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1 INTRODUCTION

ABSTRACT

We perform spatially resolved stellar population analysis for a sample of 69 early-type
galaxies (ETGs) from the CALIFA integral field spectroscopic survey, including 48
ellipticals and 21 S0’s. We generate and quantitatively characterize profiles of light-
weighted mean stellar age and metallicity within < 2R,, as a function of radius and
stellar-mass surface density w.. We study in detail the dependence of profiles on galax-
ies’ global properties, including velocity dispersion o, stellar mass, morphology. ETGs
are universally characterized by strong, negative metallicity gradients (~ —0.3 dex per
Re) within 1R, which flatten out moving towards larger radii. A quasi-universal local
u-metallicity relation emerges, which displays a residual systematic dependence on
0o, whereby higher o, implies higher metallicity at fixed u.. Age profiles are typi-
cally U-shaped, with minimum around 0.4 R, asymptotic increase to maximum ages
beyond ~ 1.5Re, and an increase towards the centre. The depth of the minimum
and the central increase anti-correlate with o.. A possible qualitative interpretation
of these observations is a two-phase scenario. In the first phase, dissipative collapse
occurs in the inner 1R, establishing a negative metallicity gradient. The competi-
tion between the outside-in quenching due to feedback-driven winds and some form of
inside-out quenching, possibly caused by central AGN feedback or dynamical heating,
determines the U-shaped age profiles. In the second phase, the accretion of ex-situ
stars from quenched and low-metallicity satellites shapes the flatter stellar population
profiles in the outer regions.

Key words: galaxies: elliptical and lenticular, cD — galaxies:formation — galax-
ies:evolution — galaxies: stellar content — galaxies: abundances — techniques: imaging
spectroscopy

activity for several Gyr. The degree of metal enrichment in
their stars, typically at super-solar level, implies that, rela-

Massive Early-Type Galaxies (ETGs, hereafter) have been
a critical benchmark for models of galaxy formation and
evolution since several decades. The vast majority of these
galaxies have been almost completely depleted of cold inter-
stellar medium (ISM) and lacking substantial star-formation
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tively to the general galaxy population, massive ET'Gs have
been able to reprocess their ISM more efficiently, with fewer
losses of metals and in shorter times, as suggested by their
relative enhanced ratio of @ elements with respect to iron.
On the one hand, their global properties appeared similar
to the natural outcome of a dissipative collapse regulated
by stellar feedback (historically dubbed as “monolithic” col-
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lapse scenario, e.g. Eggen et al. 1962; Larson 1974) and, on
the other hand, their scaling relations are not immediately
reconcilable with naive expectations from Cold Dark Matter
(CDM) hierarchical models (e.g. Renzini 2006, and reference
therein). According to these expectations, massive ETGs,
as the most massive galaxies in the present-day Universe,
should “form” later than less massive galaxies (including late
types), but the analysis of their stellar content clearly indi-
cates that most of their stars formed early on and little new
stars were added in the last 5-8 Gyr, as opposed to less mas-
sive galaxies, which contain much younger stars or are even
still currently forming stars. This challenge to hierarchical
models, often referred to as the “anti-hierarchical nature of
ETGs”, was mostly settled in the second half of the years
2000’s by a number of theoretical works (most notably De
Lucia et al. 2006; Neistein et al. 2006). They pointed out
the fundamental difference between the halo assembly his-
tory and the star formation history integrated over all pro-
genitors. They showed that while the former is obviously
hierarchical in CDM models, so that more massive halos
are formed later via merging of less massive ones, the inte-
grated star formation history of the progenitors is actually
shifted back in time for more massive halos as a natural con-
sequence of their progenitor halos forming earlier in higher
density peaks (Neistein et al. 2006).

At the same time as the hierarchical-monolithic debate
was having its acme, semi-analytic models (SAMs) of galaxy
formation and evolution based on CDM N-body cosmolog-
ical simulations had to face another major problem in the
formation of massive ETGs. It was found that no thermo-
dynamical or stellar feedback mechanism is able to stop
gas from being accreted onto massive halos/galaxies from
the cosmic network, cooling down and forming stars. Radia-
tive and mechanical feedback from the active galactic nuclei
(AGN), powered by the super-massive black hole lurking in
galaxy centres, was then identified as the responsible for the
“quenching” and the inhibition of star formation in massive
ETGs (e.g. Croton et al. 2006). Later on, it was realized that
the development of a massive/dense stellar spheroid can also
stabilize the gas and prevent its transformation into stars,
thus giving rise to the so-called morphological quenching
mechanism (e.g. Martig et al. 2009), which represents a pos-
sible alternative for AGN feedback, especially for galaxies
less massive than Mpa), ~ 1012Mg. So far, a detailed de-
scription of when, where, and how these mechanisms are at
work still defies our theoretical understanding and observa-
tional tests.

