 Long-slit 1-3 Regr 0.03 +0.17 -0.22 £ 0.14  dex/dex
Koleva et al. (2011) 40 Long-slit <2 Refp ~0.1 ~—0.2 dex/Req
La Barbera et al. (2012) 674 Photometry <8 Refp ~0.1 ~—0.4 dex/dex
Gonzilez Delgado et al. (2015) 41 IFU 0—1 Regt ~—0.25 ~—0.1 dex/Req
Gonzilez Delgado et al. (2015) 41 IFU 1-2 Regt ~—0.05 ~—0.1 dex/Reg
Wilkinson et al. (2015) 5 IFU <1.5 Regt ~0 -0.15+0.14  dex/Re.s
Goddard et al. (2017) 505 IFU <1.5 Regt 0.004 £0.06 —-0.12+0.05 dex/Res
Zheng et al. (2017) 463 IFU <1.5 Regr -0.05+0.01 -0.09+0.01 dex/Res
This work (E-MILES) 23 Photometry <2-3.5 Ref 0.02+0.06 -0.09+0.06 dex/Reg
This work (E-MILES) 23 Photometry <2-3.5 Reft 0.03 £0.21 -0.17 £0.13  dex/dex
Median values 0.00 = 0.05 —0.12 £ 0.03  dex/Res
0.03 £ 0.01 -0.25+0.06  dex/dex

Notes. Only early-type galaxies and luminosity-weighted age and metallicity gradients are considered. @ Low-density environment galaxies.

® High-density environment galaxies.

5.2.1. Age gradients

Our sample of early-type galaxies has, on average, flat age gra-
dients with a median of Vlog Ager, = 0.02 =+ 0.08 dex/R.g, and
Vlog Ager, = 0.02 + 0.06 dex/R.g for BCO3 and E-MILES, re-
spectively. As seen from Table 2 and Fig. 11, none of the input
SSP models used during the analysis causes significant differ-
ences in the median gradients, although BC0O3 produces some
outliers. It is also remarkable how similar the luminosity- and
mass-weighted values are. This suggests that galaxies, on aver-
age, behave similarly on mass and on light and that the half-mass
radius (Ryvrr) and half-light radius (R.s) on early-type galax-
ies should be similar. This result suggests that the contribution
of the second SSP (the younger component) is small and the
star formation history of our early-type population is well repre-
sented by mainly an old SSP component. This result agrees with
a previous CALIFA analysis (Gonzélez Delgado et al. 2014),
which found the ratio for early-type galaxies to be Ry r/Refr ~
0.9. However, our results differ from a recent MaNGA analy-
sis. Goddard et al. (2017) found a marked difference between
luminosity- and mass-weighted age gradients where the mass-
weighted median age does show some radial dependence with
positive gradients at all galaxy masses. A more detailed study of
mass-to-light (M/L) maps and gradients of different galaxy type
will be performed in future works.

To place our results in context with the literature and provide
a quantitative comparison, Table 3 summarizes the most relevant
previous studies on stellar population gradients in early-type
galaxies. The list combines a wide variety of different observa-
tional approaches, sample sizes, and radial coverage. The radial
coverage varies between 1 and 2 R.g except for the photometric
studies, which reach farther galactocentric distances. The distri-
bution of the gradients derived in these studies are visualized in
Fig. 12. Most studies in the literature have found either a flat
or slightly positive age gradients, except for the CALIFA inner
gradient result. Gonzdlez Delgado et al. (2015), using CALIFA
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Fig. 12. Distribution of age and metallicity gradients for early-type
galaxies obtained in previous studies. All values have been taken from
Table 3. The dashed lines represent the stellar population gradients ob-
tained in this work.

galaxies (~41 early-type), found very negative inner (<1 Reg)
gradients (~—0.25) that become flat at larger galactocentric dis-
tances. Our results agree with previous long-slit analyses of
early-type galaxies (e.g., Mehlert et al. 2003; Wu et al. 2005;
Reda et al. 2007; Spolaor et al. 2010) and also with the most re-
cent IFU studies (e.g., Rawle et al. 2008, 2010; Kuntschner et al.
2010; Wilkinson et al. 2015; Goddard et al. 2017), in particular
regarding the lack of a significant age gradient. With a median
age gradient value of 0.0 dex/R.¢ and 0.03 dex/dex, our results
agree very well with previous studies.
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5.2.2. Metallicity gradients

The vast majority of our galaxies have negative metallicity gra-
dients, as expected in most of the galaxy formation scenar-
ios. Although different notations are used to indicate metallicity
([Fe/H], [M/H] or [Z/H]), all the notations are directly compara-
ble for solar-scaled models. Throughout this paper, we maintain
the metallicity and gradient metallicity notation of the original
study. The median gradients of our sample are V[Fe/H]./R.q =
—0.11 £ 0.07 dex/R.s for BCO3 and V[Fe/H] /R.x = —0.09 =
0.06 dex/R.q for E-MILES. When we use logarithmic scale val-
ues for comparison purposes, we obtain V[Fe/H]; /log (R/R.g) =
—0.20 = 0.27 dex/dex and V[Fe/H] /log(R/R.s) = —0.17 +
0.13 dex/dex for BCO3 and E-MILES, respectively. Once again,
none of the input SSP models used during the analysis make
significant differences in the median gradients. In addition,
luminosity- and mass-weighted gradients are remarkably simi-
lar. Goddard et al. (2017) found luminosity- and mass-weighted
metallicities and their radial dependence to be indistinguish-
able with an average offset of ~0.05 dex, in agreement with our
results.

The metallicity gradient distribution of previous studies
(Fig. 12) shows a wide range of values from —0.16 to —0.42 with
amedian of —0.25 dex/dex. The light-weighted metallicity gradi-
ent found in the present study (-0.17 dex/dex and —0.09 dex/R.g)
is at the shallower side, but well within the distribution. Most no-
tably, the IFU studies of Table 3 agree well with our metallicity
gradients.

5.2.3. Extinction gradients

The bottom panel of Fig. 11 shows a variety of extinction be-
haviors with a tendency of flat A, gradients. MaNGA early-
type galaxies also have a very small amount of dust and show
shallow, relatively flat radial profiles (Goddard et al. 2017).
Gonzélez Delgado et al. (2015) CALIFA sample of ellipticals
also show negative A, gradients with an almost dust-free be-
havior at distances larger than 1 R.¢. Unfortunately, the lack of
previous extinction gradient studies does not allow for further
comparison.

5.2.4. Correlation with mass

Figure 13 presents variations of stellar population gradients with
the galaxy total mass. Total masses were calculated by adding
the estimated mass in each tessellation bin (see Sect. 4). We
overplot Illustris hydrodynamical simulation measurements in
the outer galaxy region (1-2 R.g) from Cook et al. (2016). For
comparison purposes, we overplot values obtained in logarith-
mic space and age gradients as VAge; rather than Vlog Age; .
No clear correlation between total stellar mass and stellar popu-
lation gradients is found for our mass range, in agreement with
previous studies. Gonzdlez Delgado et al. (2014) also failed to
find a clear trend between age gradients with mass for very mas-
sive spheroidal galaxies, although it seems that larger inner gra-
dients occur in less massive galaxies (log M, < 11.2). The same
behavior is found for metallicity gradients, where more massive
galaxies tend to have weaker stellar metallicity gradients with
no clear correlation. The MaNGA survey (Goddard et al. 2017)
also failed to find a clear correlation between age and metal-
licity gradients with galaxy mass for massive early-type galax-
ies (log M, > 10.5). Overall, our results are compatible with
those of the Illustris simulation, although our metallicity gradi-
ents are less steep than those of Illustris. Comparison with other
studies shows that Illustris metallicity gradients (~—0.5 dex/dex)
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Fig. 13. Stellar population gradients Age., [Fe/H]. , and A,, in loga-
rithmic space as a function of stellar mass. BC0O3 and E-MILES, SSP
models have been included. Open circles correspond to Illustris simu-
lation measurements in the outer (1-2 R.¢) galaxy region (Cook et al.
2016). Dashed black lines show flat gradients. The six objects with pe-
culiar profiles (Sect. 5.1) have been removed from the analysis.

are steeper than the metallicity gradients from observations (see
Table 3 and Fig. 12) and previous simulations (e.g., Kobayashi
2004; Hirschmann et al. 2015).

5.3. Master radial profile

Figures 14 and 15 show the age and metallicity (luminosity- and
mass-weighted), and the extinction radial profiles obtained by
stacking all the galaxies obtaining a master profile. We excluded
the peculiar cases from the analysis (see Sect. 5.1) for a final
subsample of 23 objects. The gray open symbols in each panel
correspond to the individual bin in each spatially resolved object.
The master profiles (star symbols) were obtained by averaging
the stellar population properties of the sample in constant bins
of 0.2 R between 0 < R’ < 3.5 Res. The left panels in both
figures correspond to E-MILES SSP models and the right panels
correspond to BCO3 SSP. The error bars represent the standard
deviation of the mean. When available, the profiles obtained by
CALIFA (Gonzélez Delgado et al. 2014) are overplotted for the
case of elliptical galaxies and the same BC03 SSP models as
our study. Median stellar population parameters from MaNGA
(Goddard et al. 2017) are also overplotted for the case of early-
type galaxies with log M, > 11.0. Linear relations are fit to
the master profiles. The gradients and the values at R” = 0 are
summarized in Table 4. Once again, the luminosity- and mass-
weighted profiles show a similar behavior. We note again that
while none of the input SSP models (BC03 versus E-MILES)
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Table 4. Stellar population gradients of the master radial profiles in linear and logarithmic space.

Models  Vlog Age;, log Ageor Vlog Agem log Ageowm V[Fe/H], [Fe/H]o,1. V[Fe/H]m [Fe/H]o,m VA, Ay,
(dex/Ret) (Gyn) (dex/Refr) (Gyr) (dex/Refr) (dex) (dex/Refr) (dex) (mag/Refr) (mag)
BCO03 0.01 £0.01 0.73+0.01 0.00+0.01 0.83+0.01 -0.11+0.01 033+0.02 -0.10+0.01 0.25+0.02 0.03+0.02 0.14 +£0.04
E-MILES 0.00+£0.01 0.93+0.01 0.01 £0.01 096+0.01 -0.10+0.01 0.07+0.02 -0.07+0.01 0.12+0.01 0.02+0.01 0.22 +0.02
Vlog Ager, log Agepr Vlog Agem log Ageom V[Fe/H];, [Fe/H]o,L. V[Fe/Hlm [Fe/H]o,.m VA, Ay,
(dex/dex) (Gyr) (dex/dex) (Gyr) (dex/dex) (dex) (dex/dex) (dex) (mag/dex) (mag)
BCO03 0.03+£0.02 0.74+0.01 0.02+0.02 0.83+0.01 -025+0.04 0.16+0.02 -021+0.04 0.11+0.01 0.04+£0.05 0.20+0.02
E-MILES 0.02+0.01 0.93+0.01 0.04+0.01 098+0.01 -021+0.04 -0.07+0.02 -0.16+0.03 0.01+0.01 0.02+0.03 0.25=+0.01

make significant differences in the global profile, they do intro-
duce a non-negligible offset between them.

We first remark that our profiles extend to larger galactocen-
tric distances than any previous spectroscopic study. The reason
is certainly that photometry is more sensitive than standard spec-
troscopy, although deeper photometry is needed to place stronger
constraints on these outskirt areas. Overall, our stellar ages show
flat profiles. A comparison with CALIFA shows remarkably sim-
ilar radial gradients (flat ages) at R > R.g. Larger differences
are found in the inner regions (R < 0.7 R.g). While our sam-
ple show a continuous flat profile, CALIFA galaxies present a
negative age gradient only in these inner regions. Since the same
input SSP models (i.e., BC03) are used in both studies, the differ-
ent methods and techniques used are the main source to explain
these discrepancies. The full spectral fitting of MaNGA uses
the stellar population models of Maraston & Strombick (2011),
which use the MILES stellar library. This means that although
Figs. 14 and 15 compare MaNGA results with our results in
both SSP models, in principle, the models of Maraston et al.
would be more similar to E-MILES than to BC03. Our results
are remarkably similar to MaNGA when E-MILES and mass-
weighted properties are considered, and they slightly differ for
the luminosity-weighted age gradient.

The stellar metallicity profiles show declining profiles at all
radii, although our study shows slightly steeper gradients than
those from CALIFA. Once again, our results are remarkably sim-
ilar to MaNGA when similar SSP models are used. A larger sam-
ple and deeper photometry is needed for further analysis at larger
galactocentric distances.

The stellar extinction behavior of the galaxies in our sample
is consistent with a flat profile, which suggests that there are no
significant changes in the dust content of early-type galaxies, and
they show a constant A, = 0.2 mag at any given radius. MANGA
early-type galaxies exhibit shallow relatively flat radial profiles
with reddening values of E(B — V) ~ 0.05 for a similar mass
range (Goddard et al. 2017). Considering R, = Ay/E(B—V) and
assuming a value of R, = 3.1, the MANGA extinction parame-
teris Ay ~ 0.15, in good agreement with our results. In contrast,
CALIFA galaxies show negative A, gradients out to R = 0.5 R
with a dust-free behavior at larger distances, although absolute
A, estimates of CALIFA are smaller than MANGA and our
estimates.

In spite of the different technique used, the behavior of the
radial variation of the different stellar properties is very similar
in our multi-filter ALHAMBRA study and recent IFU studies.
These results highlight the scientific power of our 2D multi-filter
method. From this analysis, we can conclude that an average
massive (~10'! M) early-type galaxy at a redshift z ~ 0.2 has
a flat age gradient with an inner age of log Agey ~ 0.93, and a
negative metallicity gradient of V[Fe/H] ~ —0.10 (dex/R.g) with
an inner metallicity of [Fe/H]y ~ 0.07.
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6. Discussion and future work

Although the goal of this study is to explore the potential of IFU-
like studies with multi-filter surveys, the successful results and
the reasonable sample size allow us to shed some light on the
formation history of galaxies in our sample. In this section, we
compare our results with cosmological simulations and include
some discussion of the prospects for extending our analysis in
future works.

The most recent cosmological simulations propose a two-
phase scenario for the formation of early-type galaxies: a first
phase of dissipative processes (2 < z < 6) dominated by in situ
star formation from inflowing cold gas (the monolithic-collapse
scenario), and a second phase (0 < z < 2) where the galaxies
grow through external accretion (mergers) and ex situ star for-
mation (e.g., Dominguez-Tenreiro et al. 2006; Naab et al. 2009;
Oser et al. 2012). The age and metallicity mean gradients can
place constraint on the formation history of the galaxies as dif-
ferent formation models predict different gradients. In general,
dissipative processes predict steep metallicity gradients, while
merging scenarios predict shallower gradients because any pre-
existing gradient is diluted (e.g., Kobayashi 2004; Pipino et al.
2008). However, different physical processes such as AGN feed-
back, SN feedback, young massive stars, or galactic winds can
strongly influence the fraction of in situ formed stars versus ac-
creted stars, and thus the overall gradients (Hirschmann et al.
2013, 2015). Gas-rich mergers with different degrees of dissi-
pation have also been proposed as enhanced metallicity pro-
cesses that will produce secondary star-formation events leading
to steeper gradients (Kobayashi 2004).

Kobayashi (2004) successfully reproduced the formation and
chemodynamical evolution of elliptical galaxies through SPH
simulations. He found an average gradient of VlogZ/logR =
—0.3 dex/dex with a dispersion of £0.2 in the local Universe. The
metallicity gradients obtained in our study are considerably flat-
ter than the values predicted by the dissipative-collapse models,
thus major and minor mergers are expected to play a significant
role for the assembly of these massive galaxies. With a median
metallicity gradient of V[Fe/H];, = —0.17 = 0.13 dex/dex, our
study is in agreement with the predictions of Kobayashi (2004)
of galaxies that have undergone major mergers.

In a more recent study, Hirschmann et al. (2015) investi-
gated the origin of stellar population gradients in cosmological
zoomed simulations of ten massive galaxies at large radii. The
simulations followed metal cooling and enrichment from SN and
AGB winds as well as galactic winds. At z ~ 0, galaxies have
mean metallicity gradients of —0.35 dex/dex slightly steeper than
our results. They explained the origin of these gradients as based
on two components: on one hand, the accretion of metal-poorer
stellar populations in major and minor mergers dilutes a pre-
existing gradient (in situ gradient), on the other hand, re-infall
of previously ejected metal-poor gas onto the galaxy, due to the
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galactic winds, could form metal-poor stars. Age gradients are
in general mildly positive at z = 0 ((VlogAge) = 0.04 dex/dex)
because the ages of the accreted stellar population are older than
those of the in situ formed stellar component. The younger in
situ formed stellar populations would be a consequence of the
delayed and enhanced star formation in the wind model because
of the late infall of previously ejected gas.

According to Kobayashi (2004) and Hirschmann et al.
(2015), our shallow negative metallicity and flat age gradients
suggest that early-type galaxies in our sample have formed
through major mergers where the gradients are driven by the
higher metallicity and the older age of the accreted systems,
together with the different mixing behavior. Using a novel ap-
proach, we have confirmed previous results and extended them
to larger radii, consolidating the idea that the most massive early-
type galaxies have formed primarily through major mergers and
not through in situ star formation processes. However, although
the general trends are established, the particular physical pro-
cesses causing these trends and their relative role in galaxy for-
mation are still unknown.

Mlustris hydrodynamical simulations (Cook et al. 2016) find
significant differences between the stellar population gradients
in the inner galaxy regions (R < R.y) and the stellar halo
(R > 2 R.y) in early-type galaxies. This study implies that
the information content of the accretion history is retained in
the stellar population profiles only at very large radii from the
galaxy. Current limitations of spectroscopic studies at this low
S/N regimes suggest that deep photometric studies in galactic
stellar halos are essential to uncover the formation and assembly
of local galaxies.