In fact, we still lack a fully consistent theoretical frame-
work that is able to account for several other crucial (sets
of) observations: (i) the evolution of the mass-size relation
across cosmic times, whereby ETGs at fixed stellar mass are
on average a factor ~ 4 more extended now than at redshift
2 2 (e.g. van der Wel et al. 2014); (i3) the different prop-
erties of slow and fast rotators (e.g. Emsellem et al. 2011);
(#i) the internal structure and the variation of stellar pop-
ulations across the spatial extent of the ETGs, which are
the focus of this paper; (iv) the enhancement of @ elements
with respect to iron and its relation to total stellar mass or
velocity dispersion (e.g. Trager et al. 2000; Gallazzi et al.
2006); (v) the alleged variation of stellar initial mass func-
tion (IMF), with bottom-heavier IMF being predominant in
more massive ETGs and in the cores/densest regions (e.g.

Conroy & van Dokkum 2012; Ferreras et al. 2013; Martin-
Navarro et al. 2015).

It is arguable that these phenomena should essentially
result from the interplay of the basic mechanisms we high-
lighted in this introduction: the dissipative collapse of gas
and the stellar feedback; the mergers, either as major merg-
ers of similar-mass progenitors or as minor mergers, i.e. ac-
cretion of satellites; the feedback from the AGN; the mor-
phological quenching that follows the formation of a mas-
sive and dense stellar spheroid. When, where, and how these
mechanisms take place determines spatial and temporal vari-
ations in the physical conditions in which stars are formed
and in the dynamics of the stars that are formed and/or
accreted. The archaeological memory of these processes is
retained in the stellar population properties of present-day
massive ETGs. Their spatial variations, in particular, can
help unravel the complex interplay of different mechanisms.

From a theoretical perspective, starting with the semi-
nal work by De Lucia et al. (2006), a two phase scenario for
the formation of ETGs (and elliptical galaxies in particu-
lar) has increasingly gained support both from semi-analytic
models and from cosmological simulations. Quoting from
Oser et al. (2010), who ran a set of cosmological simula-
tions and were the first to explicitly propose a “two-phase
scenario”; the formation of ETGs would consist of “a rapid
early phase at z 2 2 during which ”in situ” stars are formed
within the galaxy from infalling cold gas followed by an ex-
tended phase since z < 3 during which ”ex situ” stars are
primarily accreted”. As we will show in this paper, spatial
variations of stellar population properties can actually test
and prove this scenario.

From the observational point of view, although vari-
ations of stellar populations in ETGs are evident already
from colour gradients (e.g. de Vaucouleurs 1961), this kind
of investigation requires spatially resolved spectroscopy at
moderate resolution, in order to track the spatial variation of
age- and metallicity-sensitive absorption features across the
galaxies. Early works relied on long slit spectroscopy to trace
absorption-feature strength variations along a radial direc-
tion (e.g. Carollo et al. 1993; Mehlert et al. 2003; Sanchez-
Bldzquez et al. 2007), and concluded that the absorption-
strength gradients are essentially due to metallicity and that
the age of the populations is generally more homogeneous.
The advent of integral field spectroscopy (IFS) has opened
a new era in this field, by empowering truly 2D-mapping ca-
pabilities in terms of stellar population properties. A num-
ber of works on the radial variations of stellar population
properties in ETGs have been published in the last decade
from IF'S surveys (see Sec. 8), such as: SAURON (de Zeeuw
et al. 2002), ATLAS?P (Cappellari et al. 2011), SDSS-IV
MaNGA (Bundy et al. 2015), SAMI (Bryant et al. 2015),
and CALIFA (Sanchez et al. 2012). Despite the wealth of
measurements and the improved precision of the available
spectro-photometric data sets, a general quantitative con-
sensus on the spatial distribution of the stellar population
properties (age and metallicity, in particular) of ETGs is still
lacking. Significant systematic offsets persist among differ-
ent estimates, in different data sets and/or obtained with
different approaches, as it will be illustrated and discussed
in Sec. 8.

As we describe in detail in Sec. 3, in this paper we
aim at further improving these measurements and reduce
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systematic uncertainties. To this goal, we adopt a bayesian
method that takes into account the most robust constraints
from both spectroscopy and broad-band photometry (see
also Gallazzi et al. 2005; Zibetti et al. 2017). The inference
of the stellar population properties is then based on a vast
suite of models that aims at covering the full possible com-
plexity in terms of star-formation and chemical enrichment
histories, as well as of dust attenuation, in order to fully ac-
count for degeneracies in physical parameter space at given
observational constraints.