We here described a pilot study using a hybrid approach
half-way between classical photometry and spectroscopy. We
have demonstrated that our technique enables spatially resolved
stellar population studies out to considerably fainter surface
brightness that are not possible with current IFU surveys. This
technique allows the analysis of galaxy profiles at larger galac-
tocentric radii and at higher redshift than current surveys. It also
allows studies of very nearby galaxies (z < 0.01) that are so spa-
tially extended to be unsuitable for the small field of view of
current IFU surveys. This study opens the way for an analysis of
larger early-type samples and of a more general galaxy sample
(i.e., later-type galaxies).

The upcoming multi-filter surveys J-PAS and J-PLUS will
observe 8.500 deg? of the sky visible from the Northern Hemi-
sphere using a set of >70 narrow- and medium-band filters that
will provide low spectral resolution (R ~ 50) multicolor infor-
mation for every pixel on the sky, hence for hundreds of millions
of galaxies in a large and contiguous area. The unique combi-
nation of these photometric data sets and our novel technique
will permit spatially resolved studies of passive and star-forming
galaxies with redshift and environment in the largest sample as-
sembled so far.

7. Summary and conclusions

We explored the potential of IFU-like studies with multi-filter
surveys using a method that combines a centroidal Voronoi tes-
sellation and a multi-filter SED fitting method. This technique
allows us to analyze unresolved stellar populations of spatially
resolved galaxies based on photometric surveys. In order to
validate and test the method, we analyzed the stellar population
properties of 29 galaxies observed by the ALHAMBRA survey
using 23 medium-filter bands at the 3.5 m telescope of the Calar
Alto observatory. The sample includes elliptical galaxies cover-
ing a stellar mass range from log M, = 10.5 to log M, = 11.8

and with redshift 0.05 < z < 0.3. For each galaxy, 2D maps
and radial profiles for (luminosity- and mass-weighted) age and
metallicity and extinction were presented. Radial gradients of
these properties measured out to 2-3.5 R.; were determined.
Final stacked radial profiles were also obtained. In addition to
demonstrating the scientific potential of multi-filter photome-
try to explore the spatially resolved stellar populations of lo-
cal galaxies, interesting results about the formation of early-type
galaxies were found and are listed below.

1. Integrated galaxy properties vs. spatially averaged proper-
ties: The total stellar mass, age, and metallicity estimated
from integrated photometry are remarkably reliable when
compared with those from a spatially resolved analysis.

2. Luminosity-weighted properties vs. mass-weighted proper-
ties: On average, the age and metallicity radial profiles
and gradients are very similar when luminosity- or mass-
weighted properties are used. This result suggests that early-
type galaxies behave similarly on mass and on light.

3. Stellar ages: Early-type galaxies have, on average, flat age
gradients in agreement with previous studies. No clear cor-
relation between total stellar mass and stellar population age
gradients has been found, suggesting that for this mass range,
radial variations are not primarily driven by mass. In addi-
tion, the more massive galaxies are also the older ones, pre-
serving the “downsizing” scenario.

4. Stellar metallicities: All the galaxies show [Fe/H](R) declin-
ing profiles with moderate radial dependence. The radial pro-
files do not scale with stellar mass. The mass-metallicity re-
lation is also present in our sample.

5. Stellar extinction: The stacked A, profile shows a flat behav-
ior with no radial variation, suggesting that early-type galax-
ies have a constant dust content of A, ~ 0.2 at any given
galactocentric distance.

None of the input SSP models make significant differences in
our results. From these results and a comparison with theoret-
ical predictions, we conclude that major mergers are probably
the main processes in assembling early-type galaxies, where the
gradients are driven by the higher metallicity and the older age
of the accreted systems.

Although more detailed investigations will require larger
data sets, it is clear that photometric surveys such as the upcom-
ing J-PAS (Benitez et al. 2014) will extend 2D multi-filter stud-
ies such as the one presented here to scientific cases not available
to current IFU techniques. For example, it will allow a 2D analy-
sis of nearby galaxies at large galactocentric distance (R > 3 Re)
or studying the effect of the environment on the 2D properties of
nearby galaxies.

Acknowledgements. We thank the anonymous referee, whose thoughtful com-
ments greatly improved the paper. We thank all the CEFCA staff for use-
ful and productive discussions. This work has been mainly funded by the
FITE (Fondos de Inversiones de Teruel) and the Spanish Ministry for Econ-
omy and Competitiveness and FEDER funds through grants AYA2012-30789
and AYA2015-66211-C2-1-P. We also acknowledge financial support from
the projects AYA2014-57490-P and AYA2016-77846-P, and from the Aragén
Government through the Research Group E103. B.A. has received fund-
ing from the European Union’s Horizon 2020 research and innovation pro-
gramme under the Marie Sklodowska-Curie grant agreement No. 656354.
M.P. acknowledges financial supports from the Ethiopian Space Science
and Technology Institute (ESSTI) under the Ethiopian Ministry of Science
and Technology (MoST), and from the Spanish Ministry of Economy and
Competitiveness (MINECO) through research projects AYA2013-42227-P and
AYA2016-76682-C3-1-P (AEI/FEDER, UE). This research made use of NASA’s
Astrophysics Data System Bibliographic Services, as well as the following soft-
ware packages: Astropy (Astropy Collaboration et al. 2013), Matplotlib (Hunter
2007), IPython (Pérez & Granger 2007), SciPy (Jones et al. 2001) and NumPy
(van der Walt et al. 2011).

A20, page 17 of 38



A&A 609, A20 (2018)

References

Aparicio Villegas, T., Alfaro, E. J., Cabrera-Caiio, J., et al. 2010, AJ, 139, 1242

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A, 558,
A33

Benitez, N., Dupke, R., Moles, M., et al. 2014, ArXiv e-prints
[arXiv:1403.5237]

Bershady M. A., Verheijen M. A. W., Swaters R. A., et al. 2010, ApJ, 716,
198

Bertin, E. 2011, in Astronomical Data Analysis Software and Systems XX, eds.
I. N. Evans, A. Accomazzi, D. J. Mink, & A. H. Rots, ASP Conf. Ser., 442,
435

Bertin, E. 2013, Astrophysics Source Code Library [record ascl:1301.001]

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393

Blanc, G. A., Gebhardt, K., Heiderman, A., et al. 2010, in New Horizons in
Astronomy: Frank N. Bash Symposium 2009, eds. L. M. Stanford, J. D.
Green, L. Hao, & Y. Mao, ASP Conf. Ser., 432, 180

Bressan, A., Fagotto, F., Bertelli, G., & Chiosi, C. 1993, A&AS, 100, 647

Brough, S., Proctor, R., Forbes, D. A., et al. 2007, MNRAS, 378, 1507

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Bryant, J. J., Owers, H. S., Robotham, A. S. G., et al. 2015, MNRAS, 447, 2857

Bundy, K., Bershady, Law, et al. 2015, ApJ, 798, 7

Cappellari, M., & Copin, Y. 2003, MNRAS, 342, 345

Cappellari, M., Emsellem, E., Krajnovié, D., et al. 2011, MNRAS, 413, 813

Castander, F. J., Ballester, O., Bauer, A., et al. 2012, in Ground-based and
Airborne Instrumentation for Astronomy IV, Proc. SPIE, 8446, 84466D

Chabrier, G. 2003, PASP, 115, 763

Colless, M., Dalton, G., Maddox, S. J., et al. 2001, MNRAS, 328, 1039

Cook, B. A., Conroy, C., Pillepich, A., Rodriguez-Gomez, V., & Hernquist, L.
2016, ApJ, 833, 158

Cowie, L. L., Songaila, A., Hu, E. M., & Cohen, J. G. 1996, AJ, 112, 839

Cristébal-Hornillos, D., Aguerri, J. A. L., Moles, M., et al. 2009, ApJ, 696, 1554

Cutri, R. M., Nelson, B. O., Francis, P. J., & Smith, P. S. 2002, in AGN Surveys,
eds. R. F. Green, E. Y. Khachikian, D. B. Sanders, IAU Colloq., 184, ASP
Conf. Ser., 284, 127

Cutri R. M., Skrutskie, M. F,, van Dyk, S., et al. 2003, 2MASS All Sky Catalog
of Point Sources

Davidge, T.J. 1992, AJ, 103, 1512

Davies, R. L., Sadler, E. M., & Peletier, R. F. 1993, MNRAS, 262, 650

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr. H. G., et al. 1991, Third
Reference Catalogue of Bright Galaxies, Vol. I: Explanations and references,
Vol. II: Data for galaxies between Oh and 12h, Vol. III: Data for galaxies
between 12h and 24h (Springer)

de Zeeuw, P. T., Bureau, M., Emsellem, E., et al. 2002, MNRAS, 329, 513

Diaz-Garcia, L. A., Cenarro, A. J., Lépez-Sanjuan, C., et al. 2015, A&A, 582,
Al4

Dominguez-Tenreiro, R., Ofiorbe, J., Sdiz, A., Artal, H., & Serna, A. 2006, ApJ,
636, L77