With our spatially resolved analysis we also aim at in-
vestigating the role of different scales in shaping the (spatial
distribution of the) stellar population properties of ETGs,
in a sort of closer examination of the questions already ad-
dressed in our previous work (Zibetti et al. 2017): (i) Is
it local (~ lkpc) scales what determines the local stellar
population properties (e.g. Cano-Diaz et al. 2016; Barrera-
Ballesteros et al. 2016; Gonzélez Delgado et al. 2014, 2016)?
(i) Or is it a global parameter, such as mass (e.g. Gavazzi
& Scodeggio 1996; Scodeggio et al. 2002; Kauffmann et al.
2003), velocity dispersion (e.g. Bender et al. 1993; Gallazzi
et al. 2006), or overall age, what local properties mostly re-
spond to?

The paper is organized as follows. Sec. 2 introduces the
sample of ETGs and the dataset used for the analysis. Sec.
3 provides full details on the methods and the data pro-
cessing used to infer 2D maps of the stellar population ages
and metallicities. Sec. 4 describes individual profiles of age
and metallicity as a function of radius and of surface bright-
ness/mass density. Methods of extraction and uncertainties
are presented and discussed, as well as general trends. Sec.
5 analyzes the average stellar population profiles for galax-
ies binned in classes of different global properties, such as
mass, velocity dispersion and E/S0O morphology. The depen-
dence of the stellar population profiles on global properties
is quantified in Sec. 6. In Sec. 7 we focus on the descrip-
tions of the profiles in terms of gradients, as a convenient
and popular way of compressing the information about the
shape of the profiles. Correlations and trends with global
quantities are also analyzed. In Sec. 8 we discuss our results
in the context of the vast literature on the topic and propose
a physical interpretation of our findings. Sec. 9 summarizes
and concludes this paper.

2 THE CALIFA-SDSS ETG SAMPLE AND
DATASET

This study is based on a sample of ETGs drawn from the
main diameter-selected sample of the Calar Alto Legacy In-
tegral Field Area (CALIFA) survey (Sanchez et al. 2012;
Walcher et al. 2014) in its 3' and final data release (Sanchez
et al. 2016, DR3). Apart from celestial coordinate con-
straints, these galaxies are selected from the seventh data re-
lease of the Sloan Digital Sky Survey (Abazajian et al. 2009)
requiring isophotal r-band diameter 45" < isoA, < 79.2",
r-band Petrosian magnitude < 20 and available redshift
0.005 < z < 0.03 (see Walcher et al. 2014).

Galaxies are observed in integral-field spectroscopy at
the 3.5 m telescope of the Calar Alto observatory with the
Potsdam Multi Aperture Spectrograph, PMAS (Roth et al.
2005) in the PPAK mode (Verheijen et al. 2004; Kelz et al.
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2006). The hexagonal field of view of 74”/x64" is covered by a
bundle of 331 science fibres, in three dithers that provide an
effective filling factor close to 100%. Out of the 542 observed
main sample galaxies, we consider only the 394 galaxies that
have been observed in both the blue “V1200” and red “V500”
setups, combined into the so-called COMBO data-cubes!.
The unvignetted spectral coverage extends from 3700 A to
7140 A with a spatial sampling of 1”"/spaxel (effective spa-
tial resolution ~ 2.57”” FWHM). These data-cubes typically
reach a signal-to-noise ratio (SNR) of 3 per spectral resolu-
tion element and per spaxel at ~ 23.4 mag arcsec ™2 (r-band,
see figure 14 of Sénchez et al. 2016).

From this sample we select morphologically classified
ETGs, i.e. galaxies with morphological type earlier than SOa
(SOa excluded), not classified as mergers (see Walcher et al.
2014). After visual inspection we further discard three galax-
ies that are misclassified later types than E or SO: NGC 693
(S0/a in de Vaucouleurs et al. 1991, RC3, with evident nu-
clear starburst), IC 3598 (SA(r)ab in RC3), and UGC 9629
(Sa in RC3). These leaves us with a sample of 69 ETGs in
total, including 48 E’s and 21 S0’s.

Total stellar masses for each galaxy are taken from
Walcher et al. (2014). We adopt the estimates based on the
fitting of the SDSS petrosian magnitudes only, excluding UV
or NIR data. We recall here that these estimates are based on
the revised version of the Bruzual & Charlot (2003, BC03)
stellar population synthesis models indicated in the litera-
ture as CB07, assuming a Chabrier (2003) stellar initial mass
function. Note that CBO7 underestimates stellar masses by
~ 0.1 dex with respect to “standard” BC03 models (see e.g.
Zibetti et al. 2009).

We have independently analyzed the SDSS images of
the sample and performed elliptical isophote fitting, from
which we have derived average ellipticity € and position an-
gle PA with the procedure described in Consolandi et al.
(2016). With this re-processing we were able to fix a few
cases of apparently wrong estimates of PA and ellipticity
reported in the tables of Walcher et al. (2014). From inte-
grated photometry in elliptical apertures we have further
derived total magnitudes and effective semi major axes, de-
fined as the semi major axis (SMA) of the elliptical aperture
enclosing half of the total flux and denoted by Re.

Velocity dispersions, o, are available for 54 galaxies
from Falcén-Barroso et al. (2017), while for the remaining 15
galaxies measurements are computed in this work by JF-B.
The velocity dispersions are derived from integrated spectra
within the 1R, elliptical aperture, obtained in the V1200
setup (blue, high-resolution) of CALIFA. Hence these are
effectively light-weighted mean velocity dispersions within
Re.

Fig. 1 displays the distributions in M, and oe for the
sample as a whole and for the subsamples of ellipticals (E, in
purple) and SO (in orange). We span a range between ~ 100
and ~ 300kms™! in oe. In terms of M, the range covered
spans from 2 - 1010 to 7 - 101'Mg, thus extending a factor
~ 3 beyond the limit of representativeness of CALIFA (in

1 As in Z17, we exclude UGC 11694 because of a very bright star
near the centre, which contaminates a significant portion of the
galaxy’s optical extent, and UGC 01123 because of problems in
the noise spectra.
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Figure 1. Distribution in M, and velocity dispersion o within
IR, for the full ETG sample, and for the subsamples of Ellipticals
and SO, in purple and dark orange, respectively. Vertical dotted
lines (at M./Mg = 10199 =7.9.10'0 and M, /Mg = 10'1-3 =2.10!1)
and horizontal dashed lines (at oe/kms™! = 170 = 1023 and
oe/km sl =210= 102‘32) indicate the boundaries that define the
three bins in stellar mass and velocity dispersion, respectively,
used in the analysis.

fact, galaxies with M, > 2.5-10'! My are under-represented
in the main CALIFA sample). In Tab. 1 we report the num-
ber of galaxies, the median stellar mass M., and the median
velocity dispersion e for the full sample and for different
subsamples, selected in morphology, M, or oe. From both
Fig. 1 and Tab. 1 it is apparent that E’s and S0’s span dif-
ferent ranges in M, and oe. In particular SO’s are biased low
in M, with respect to E’s. Therefore we define a subsample
of E’s with a limit of M, < 2- 101 Mg (corresponding to the
90th percentile in the M, distribution of SO0’s) in order to
control for M, when comparing SO0’s with E’s.

While there is an obvious correlation between M, and
Oe, the scatter is significant, especially for SO’s. This justifies
the distinct analysis of the dependence on the two parame-
ters. In the following sections we will consider three bins in
both M, and o¢, with the boundaries reported in Tab. 1 and
indicated by dashed lines in Fig. 1.

3 STELLAR POPULATION ANALYSIS IN 2D
3.1 Method

We approach the analysis of the stellar populations in our
galaxy sample by mapping their 2-dimensional distribution.
We follow the bayesian method already adopted in Z17,
which builds on the original work by Gallazzi et al. (2005),
with a few modifications that will be highlighted in the next
paragraphs. At any given “pixel” of a given galaxy we mea-
sure a set of observables from the CALIFA IFS and the

SDSS imaging. The same observables are measured on an
extensive suite of spectral models, each of them having a set
of associated physical parameters (e.g. light-weighted age,
metallicity etc.). The likelihood of each set of real observ-
ables (with associated errors) for a given model i, is assumed
to be

L; o« exp(-x?/2), (1)

with the standard definition of y2. The (posterior) proba-
bility distribution function (PDF) of a physical parameter
associated to the models is derived by weighing the prior
distribution of models in that parameter by their likelihood
L;, following Bayes’ theorem.

In this paper we focus on two light-weighted mean prop-
erties of the stellar populations, specifically the r-band-light-
weighted mean age Age, and metallicity Z. (see Z17 sec. 2.3
and equations 4 and 6 therein). Mean quantities are com-
puted from the linear parameters?, i.e. age in Gyr and Z as
metal abundance ratio normalized to the solar value of 0.02.
We also derive the stellar mass surface density based on the
PDF of the scaling factor that one must apply to a 1-Mg
model spectrum in order to match the SDSS photometry.