Driver, S. P, Hill, D. T., Kelvin, L. S., et al. 2011, MNRAS, 413, 971

Fagotto, F., Bressan, A., Bertelli, G., & Chiosi, C. 1994a, A&AS, 104, 365

Fagotto, F., Bressan, A., Bertelli, G., & Chiosi, C. 1994b, A&AS, 105, 29

Ferreras, 1., & Silk, J. 2000, ApJ, 541, L37

Fitzpatrick, E. L. 1999, PASP, 111, 63

Flesch, E. W. 2016, PASA, 33, €052

Gallazzi, A., Charlot, S., Brinchmann, J., White, S. D. M., & Tremonti, C. A.
2005, MNRAS, 362, 41

Gibson, B. K., Pilkington, K., Brook, C. B., Stinson, G. S., & Bailin, J. 2013,
A&A, 554, A47

Girardi, L., Bressan, A., Chiosi, C., Bertelli, G., & Nasi, E. 1996, A&AS, 117,
113

Goddard, D., Thomas, D., Maraston, C., et al. 2017, MNRAS, 466, 4731

Gonzalez, J. J., & Gorgas, J. 1995, in Fresh Views of Elliptical Galaxies, eds. A.
Buzzoni, A. Renzini, & A. Serrano, ASP Conf. Ser., 86, 225

Gonzilez Delgado, R. M., Pérez, E., Cid Fernandes, R., et al. 2014, A&A, 562,
A47

Gonzilez Delgado, R. M., Garcia-Benito, R., Pérez, E., et al. 2015, A&A, 581,
A103

Gorgas, J., Efstathiou, G., & Aragon Salamanca, A. 1990, MNRAS, 245, 217

Gorgas, J., Faber, S. M., Burstein, D., et al. 1993, ApJS, 86, 153

Heap, S. R., & Lindler, D. J. 2007, in From Stars to Galaxies: Building the Pieces
to Build Up the Universe, eds. A. Vallenari, R. Tantalo, L. Portinari, & A.
Moretti, ASP Conf. Ser., 374, 409

Hirschmann, M., Naab, T., Davé, R., et al. 2013, MNRAS, 436, 2929

Hirschmann, M., Naab, T., Ostriker, J. P, et al. 2015, MNRAS, 449, 528

Hopkins, P. F, Cox, T. J., Hernquist, L., et al. 2013, MNRAS, 430, 1901

Hunter, J. D. 2007, Comput. Sci. Eng, 9, 90

Jiménez-Teja, Y., & Benitez, N. 2012, ApJ, 745, 150

A20, page 18 of 38

Jones, E., Oliphant, T., Peterson, P., et al. 2001, SciPy: Open source scientific
tools for Python, http://www.scipy.org

Kaviraj, S., Schawinski, K., Devriendt, J. E. G, et al. 2007, ApJS, 173, 619

Kobayashi, C. 2004, MNRAS, 347, 740

Koleva, M., Prugniel, P, de Rijcke, S., & Zeilinger, W. W. 2011, MNRAS, 417,
1643

Kroupa, P. 2001, MNRAS, 322, 231

Kuntschner, H., Emsellem, E., Bacon, R, et al. 2010, MNRAS, 408, 97

La Barbera, F., de Carvalho, R. R., Gal, R. R., et al. 2005, ApJ, 626, L19

La Barbera, F., De Carvalho, R. R., De La Rosa, I. G., et al. 2010, AJ, 140, 1528

La Barbera, F., Ferreras, 1., de Carvalho, R. R., et al. 2012, MNRAS, 426, 2300

Labbé, 1., Franx, M., Rudnick, G., et al. 2003, AJ, 125, 1107

Li, C., Wang, E., Lin, L., et al. 2015, ApJ, 804, 125

Lonoce, 1., Longhetti, M., Saracco, P., Gargiulo, A., & Tamburri, S. 2014,
MNRAS, 444, 2048

Lépez-Corredoira, M., Vazdekis, A., Gutiérrez, C. M., & Castro-Rodriguez, N.
2017, A&A, 600, A91

MacArthur, L. A., Courteau, S., Bell, E., & Holtzman, J. A. 2004, ApJS, 152,
175

MacArthur, L. A., Gonzilez, J. J., & Courteau, S. 2009, MNRAS, 395, 28

Maraston, C., & Strombick, G. 2011, MNRAS, 418, 2785

Mehlert, D., Thomas, D., Saglia, R. P., Bender, R., & Wegner, G. 2003, A&A,
407,423

Moles, M., Benitez, N., Aguerri, J. A. L., et al. 2008, AJ, 136, 1325

Molino, A., Benitez, N., Moles, M., et al. 2014, MNRAS, 441, 2891

Muiioz-Mateos, J. C., Boissier, S., Gil de Paz, A., et al. 2011, ApJ, 731, 10

Naab, T., Johansson, P. H., & Ostriker, J. P. 2009, ApJ, 699, L178

Oser, L., Naab, T., Ostriker, J. P., & Johansson, P. H. 2012, ApJ, 744, 63

Page, M. J., Brindle, C., Talavera, A., et al. 2012, MNRAS, 426, 903

Pan, Z., Li, J., Lin, W., et al. 2015, ApJ, 804, L42

Peng, Y., Maiolino, R., & Cochrane, R. 2015, Nature, 521, 192

Pérez, F., & Granger, B. E. 2007, Comput. Sci. Eng., 9, 21

Pérez, E., Cid Fernandes, R., Gonzélez Delgado, R. M., et al. 2013, ApJ, 764, L1

Pérez-Gonzilez, P. G., Cava, A., Barro, G., et al. 2013, ApJ, 762, 46

Pietrinferni, A., Cassisi, S., Salaris, M., & Castelli, F. 2004, ApJ, 612, 168

Pipino, A., D’Ercole, A., & Matteucci, F. 2008, A&A, 484, 679

Povié, M., Huertas-Company, M., Aguerri, J. A. L., et al. 2013, MNRAS, 435,
3444

Rawle, T. D., Smith, R. J., Lucey, J. R., & Swinbank, A. M. 2008, MNRAS, 389,
1891

Rawle, T. D., Smith, R. J., & Lucey, J. R. 2010, MNRAS, 401, 852

Reda, F. M., Proctor, R. N., Forbes, D. A., Hau, G. K. T., & Larsen, S. S. 2007,
MNRAS, 377, 1772

Rock, B., Vazdekis, A., Peletier, R. F., Knapen, J. H., & Falcén-Barroso, J. 2015,
MNRAS, 449, 2853

Rogers, B., Ferreras, 1., Peletier, R., & Silk, J. 2010, MNRAS, 402, 447

Rosales-Ortega, F. F., Kennicutt, R. C., Sanchez, S. F., et al. 2010, MNRAS, 405,
735

Sanchez, S. F., Kennicutt, R. C., Gil de Paz, A., et al. 2012, A&A, 538, A8

Sanchez, S. F,, Rosales-Ortega, F. F., Iglesias-Pdaramo, J., et al. 2014, A&A, 563,
A49

Sanchez-Blazquez, P., Gorgas, J., & Cardiel, N. 2006, A&A, 457, 823

Séanchez-Blazquez, P., Forbes, D. A., Strader, J., Brodie, J., & Proctor, R. 2007,
MNRAS, 377, 759

Sanchez-Blazquez, P., Ocvirk, P., Gibson, B. K., Pérez, 1., & Peletier, R. F. 2011,
MNRAS, 415, 709

Sanchez-Blazquez, P., Rosales-Ortega, F. F., Méndez-Abreu, J., et al. 2014,
A&A, 570, A6

Sorba, R., & Sawicki, M. 2015, MNRAS, 452, 235

Spolaor, M., Forbes, D. A., Proctor, R. N., Hau, G. K. T., & Brough, S. 2008,
MNRAS, 385, 675

Spolaor, M., Kobayashi, C., Forbes, D. A., Couch, W. J., & Hau, G. K. T. 2010,
MNRAS, 408, 272

Tantalo, R., Chiosi, C., & Bressan, A. 1998, A&A, 333, 419

Tortora, C., Napolitano, N. R., Cardone, V. F, et al. 2010, MNRAS, 407, 144

van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, Comput. Sci. Eng, 13,
22

Vazdekis, A., Koleva, M., Ricciardelli, E., Rock, B., & Falcén-Barroso, J. 2016,
MNRAS, 463, 3409

Wilkinson, D. M., Maraston, C., Thomas, D., et al. 2015, MNRAS, 449, 328

Wolf, C., Meisenheimer, K., Rix, H.-W., et al. 2003, A&A, 401, 73

Worthey, G., Faber, S. M., & Gonzalez, J. J. 1992, ApJ, 398, 69

Worthey, G., Faber, S. M., Gonzalez, J. J., & Burstein, D. 1994, ApJS, 94, 687

Wu, H., Shao, Z., Mo, H. J., Xia, X., & Deng, Z. 2005, ApJ, 622, 244

York, D. G., Adelman, J., Anderson Jr., J. E., et al. 2000, AJ, 120, 1579

Zheng, Z., Wang, H., Ge, J., et al. 2017, MNRAS, 465, 4572

Zibetti, S., Charlot, S., & Rix, H.-W. 2009, MNRAS, 400, 1181


http://linker.aanda.org/10.1051/0004-6361/201630313/1
http://linker.aanda.org/10.1051/0004-6361/201630313/2
http://linker.aanda.org/10.1051/0004-6361/201630313/2
http://arxiv.org/abs/1403.5237
http://linker.aanda.org/10.1051/0004-6361/201630313/4
http://linker.aanda.org/10.1051/0004-6361/201630313/4
http://linker.aanda.org/10.1051/0004-6361/201630313/5
http://linker.aanda.org/10.1051/0004-6361/201630313/5
http://linker.aanda.org/10.1051/0004-6361/201630313/7
http://linker.aanda.org/10.1051/0004-6361/201630313/8
http://linker.aanda.org/10.1051/0004-6361/201630313/9
http://linker.aanda.org/10.1051/0004-6361/201630313/10
http://linker.aanda.org/10.1051/0004-6361/201630313/11
http://linker.aanda.org/10.1051/0004-6361/201630313/12
http://linker.aanda.org/10.1051/0004-6361/201630313/13
http://linker.aanda.org/10.1051/0004-6361/201630313/14
http://linker.aanda.org/10.1051/0004-6361/201630313/15
http://linker.aanda.org/10.1051/0004-6361/201630313/16
http://linker.aanda.org/10.1051/0004-6361/201630313/17
http://linker.aanda.org/10.1051/0004-6361/201630313/18
http://linker.aanda.org/10.1051/0004-6361/201630313/19
http://linker.aanda.org/10.1051/0004-6361/201630313/20
http://linker.aanda.org/10.1051/0004-6361/201630313/21
http://linker.aanda.org/10.1051/0004-6361/201630313/22
http://linker.aanda.org/10.1051/0004-6361/201630313/22
http://linker.aanda.org/10.1051/0004-6361/201630313/24
http://linker.aanda.org/10.1051/0004-6361/201630313/25
http://linker.aanda.org/10.1051/0004-6361/201630313/27
http://linker.aanda.org/10.1051/0004-6361/201630313/28
http://linker.aanda.org/10.1051/0004-6361/201630313/28
http://linker.aanda.org/10.1051/0004-6361/201630313/29
http://linker.aanda.org/10.1051/0004-6361/201630313/29
http://linker.aanda.org/10.1051/0004-6361/201630313/30
http://linker.aanda.org/10.1051/0004-6361/201630313/31
http://linker.aanda.org/10.1051/0004-6361/201630313/32
http://linker.aanda.org/10.1051/0004-6361/201630313/33
http://linker.aanda.org/10.1051/0004-6361/201630313/34
http://linker.aanda.org/10.1051/0004-6361/201630313/35
http://linker.aanda.org/10.1051/0004-6361/201630313/36
http://linker.aanda.org/10.1051/0004-6361/201630313/37
http://linker.aanda.org/10.1051/0004-6361/201630313/38
http://linker.aanda.org/10.1051/0004-6361/201630313/38
http://linker.aanda.org/10.1051/0004-6361/201630313/39
http://linker.aanda.org/10.1051/0004-6361/201630313/40
http://linker.aanda.org/10.1051/0004-6361/201630313/41
http://linker.aanda.org/10.1051/0004-6361/201630313/41
http://linker.aanda.org/10.1051/0004-6361/201630313/42
http://linker.aanda.org/10.1051/0004-6361/201630313/42
http://linker.aanda.org/10.1051/0004-6361/201630313/43
http://linker.aanda.org/10.1051/0004-6361/201630313/44
http://linker.aanda.org/10.1051/0004-6361/201630313/45
http://linker.aanda.org/10.1051/0004-6361/201630313/46
http://linker.aanda.org/10.1051/0004-6361/201630313/47
http://linker.aanda.org/10.1051/0004-6361/201630313/48
http://linker.aanda.org/10.1051/0004-6361/201630313/49
http://linker.aanda.org/10.1051/0004-6361/201630313/50
http://www.scipy.org
http://linker.aanda.org/10.1051/0004-6361/201630313/52
http://linker.aanda.org/10.1051/0004-6361/201630313/53
http://linker.aanda.org/10.1051/0004-6361/201630313/54
http://linker.aanda.org/10.1051/0004-6361/201630313/54
http://linker.aanda.org/10.1051/0004-6361/201630313/55
http://linker.aanda.org/10.1051/0004-6361/201630313/56
http://linker.aanda.org/10.1051/0004-6361/201630313/57
http://linker.aanda.org/10.1051/0004-6361/201630313/58
http://linker.aanda.org/10.1051/0004-6361/201630313/59
http://linker.aanda.org/10.1051/0004-6361/201630313/60
http://linker.aanda.org/10.1051/0004-6361/201630313/61
http://linker.aanda.org/10.1051/0004-6361/201630313/62
http://linker.aanda.org/10.1051/0004-6361/201630313/63
http://linker.aanda.org/10.1051/0004-6361/201630313/64
http://linker.aanda.org/10.1051/0004-6361/201630313/64
http://linker.aanda.org/10.1051/0004-6361/201630313/65
http://linker.aanda.org/10.1051/0004-6361/201630313/66
http://linker.aanda.org/10.1051/0004-6361/201630313/67
http://linker.aanda.org/10.1051/0004-6361/201630313/67
http://linker.aanda.org/10.1051/0004-6361/201630313/68
http://linker.aanda.org/10.1051/0004-6361/201630313/69
http://linker.aanda.org/10.1051/0004-6361/201630313/70
http://linker.aanda.org/10.1051/0004-6361/201630313/71
http://linker.aanda.org/10.1051/0004-6361/201630313/72
http://linker.aanda.org/10.1051/0004-6361/201630313/73
http://linker.aanda.org/10.1051/0004-6361/201630313/74
http://linker.aanda.org/10.1051/0004-6361/201630313/75
http://linker.aanda.org/10.1051/0004-6361/201630313/76
http://linker.aanda.org/10.1051/0004-6361/201630313/77
http://linker.aanda.org/10.1051/0004-6361/201630313/78
http://linker.aanda.org/10.1051/0004-6361/201630313/79
http://linker.aanda.org/10.1051/0004-6361/201630313/80
http://linker.aanda.org/10.1051/0004-6361/201630313/81
http://linker.aanda.org/10.1051/0004-6361/201630313/81
http://linker.aanda.org/10.1051/0004-6361/201630313/82
http://linker.aanda.org/10.1051/0004-6361/201630313/82
http://linker.aanda.org/10.1051/0004-6361/201630313/83
http://linker.aanda.org/10.1051/0004-6361/201630313/84
http://linker.aanda.org/10.1051/0004-6361/201630313/85
http://linker.aanda.org/10.1051/0004-6361/201630313/86
http://linker.aanda.org/10.1051/0004-6361/201630313/87
http://linker.aanda.org/10.1051/0004-6361/201630313/87
http://linker.aanda.org/10.1051/0004-6361/201630313/88
http://linker.aanda.org/10.1051/0004-6361/201630313/89
http://linker.aanda.org/10.1051/0004-6361/201630313/89
http://linker.aanda.org/10.1051/0004-6361/201630313/90
http://linker.aanda.org/10.1051/0004-6361/201630313/91
http://linker.aanda.org/10.1051/0004-6361/201630313/92
http://linker.aanda.org/10.1051/0004-6361/201630313/93
http://linker.aanda.org/10.1051/0004-6361/201630313/94
http://linker.aanda.org/10.1051/0004-6361/201630313/95
http://linker.aanda.org/10.1051/0004-6361/201630313/96
http://linker.aanda.org/10.1051/0004-6361/201630313/97
http://linker.aanda.org/10.1051/0004-6361/201630313/98
http://linker.aanda.org/10.1051/0004-6361/201630313/99
http://linker.aanda.org/10.1051/0004-6361/201630313/99
http://linker.aanda.org/10.1051/0004-6361/201630313/100
http://linker.aanda.org/10.1051/0004-6361/201630313/101
http://linker.aanda.org/10.1051/0004-6361/201630313/102
http://linker.aanda.org/10.1051/0004-6361/201630313/103
http://linker.aanda.org/10.1051/0004-6361/201630313/104
http://linker.aanda.org/10.1051/0004-6361/201630313/105
http://linker.aanda.org/10.1051/0004-6361/201630313/106
http://linker.aanda.org/10.1051/0004-6361/201630313/107
http://linker.aanda.org/10.1051/0004-6361/201630313/108

I. San Roman et al.: 2D study of ALHAMBRA galaxies

“Yryspax 01doosondads () *(S[1RIAP IoYMNy 10§ [°G 109 99s) o[dures pazA[eue ay) woiy dn puess jey) ased Je1noad e se 109[qo paynuap] :Axe[es IRINodd () ‘(I UONBIYHUIPL)
SNSIp ¢ + (@DD) MS1p [ + (Sunurod) su3ip ¢ + (pey) sNIIp  + (9wl uoo3ap) SUIIP ¢ BLIILID SUIMO[[0] Y} 0} TUIPIOdJE pauLIo] are AU, ‘SOl VIGINVHTV 03 spuodsariod uwnjod (] *S9I0N