The spectral library adopted in this study is the same
as the one used in Z17, with the only exception of a dif-
ferent prior on the dust attenuation parameters. It includes
500000 models generated from random star-formation his-
tories (SFH), metal-enrichment histories, and effective dust
attenuation. The base spectral library of simple stellar pop-
ulations (SSPs) is the Bruzual & Charlot (2003) in the 2016
revised version (CB16), which adopts the Chabrier (2003)
initial mass function, an updated treatment of evolved stars
(Marigo et al. 2013), and the MILES stellar spectral library
(Sanchez-Blazquez et al. 2006; Falcén-Barroso et al. 2011).
SFHs 4 la Sandage (1986) are adopted for the continuous
component: SFR;(t) o %exp (—%) A random burst com-
ponent is also added on the top of it. Up to 6 burst can be
added, with an intensity (i.e. fraction of stars formed relative
to the total formed in the continuum component) ranging
between 1073 and 2. For bursts with age agey, o < 108y,
the maximum fraction of stars formed is gradually decreased
from 2 to 1072 at agep, st = 10°yr, in order to avoid recent
bursts that totally overshine the rest of the SFH.

A simple chemical enrichment history is also imple-
mented. The metallicity of the stars formed at time ¢ in-
creases from an initial value Z,( (randomly generated be-
tween 0.02 and 0.05 Zg) to a final value Z, gna1 (also ran-
domly generated between Z,y and 2.5 Zg) as a function of
the time-integrated mass fraction, according to the law:

Zi(t) = Z. (M(t)) = Zi tina1~(Z final — Zx0) (1 - Ayi) ,a >0
final

(2)

« is a random shape parameter that describes how quickly
the enrichment occurs, from instantaneously (a > 1) to de-
layed (e < 1).

We mimic the stochasticity of the bursts by assigning

2 This is especially relevant to properly compare the present re-
sults with works in literature where log quantities are averaged.
See also discussion in Appendix B (available online).

MNRAS 000, 1-36 (2019)



Stellar populations of CALIFA ETGs 5

Table 1. Characterization of the sample and the sub-samples in terms of stellar mass and velocity dispersion.

Sample Boundaries N  median log M, median o,

log Mg kms™!

All 69 11.05 185

E 48 11.18 189

S0 21 10.93 178

E (mass-matched w/S0) M. /Mg <2 -10'" 28 11.00 174
log M. /Mg < 11.3

All, low-M, M./Mg < 7.9 -1010 16 10.68 162
log M. /Mg < 10.9

All, mid-M, 7.9-10% < M, /Mg <2101 31 11.02 175

10.9 < log M. /Mg < 11.3

All, high-M, M. /Mg >2- 10" 22 11.46 236
logM./Mp > 11.3

All, low-0e oe/kms™ < 170 21 10.92 154

All, mid-o 170 < oo /kms™! <210 25 11.02 182

All, high-o oe/kms™! > 210 23 11.44 236

each burst a metallicity Z,purst €qual to the metallicity of
stars formed in the continuous mode at the time of the burst,
Z(t = tohs —agepurst), Plus a random offset taken from a log-
normal distribution with o = 0.2 dex.

Dust attenuation is implemented following Charlot &
Fall (2000), who assume two components of dust: a diffuse
ISM with an effective attenuation law that goes as the wave-
length 1797 and the dust in the birth cloud (BC), which
embeds young stars (age < 107 yr) only, with an effective
attenuation law that goes as A7'°. Young stars, therefore,
suffer attenuation from both components, yielding a total
optical depth in V-band of 1y, with a fraction y attributed
to the diffuse ISM, and a fraction 1 — u attributed to the
BC. Older stars are effectively attenuated only by the dif-
fuse ISM, hence with a V-band optical depth of ury. The
two free parameters, Ty and u are randomly generated with
probability distributions, which are flat at low values and
drop exponentially to 0 between 7y =4 and 6, and between
1= 0.5 and 1, respectively, as in da Cunha et al. (2008).

For this study we have allowed for a much larger frac-
tion of dust-free models, i.e. 90%, than the one adopted in
717, 25%. This choice is justified by the restricted sample of
ETGs analyzed here. ETGs are known to have a much lower
dust content than spirals. For instance, in the Herschel Ref-
erence Sample (HRS), Smith et al. (2012) show that the
ratio of dust over stellar mass is lower by a factor 50 in
ETGs with respect to spirals, on average, and the detection
rate of ellipticals at 250 ym is only 24%. With this prior we
are able to provide tighter constraints (and lower residual
biases) wherever dust is not required, by limiting the im-
pact of dust on the dust-age-metallicity degeneracy. On the
other hand, despite the small fraction of dusty models, we
are able to correctly identify dust lanes and avoid significant
biases in the (few) dusty regions. Although visual inspection
has shown us that the extent of such regions is reduced with
respect to what we get with the Z17 prior, the number of
pixels affected is small enough to produce negligible effects
on the azimuthally averaged profiles of age and metallicity
(see below).

It is important to stress that we do not aim at retrieving
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or fitting the full complexity of these parameters in the real
galaxies. Rather we want to include the maximum possible
degree of complexity in our models, so to properly take into
account the parameter degeneracies on the estimates and
uncertainties of the key physical quantities in which we are
interested, namely the light-weighted mean age and metal-
licity of the stellar populations and the stellar mass surface
density.

The key observables from which we derive the likelihood
L; are four stellar absorption indices and the photometric
fluxes in the five SDSS bands, ugriz. As absorption indices
we use the Balmer indices, H8 and Héa + Hya, mainly age-
sensitive, and two (mostly) metal-sensitive composite indices
that show minimal dependence on a-element abundance rel-
ative to iron-peak elements ([Mg;Fe] and [MgFe]’). As op-
posed to previous works and to Z17 in particular, we do not
employ the D4000, break, despite of its well proved sensitiv-
ity to age. The reason for this choice resides in the limited
sensitivity and, most important, sky-subtraction accuracy, of
the CALIFA dataset blue-ward of 4000 A. At fixed limiting
surface brightness in r-band (or fixed limiting stellar mass
surface density), ETGs display the lowest levels of surface
brightness blue-ward of 4000 A with respect to the general
galaxy population, due to their red spectral energy distri-
bution and extreme D4000, break strength. Therefore even
small residual pedestals from the sky subtraction can sig-
nificantly affect the measurement of D4000, in the outskirts
of these galaxies, leading to biases that depend on surface
brightness (radius). Since the main goal of this paper is to
derive reliable and consistent stellar population profiles, we
rather not use D4000,. It must be noted that the u—g color is
partly redundant with D4000;, so the information encoded
in the break is only minimally lost. For galaxies that do not
display any apparent problem in the D4000, map, we find
that age and metallicity maps that are obtained with and
without D4000, are very consistent with each other, with
slightly larger uncertainties when D4000, is excluded. On
the other hand, when problems in the D4000, map are ap-
parent, differences in the physical parameters are seen, and
associated uncertainties are larger when D4000, is included.
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Simulations of typical CALIFA-SDSS observations show
that systematic biases at the level of a few 0.01 dex may be
present in both age and metallicity estimates, for the range
of physical parameter relevant to ETGs. The largest biases
are expected for log Z./Ze 2 0.3: since in the models there
is a hard boundary for Z. at logZ./Ze = 0.4, the PDFs
are skewed towards lower values and a bias is generated. As
a consequence of the age-metallicity degeneracy, an oppo-
site bias is induced in the age estimates. Therefore, at the
highest stellar metallicity we expect to have underestimated
metallicity by a few 0.01 dex up to 0.05 dex and, correspond-
ingly, overestimated ages by a few 0.01 dex up to 0.1 dex.
A similar, although smaller, “boundary” effect is observed
at the largest ages (Age, = 8 Gyr) for log Z./Zo < 0.1. In
this regime, ages are underestimated by up to 0.05 dex with
a corresponding overestimate of Z, by up to 0.05 — 0.07dex.
We will discuss the implication of these residual biases on
the stellar population profiles in Sec. 4.4.

3.2 CALIFA-SDSS data processing

The first step to study the dependence of stellar population
properties on radial galactocentric distance and on surface
brightness/stellar-mass density, is to create 2D maps of age
and metallicity as well as of stellar mass surface density, p..
In order to achieve this, we create maps of surface brightness
in the 5 SDSS bands, and of index strength for the set defined
in the previous section. These maps are matched in terms
of sampling and effective resolution, following the procedure
detailed in Z17. More specifically, we degrade the native res-
olution of the SDSS images to match the spatial resolution of
the CALIFA data-cubes (PSF FWHM ~ 2.57”). Given the
redshift distribution of our sample, this angular resolution
translates into a typical physical resolution of < 1 kpc. In
terms of effective radius, we typically resolve < 0.1R.. More
quantitatively, we consider as PSF radius the half width at
half maximum (HWHM, i.e. 0.5 FWHM) of the PSF. The
median ratio of PSF radius to Re is 0.08; 70% of the sam-
ple have this ratio < 0.1, and the remaining 30% between
0.1 and 0.2 (see the full distribution in Fig. A1 of Appendix
A). Hence we conclude that we have sufficient spatial res-
olution to resolve the stellar population trends down to at
least 0.2Re for the full sample, and down to 0.1 Re for a
representative majority of galaxies.