SI'0F €90 200 ¥ 00°0 100F200-  LTOFCHFS +vTOF06L +S11  SHATIN-A

8I'0F 190 €00F €10 00F 120 6£0FSOL O0S0FISS  9¢Tl €009 610  9I'6T:60:4S+  SYSICEI9l  TSIHOPYLYIS

SPOFOTT 200F 210 W00FIP0-  €TO0FL99 600FC¢PT 1600 SHTINA

91'0 F LL'O ¥0°0 F €2°0 €00 F 800 6I'0F¥8T  900F 980 T90I €009 920  PTICTOWS+  TITTO:60:91  »9TSLOSYLYIS

€T0F €80 SO0 F €00~ YOOFE€T0-  9S0FS8LS €HOFESH  OI'Tl  SHTINA

€COFPLO SO0F 810 SO0 F 200 €O0FTISY S8EOFOE  P60I €004 €0  STS0TYYS+  9S9¥:60:91  LISTOTYLYIS

910 FS6°0 10°0 ¥ ¥0°0 I00F €00~ CI0FSTOl O0I'0F696 SCI11 SHTIN-A

61°0F LS80 100 FST1°0 100 F €2°0 9I0FOFL ¥I0FS6'S IIT1 €004 210 6€:LOFS+  PTTEISTION  SI890VELYIS

6€0F 101 100 F ¥1°0 I00F 620~  LI'OF6rS 900F92C +601  SATIN-A

0S0F I1L°0 200 F2€0 200 F20°0 600FS9T  +O0FS880  L90I €009 120  9I'€S'80vS+  ¥86°LSHI91  ,189SOVELYTS

81°0 ¥ 88°0 €00 F 100~ 00F 100~  6£0FSS9  €C0F809 1TIT  SHTINH

LIOF LSO Y00 FST°0 Y00 F 220 T90FLT9  SPOF60S 9011 €009 $20 V'67:€TTS+  TS6'6S:8T:HT  TLLOOYIOPIS
6691 F 7€'8IT 10°0 220 10°0 ¥ 100 LOOFSSS TOOFv6l S80I  SHTIN-A

96'L ¥ SS°6 100 F21°0 I00F0S0-  SOOF#I'T  T00FSEO 9501 €004 LI'0  8F'90:81:T9+  88°6THETI  »20£90TISHIS

6€0F 9C'1 €00 F Y00~ €O00F SO0~ 9€0FTSL SCOFOrL ISII  SHTUNA

90 F 111 Y00 F21°0 Y00 F L1°O 9S0F99°L €SOFTV9 LI €009 P20 SF9CHO10+  88YSSI6TTO  LEEYOIITHIS

8T0F¥9°0 20°0 ¥ 80°0- W00FTI0-  +YCOFL66 STOFCS6 9P 11 SHTINA

€TO0F 190 €00 F ¥0°0 200 F LOO SEOFCSS  TEOFOSL  ICII €004 Pl TOV:9S:ISI+  TSESOMET  ST8YOLISHIS

TI0F6L0 00 F +1°0 €00 F91°0 90F19L 190FST9 TSI SHTIN-A

[ANIER R SO0 F+T0 Y00 F2€0 PLOFLOL LYOFELS 8CT1T €009 4€T0  TL608PI9+  9SHTHIEETT  $T8SOCTISHIS

EI0FSLO 100 F€1°0 10°0 ¥ S0°0 SI'0OFS90I VvI0OF+v6'6 6V11  SHTINA

SI'0F28°0 100 F €20 100 F 1€0 6C0F LOL €TOFOPS  TTII €009 410 TL'SPSTTO+  89L°6E€:T00T  6809011++18

STOFTLO 200 F+0°0 100F200- <TTOF6L0I 6I0FI186 €11 SHUNHA

80 F 060 €O0F 110 00 F 810 SECOFLYL 6T0FSP9  CILI €004 4610 00:0€9v+  SYYIVILI'60  PPLOOTTEYIS

Or0F€CIl 100 F $2°0~ 100F L20~ 600F€C0l OI'0F196 OFIl STTNH

1+°0 F 660 100 F #1°0~ I00FS00- CI0F0SS CIOFLTL $TII €004 €10 P0'8E:SEI00+ 8T60T6TTO  »SPE90YTTHIS

810 F 760 €00F 10 00F0T0-  0SOFI98 8TOF99L 8801 SHATIN-H

120 F 060 €0°0 ¥ 000 €00 F $0°0 650F9€9  TEOFILS 8901 €009 €10 STHF6L00+ 8T6H'ES9TTO  SO6E0ETTHIS

90 F 611 10°0 ¥ 200 I00F900- 9I'0F906 €I'0FLES  TEIl SHTINA

890 FCI'I 00 F 210 100 F61°0 TTOFT69  LIOFOSS  OI'T1 €009 €10 96'8I:S010+  +8'8F:LTTO  TLSLOTITHIS

¥1°0 F 09°0 €00F 010~ COOFII0- €COFTWS SECOFTSL Wil SHUNA

120 F08°0 ¥0°0 F S0°0 Y00 FTI°0 0SOF8YL SYOF+I9 9TII €009 4IT0  9TISIIO+  TLTOI6T:T0  $E€001TTHIS

91°0 ¥ 280 10°0 F SO0 I00FS00- OI'0F€80l 800F9L6 STII  SHATIN-H

SI'0F 190 100 F 210 100 F 020 TI0OFE6L  600F9€9 €011 €009 4L00  YTSHOTTST  9LEOTSTHI  SI9Z0EI9HI8

(xap) (xop) (140) (1£0) ©n)
) pontosaNTH/RAD  ponjosas KTHRAD  ponjosor(@8V)  ponosor(@8V)  *147 507 [SPOIN  WIYsSpay 29 Vi ail

‘sontodoid uonendod rej[ais *1°V dqeL,

sanJadoad uoneindod Jejjols :y xipuaddy

A20, page 19 of 38



A&A 609, A20 (2018)

0S0F€TT €0°0 T +0°0— €00FS00- vFOFOFS IF0FHLL OFIT  SHTING

650 F vT'1 SO0 F80°0 POOFLIO  690FS8I'L LSOF99S  €TTI €009 970  PPOI:6£:00+ TSL'SS:8TTO  £E6VOVTTHIS

600 F 89°0 20°0 F 200 00FT00- SEOFTC6 IS0FOLS LTIT  SHTINA

070 F 08°0 200 F#1°0 WO0FITO  6S0FOL HEOFII9  LOTI €00d 610 ST6STESI+  9S9VOLFET  SSEIOVISHIS

120 F 260 200 F 60— WO0F6I'0- $T0FS86 STOFIT6 6011  SATINA

LTOF 180 €0°0 F L0'0— 00F 100~ O0S0F LSS 6T0F€8L SITI €009 LI'0  TESSIOSSI+ 960 IS:HHET  0FSSOTTSHIS

S9'0 F €8l €00 F 200 WOFLIO-  650FS89  8TOFIOS THIT  SHTIN-H

€90 F SH'l €00 F L00 €CO00FLO0  LEOFT6S LTOFTHY  CTII €009 TT0  SYVEGEHS+  TEITIOl  I8EE0TPLYIS

L8O F 691 €00 F91°0 €00FT00- LLOF6FL €90F8E9 6£T1  SATINA

L8°0 F 8’ $0°0 F 020 PO0OF0T0  6L0F969 89°0F9CS  TTII €009 LTO0  98IITEHS+  S0TTHIOL  86HITIELYIS
9S'LIFS08T 100 F8T0 I00F000  €I0FLStY +$OO0OF+6T S60I  SHTIN-A

60 FH1°S 10°0 F S£°0 I00F 100~ +I0F+vLT  +00F 190  T901 €009  ¥T0  TSOSIOVHS+  P8ECHIOL  ,LS8EOTELPTS

SCOTF T 10°0 F 90°0— I00FI10- TTOF6S0T 8I'0F66'6  <CEIl  SHTINA

9¢0 F €¢°1 200 F 00— W0FI00  €TOFH6'S  IT0F908  8I'TI €009 LI'0  9€00:0€:9p+ TLYIFLI0  90LOOTIEHTS
OI'TIFO0TT  TO0FTIo- [I00F€€0- +I0F89S LOOF6CE  L6OI  SHTIN-A