The stellar population analysis requires moderately
high signal-to-noise ratio (SNR) in order to keep uncertain-
ties below 0.2 — 0.3 dex: a typical SNR of ~ 15 per A (20 per
spectral pixel) is sufficient to this goal for CALIFA COMBO
spectra, as we verified both on simulations and on real data.
Since the SNR actually delivered by CALIFA is typically
lower than that for most galaxies at galactocentric distances
beyond 1R, we apply a spatially-adaptive smoothing of the
cubes, following the approach of adaptsmooth (Zibetti et al.
2009; Zibetti 2009). As in Z17 we choose a target SNR of
20 and a maximum kernel radius of 5”/3. We further re-

3 In practice, smoothing is only applied at SMA > 1R, with a
kernel radius that increases radially following the declining surface
brightness. The spatial resolution is therefore not affected in the
inner regions, but only in the outer regions where gradients are
already intrinsically milder.

strict the analysis to spaxels with r-band surface brightness
iy < 22.5 mag arcsec2, as determined on the matched SDSS
images, in order to define a highly complete set of regions
(completeness > 90%) over a well defined range in surface
brightness (see Z17).

The next step in the processing is to derive the kine-
matic parameters (line-of-sight velocity v and velocity dis-
persion o) at every spaxel and decouple possible nebular
emission lines from the underlying stellar continuum. This is
performed using an iterative procedure based on pPXF (Cap-
pellari & Emsellem 2004) and GANDALF (Sarzi et al. 2006).
We subtract the best-fit emission lines that are detected with
an amplitude-over-noise ratio larger than 2, from the origi-
nal spectrum. Spectral absorption indices are measured on
this “clean” spectrum in the precise rest-frame defined by
v, without applying any correction for o. The effect of o-
broadening on the indices is taken into account by directly
modelling it in the models. In fact, in order to compute
the X2 of each model, the observed indices are compared to
model indices measured on model spectra that have previ-
ously been convolved to match the effective resolution and
o in the observations (see Gallazzi et al. 2005).

The broad-band SDSS photometric fluxes are cleaned
by the emission line contributions determined with GAN-
DALF. In the y? computation, these fluxes are compared with
the synthetic fluxes extracted from the model spectra using
properly shifted filter response functions that match the red-
shift and Doppler v-shift of each spaxel.

From the posterior PDFs derived as described in the
previous sections, we obtain maps of median-likelihood stel-
lar mass surface density u., r-band-light-weighted age Age,
and metallicity Z.. At each spaxel, the fiducial value of the
quantity is taken as the median of the PDF, while the un-
certainty is given by half of the 16t — 84th percentile range
(corresponding to £1 o in gaussian approximation). It must
be noted that this uncertainty includes both measurement
errors as well as the intrinsic uncertainty due to the de-
generate effect of different SFHs and chemical enrichment
histories on the observable quantities. For this reason, un-
certainties on the estimates of light-weighted age and metal-
licity in individual spaxels can hardly drop below 0.1 dex, no
matter how much we shrink the error bars on the observable
quantities.

4 STELLAR POPULATION PROFILES

In the following subsections we describe three different kinds
of profiles for stellar population parameters, which are shown
in Fig. 2, with Z, in the left column and Age,, in the right one:
azimuthally-averaged elliptical radial profiles (top row), pro-
files as a function of r-band surface brightness y, (mid row),
and profiles as a function of stellar-mass surface density u.
(bottom row). Each orange line corresponds to a galaxy,
with its hue, ranging from light to dark orange, displaying
the light-weighted average velocity dispersion within 1R,
0e. The blue solid line represents the median of all galaxies
at any given abscissa bin, the dashed blue lines are the cor-
responding 16th and 84th percentiles. Half of this percentile
range is plotted in the bottom panels and represents the
scatter of the sample. The top panel of each plot displays
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Figure 2. Profiles of light-weighted stellar metallicity Z. (left column) and stellar age Age, (right column) as a function of different
quantities for the full sample of 69 ETGs. In the top row quantities are plotted as a function of the elliptical semi-major axis (SMA)
normalized by the half-light semi-major axis Re, as a function of the r-band surface brightness u, in the mid row, and as a function of the
stellar mass surface density p, in the bottom row. The main panel of each plot displays the profile of each individual galaxy, color-coded
according to the velocity dispersion o within 1 Re (see side colorbar). In the top row, dotted lines indicate completeness < 0.67, the
vertical dashed lines mark the median PSF radius (HWHM). The blue lines represent the sample median (solid line) and the 16® and
84™ percentiles (dashed lines), only profiles with completeness > 0.67 contribute. In the top and bottom panels of each plot we report
the number of contributing galaxies and the scatter of the quantity on y-axis around the median, respectively.
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the number of galaxies contributing with their profile at any
given abscissa bin.