96'T F 6€°€ €0°0 T 970 00FHE0-  SI0FTEY 600FS6T  L9OI €009 610 TLOSHE00+ 96TEI6T:T0  »£69L0FCTHIS

LYOF 6T 1 €0°0 F €0°0— €00FE00- SFOF6LL S8COFTIL O0CTIT  SATINA

IS0 FSE'T SO0FLIO POOFETO0  $90F9T'9  LFOF60S  +OTI €009 ¥T0  OLLI:IOL:TO+  SPF0S:6C:C0  OFIEOTITHIS

¥1°0 F 0L°0 200 F010- 00FHI0-  8TOFOI0l 8TOFLL6 9TTII  SHTIN-H

120 F 88°0 €00 F €00 €00F800  9FOF06L IH0F989  SOTI €009 610  STSEOCSI+ 9E6'6ELFET  8T6TOVISHIS

S8TF T 900 F €70 YOO FS8T0-  CSOFREL  SHOFLSO  vITT  SHTIN-A

65T FOL'T 600 F 600~ 900 F €00~  LSOFSE9 SOOF6LY 8601 €009 €T0  9CPTTO9I+  TLY'SEISHET  I8ITOTISYIS

ST'0OF 180 200 F 100- [I00F900- <CCOF888 6I0F+rS  OFIl  SHTINA

ST'0OFTLO 20°0 F 60°0 T00F8I0  TEOFO089 9TOF09S  8ITI €009 ST'0  TELESOHS+  vH6VTIOl  9ILYOVPLYIS

(xap) (xap) (I£D) (I£D) ©en)
&) ponosaNHRAD  ponjosar KIHRAD  ponosa(@BV)  ponposol@8V) ¥ S0 PPN JIYSPaY %Q vy ar

‘PONURIUOD *I°V d[qEL

A20, page 20 of 38



I. San Roman et al.: 2D study of ALHAMBRA galaxies

*(S[TeI9p I9YIINJ 10J [°G '199S
99s) UONNEd YIM pasn 9q P[noys s109[qo 3say Jo syuarpers uonendod re[[As -odures pazAreue o) woiy dn puels jeyr 9sed Ie1noad © se 109[qo paynuapy :Axe[es 1eINosd (, (I UONBROYNUIPI)
su3Ip ¢ + (D) M31p | + (Sunurtod) spSp g + (Proy) sNIIp ¢ + (28ew1 UONOAAAP) SHUSIP ¢ :BLIILIO SUIMO[[0F Y3 0} SUIPIOIIE PAULIO) Ak Ay ], 'Sl VIFINVH TV 03 spuodsariod uwn[od (] *SJON

¢00F690 T00F600- CO0OF I¥0 TO0OFICO0-200FII'0-T100FSI'0— ¢00FL80 I100FCI'0— T0O0OF I¥'0 100+ SO0~ SHTIN-A
100+F680 T100F00 T100F0S0 IOOFIT'0- 200F91°0 TOCOFIT'0— T00FIC0 100F200~-100F0I'0-T100F000~ €004 »189S0VCLY18

1000 +2C0 100+ ¢€00- Y00+ 800 €00+ S00— ¥00F 800 €00 +900~ SOO0F¥LO €O0F¥00 SO0FTLO +¥00F¥0'0 SHIN-H
¢00+S00 I00FT00 SO0F9C0 ¥00+900— SO0+ €0 YO0+ LO0— SOOF¥LO ¥00+200 SO0FL90 +00+<C00 €009 CLLOOVIOVIE
100 ¥ 800— TOOFSI'0O TOOF+S0 T00F IC0~ €00F 190 CO0F 850~ CO0F €90 TO0OFCI0 T00FO0I'0 100+ LT0 SHTIN-H
€00 F €91 200 F6€0- ¥OOFLI'0O €00+F600-200F 650~ 100+FL00 900F<CLO~ ¥00F IS0 €00+ 0£0~100F900- €004 »20€90CISY18
800 F 790 900 F ST'0— 900 F 600 SO0+ 800- 900+ 800 SO0F800~ ¥0O0FS80 €00+F<C00 SO0F+C80 +00+F <00 SHIIN-H
LOOF2E0 SO0F€00~- 900FI1€0 S00FCI'0- 900F €0 SO0OFIT0- SO0F060 ¥00F €00~ SO0 FS80 00 F €00~ €009 LECOOTITYI8
200F6£0 C00F600-€00FTI00-200+F¥00-€00F+00-200F¥00— 100FL60 T00F000 TOO0OF+6'0 100+ 100 SHTIN-A
00 F €20 C00FS00- €c00F¥I'0 €00+ SO0— €0O0F IC0 €00+ LO0O~ [O0OF2Z6'0 TO0OF000 T00+980 I100+FI100 €009 ST8YOII81I8
200 F €0 200 F800— CO0F¥C0 CO0FLO0O~ CO0OFIC0 CO0F P00~ 100 FL80 100F000- TO0OF9L0 100F200 SHIIN-A
LOOF VIO 900 FCI'0 €00F6£0 €O0FIT'0- CO0OFCH0 CO0FLO0— C00F 680 ¢O0FI00- €00FLLO €00F200— €009 vC8S0CISyI8
000 F 610 000+ 100~ €00+ ST0 C00F600- C00F610 TOOFOI'0— 000F00T 000F200 I00+S6'0 [00F¢c00 SHIIN-H
000 F¥C°0 000 F €00~ 200 F6£0 C00F 600~ C00F S0 C00F600- T00FSLO T00FS00 CO0FI90 <00FLOO €009 680901 1¥¥18
100 F#1°0 100 F SO'0— €00+ 910 Y00 F0I'0— €00+ 800 €00+ 800~ 100+ L60 T00F¢€00 T00+FC60 100+ S00 SHTINYH
[00+L00 TO0OF00- ¥00F6C0 YOO F ¥1'0— €00F S€0 ¥O0OF ¥1'0— 200+ 080 <C00+900 CO0+F0L0O <0O0F800 €004 ¥rLO0ITEYVIS
1000 F¢¢€0 100+ S00— 200 F 600 100F8C0~ 2¢00FS00 100F8C0~ 100F060 100F600 T00FT80 I100F¥I'0 SHIIN-A
[0°0 F2€°0 100+ L0O0— C00FLTO C00F€€0- CO0F+¥E0 CO0+FSE0- I00FSLO T00F+¥I'0 CO0OFC90 T00F6I0 €009 »SY690¥TCy18
20’0 F96°0 00 +800— ¥00+ SO0 YOO F¥I'0—€00F900-€00FII'0— I0O0F680 [00F200 [00+1I80 [00+¥00 SHTINHA
200F6¥'0 C00+F800- €00FICO0 €00FCI'0~ YO0 FSTO YOO+ LI'0—- CO0OFILO0 CO0OFS00 <00F090 2¢O00FLOO €009 S06£0€TCy18
¢00F61I'0 CO0FT100 CO0OFCSI0 TO0OFO0I'0- C0O0FS00 CO0OFO0I'0—- T0O0OFS60 T00+F000 TOOF060 100F100 SHIN-A
I00+910 100+ 100~ T00F9C0 [O0OFI1'0—- C00F¥€0 T0O0OFCI'0— 200F9L0 [00+¢€00 C00+990 I00FS00 €009 [LSLOCICYIS
1000 0S50 TO'0F600-€00FS00-200F¥00-200F+0'0—200F 00— T00+F880 100FC00 CO0FS80 C00FC00 SHIN-A
C00F0€0 C0O0F100- YOO+ €10 €00+ S00— €00F€C0 €00+ 800~ 100FL80 100F000- CO0F6L0 T00F 100~ €009 vec001TrI8
000 +82C°0 000+ +0'0— TO0OF0I'0 000+ +0°0— 000+ €00 000+ SO0— 000+ 10T 000+2C00 000FL60 000F100 SHIIN-H
00'0F €20 0000+ LO0— T00FLI'0O 000F¥0°0— 100+ 0€0 000+ 800- 000+ 880 000F000 TO0F9L0 000F2C00 €009 ST9T0€19¥18

(Sewr) (¥2y/Seur) (xap) (¥2y/xap) (x3p) (Vy/xep) (kD) (y/xop) (kD) (¥°y/xap)
Ny AYA Wolg/eq]  WH/AAIA  TO[H/AA]T  TH/AIA W08y Sof WoSy Sojp  T0a8y Sof T8y So[A [9POIA at

*SJUQIPLIS UOIOUNX puk AJIOI[eIoW ‘9. PAIyIIom-ssew pue pajysrom-ysr “g'v d[qel,

A20, page 21 of 38



A&A 609, A20 (2018)

900 F 87°0 Y00 F8I'0— O1'0 F LEO 80°0 F9T0~ SO0 F9E0 Y00 FTT0~ 900 F 080 SO0OFLOO LOOFTO0 SO0OF9I'0 SHTIN-A
Y00 F €20 €00 F €00~ €00F 990 €00F I€0~ €00FS90 TO0F LTO- LOOFLYO SOOFOI0 600F €S0 LOOFEI0 €009 €£6v0rTTr1s
100 F ST'0 TO0F 100 €00F9T'0 2OOFOI'0- €00FSI'0O CO0OFIT'0— 100 F 960 10°0F 000~ 200F¥6°0 10°0 F 000~ SHTIN-A
100 F60°0 000 F 200 €00F6C0 TO0F 600~ €00FLEO TOOFOI'0- 2O0F 680 100F 200~ CO0F6L0 TOOF 100~ €009 SSEI0VISPIS
100 FST0 100 F 100 2O0F ZI'0- 200 F 20'0- 200 F 01'0— 200 F #¥0'0— 200 F 660 100 F 200~ 200 F 860 200 F €0°0— SHTIN-A
TO0FEI0 TO0OFO00 €00FEO0 TO0FTO0~ €00 F 800 TOOF 00~ 100F €60 100F 100- TO0F 680 100F 200~ €009 0vSSOTTSHIS
YOO F 610 €00 F 00 TO0F LOO TOOF SO0~ +0'0F SO0- €00 F ST'0— €00 F8L0 200 F 100~ 00 F L0 €0°0 F 80°0— SHTIN-A
2 0F8T0 OI'0F8T0O TOOFITO TOOFOI'0- OO F STO €O0F6I0- 600F L90 900 F9I'0~ II'0F €90 SO0F €0~ €009 I18EEOIPLYIS
I'0F0S0 OI'0F €1°0— 100 F+2°0 100 F SO0~ LI'OF 800 TI'0OFTI'0— 900 F 690 ¥0°0F 10 OOH 190 SO0F 110 STATIN-A
8 OFP1'0 €O0FT00~ 600 F LFO LOOFITO~ €I'0FLEO OI'OF LI'0O— TI'OF 890 600F 00 11'0F 290 80°0F +0°0 €009 86VITIELYIS
00F990 T00FL0O0 T00FSH0O 100F €0~ 00 F 940 €00 F 40— €00F0S0 TOOFEI0 SOH €10 100 FSI'0 SATIN-A
o 0FSST €O0FCI0- 100 F 970 100 F 800~ €00 F 200 €0°0 F 900~ €00 FTI'0 200 F +0°0— 200 F 09°'0— 200 F 120 €009 »LSSEOTELYIS
Soqr: o 10°0 F 10°0~ 90°0 F #0°0~ 90°0 F 00°0~ SO0 F L0'0~ 90°0 F 100~ 100 F 10T 100 F 000 TO'0F86°0 200 F 000~ SHTIN-A
00F 600 CO0F 00 80°0FL00 80°0F C0'0~ LO'0 ¥ 60°0 80°0 F £0°0~ €00 F 160 €0°0 F 10°0~ €0°0 F 80 $0'0 F 100~ €008 90L00II€Y18
SOH 1T mo.oﬂmm? LO0OF8S0 SO0F S0~ 900 F +€0 SO0F IS0~ TOOF LSO TOOFCI0O TOOFHI'0O 2O00FSTO SHTIN-A
90°0 F 19’ N SO0 F €80~ 900 F0S0 YOO F TH0O— SO0 F 910 00 F I+'0- SO0 F #€0~ ¥0°0 F 67°0 LOOF 6T 1— SO0 F +8°0 €009 »£69L0VTTYIS
LOOF S0 SO0OFTO0— ¥I'0F 900 0I'0 F SO0~ €1°0F SO0 600 F SO0~ OI'0F T80 LOOFE00 CI'0OFSLO SO0F €00 SHTIN-A
€00 F €00 TOOFE00 9I'0F8TO IT0OF SO0~ SI'OFEEO IT°0F 900~ LOOFELO SOOFTO0 600FS90 900 F 1070 €009 OvISOTITHIS
100 FSI'0 100F 200 100 F90°0 000 F0I'0~ 1000 F#0°0 100F [1°0~ 100 F 860 100 F 00 100FS60 100F200 SHTIN-A
100 F800 T00F+00 T100F2T0 100F 110~ [00F I€0 100 F +1°0~ 100F980 100F 200 100F6L0 100 F €00 €009 8T6T0VISTIS
900 F80°0 £00F 800 OI'0F¥1°0 90°0F 8T 0~ 800 F 800 ¥0'0 F9Z0~ ¥0°0 F ¥8°0 OO0 F 100~ 80°0 F L8'0 #0°0 F [1°0— SATIN-A
€TOFYTO~ TIOF 80 TI'0OF9E0 900 F €0~ 0I'0 F 90 900 F €0~ LOOF LLO YOO F SO0~ TI'OF¥L0 LOOFSI'0— €009 I8I10TI8HIS
000 F 1270 000 F €00— 100 FOI'0 100 F01°0— [0°0F L0°0 100 F0I'0— 000F 160 000 F 200 100F880 100F €00 SATIN-A
000 F#1°0 000 F 100~ 100 FST0 100 F ¥1°0~ 100 F8E0 T00F #1'0— 100 F 9.0 100F SO0 100F990 10°0F 900 €009 91LYObPLI TS
000 F 020 000 F 200~ T00F 910 T00F I1°0- I00FEI'0 TOOFI1'0~ 100F 880 100F €00 100F¥80 100 F €00 SHTIN-A
000 F900 000F €00 T00FEE0 100F¥I'0— [I00F I+0 100F +1°0~ 100F 6L0 100F 200 100F0L0 100 F 00 €009 TSIYOPPLYTS
100 F#S°0 100 F 00~ 100 F #€'0 100 F C1'0~ 200 F 2€0- 200 F 60°0— 100 F €60 100 F80°0— 100 F €40 10°0 F 100~ STTIN-A
100 F 160 100 F L00— 100 F 640 100F 120~ 1000 F €20 100F €1°0~ 100F 120 100 F €00 100 F 610~ 100 F 600 €009 »9TSLOSYLY1S
LOOFLLO LOOFH 0~ 900FCI'0 900 F #1°0— +0°0 F 620~ ¥0°0 F SO0 SO0OF 090 900 FZI'0 SO0OF 90 SO0 FSI'0 SHTIN-A
IT0OFOL0 TT°0F I+°0- 90°0 F S€'0 90°0 F #1°0— 90°0 F €00 90°0 F 100~ 900 F S0 900 F SI'0 900 F €0 LOOF¥1°0 €009 LIST0TYLYTS
000 FST0 000 F 100~ 100 F91°0 100 F 600~ 10°0F 800 100F 600~ 000 F 00T 000F 100 100FL60 100F 100 STTIN-H
00°0 F0£0 000 F SO0~ 100F 00 100 FTI'0~ 100F6£0 100FEI'0- 100F 080 100F#00 100F L90 100 F LOO €009 8I890vELY1S
(Sew) (Y2 /3ewr) (xep) (¥2y/x9p) (x9p) (#2y/x9p) (1£D) (#2y/x9p) (1£D) (¥°y/x9p)
Ay AYA WOlH/A4l  W[HAAIA  TO[HAA]  T[H/Pd]A  W0eSy o] WoSy Sojp  T0s8y Sof 13y So[p [SPOIN al
ﬁo::tcoo .N.< o—n—&rﬁ

A20, page 22 of 38



I. San Roman et al.: 2D study of ALHAMBRA galaxies

Appendix B: Mass-weighted properties
Mass-weighted version of Egs. (1) and (2):
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Fig. B.1. Same as Fig. 6, but for mass-weighted properties.
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Fig. B.2. Same as Fig. 11, but for mass-weighted stellar properties.
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Fig. B.3. Same as Fig. 13, but for mass-weighted stellar properties.
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Appendix C: 2D maps and radial profiles
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Fig. C.1. Luminosity- and mass-weighted maps and radial profiles for object 81461302615. Symbols are as in Fig. 3.
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Fig. C.2. Same as Fig. C.1, but for object 81422100334.
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Fig. C.3. Same as Fig. C.1, but for object 81421207571.
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Fig. C.4. Same as Fig. C.1, but for object 81422303905.
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Fig. C.5. Same as Fig. C.1, but for object 81422406945.
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Fig. C.6. Same as Fig. C.1, but for object 81432100744.
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Fig. C.7. Same as Fig. C.1, but for object 81441106089.
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Fig. C.8. Same as Fig. C.1, but for object 81451305824.
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Fig. C.9. Same as Fig. C.1, but for object 81481104825.
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Fig. C.10. Same as Fig. C.1, but for object 81421106337.
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Fig. C.11. Same as Fig. C.1, but for object 81451206302.
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Fig. C.12. Same as Fig. C.1, but for object 81461400772.
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Fig. C.13. Same as Fig. C.1, but for object 81473405681.
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Object: 81473405681

Fig. C.14. Same as Fig. C.1, but for object 81473406818.
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Fig. C.15. Same as Fig. C.1, but for object 81474201317.
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Fig. C.16. Same as Fig. C.1, but for object 81474307526.
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Fig. C.17. Same as Fig. C.1, but for object 81474404152.
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Fig. C.18. Same as Fig. C.1, but for object 81474404716.
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Fig. C.19. Same as Fig. C.1, but for object 81481201181.
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Fig. C.20. Same as Fig. C.1, but for object 81481402928.
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Fig. C.21. Same as Fig. C.1, but for object 81421103140.
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Fig. C.22. Same as Fig. C.1, but for object 81422407693.
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Fig. C.23. Same as Fig. C.1, but for object 81431100706.
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Fig. C.24. Same as Fig. C.1, but for object 81473103857.
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Fig. C.25. Same as Fig. C.1, but for object 81473111498.
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Fig. C.26. Same as Fig. C.1, but for object §81474103381.
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Fig. C.27. Same as Fig. C.1, but for object 81482205540.
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Fig. C.28. Same as Fig. C.1, but for object §1481401355.
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Fig. C.29. Same as Fig. 3 but for object 81422404933.
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