From the analysis of the PDF, typical uncertainties on
age and metallicity in individual spaxels are both approxi-
mately 0.15 dex, including random measurement errors and
systematic contributions inherent to the modelling. An inde-
pendent measurement of the uncertainty is provided by the
scatter in the estimates for individual spaxels inside the bins
used to create the profiles. For age determination the scatter
is distributed with a median of 0.08 dex, between 0.04 dex
and 0.12dex. For Z. determinations the median scatter is
0.1dex and varies between 0.05dex and 0.15dex approxi-
mately. In both cases, the scatter is less than the estimated
error in individual spaxels. This can be understood as a con-
sequence of spaxel correlations and, most important, of sys-
tematic uncertainties being included in the error estimate
based on our Bayesian analysis. If we make a rough eval-
uation (neglecting spaxel covariance) of the random uncer-
tainty in each bin as the rms around the median divided by
the square root of the number of spaxels, we end up with
estimates of the order of a few 0.01 dex at most, thus well
below our systematic uncertainties.

4.1 Azimuthally-averaged elliptical profiles

Azimuthally-averaged elliptical profiles are obtained by bin-
ning the maps according to the semi major axis (SMA) of
elliptical annuli centred on the galaxy’s nucleus, with ellip-
ticity € and position angle PA as determined in Sec. 2. In
each annulus we consider the median value of the stellar
population parameter (Z, and Age,, respectively). This is
plotted against the average (midpoint) value of SMA nor-
malized to the Re. Because of the limited field of view or of
masked spaxels (due, e.g., to foreground stars or artefacts),
only a portion of spaxels may be available in a given el-
liptical annulus. If the representativeness drops below 2/3,
the profile is drawn with a dotted line and those radial bins
are not considered for the computation of the median and
percentiles of the sample (blue lines). Within 1Re we are
highly complete, with > 65/69 = 94% of galaxies contribut-
ing in this range. The completeness drops to 51/69 = 74% at
1.5Re and then to 32/69 = 46% at 2 Re.

The stellar metallicity Z. monotonically decreases as a
function of SMA in a very consistent way for all galaxies
(top left panel of Fig. 2). The gradient is steeper within
1 Re, then the profiles flatten out beyond that radius. Z,.
decreases by ~ 0.3dex (roughly a factor 2) going from the
nucleus to 1 Re. The scatter of the sample around the median
is remarkably small, typically 0.1 dex (~ 25%,) and decreases
to ~ 0.05 (~ 12%) from 0.5 R towards the centre. Note that
such a scatter is smaller than expected from the systematic
uncertainties in our simulations, which further indicates a
strong regularity (universality) in the metallicity profiles of
ETGs. We also note a systematic tendency for the profiles
of higher-o, galaxies (darker orange hue) to lay above those
of lower-o¢ galaxies (lighter orange hue). We will quantify
this effect better in Sec. 5.

In terms of light-weighted age Age,, profiles are overall
flat (top right panel of Fig. 2). The median profile spans a
range of ~ 0.15dex only, between 6.8 and 8.9 Gyr. Remark-
ably, the median age profile of the sample is not monotonic,
rather U-shaped. All galaxies display the largest ages be-

yond 1 Re. This maximum age of ~ 8.9 Gyr is roughly con-
stant for all galaxies, with a sample r.m.s. of < 0.07 dex.
Age decreases from 1Re inward to 0.5 Re. Below 0.5 Re age
profiles display a larger degree of diversity, as witnessed by
the scatter, which increases to ~ 0.1dex (up to 0.2dex in
the centre). On average, moving to the centre, galaxies get
as old as in the outskirts, although this trend is highly vari-
able on a galaxy-to-galaxy basis and correlates with global
quantities such as oe, as we will show in Sec. 5. A depen-
dence of the age profiles on o, is already visible by looking
at the dominant hue of the lines, indicating that galaxies
with higher velocity dispersion tend to have overall larger
ages and typically flatter profiles than galaxies with lower
velocity dispersion.

The U-shape of the age profile is indeed a common
feature to the majority of galaxies. In fact, from visual in-
spection of the individual profiles, we find: 28 galaxies that
are fully consistent with the U-shape having a minimum
at 0.4Re; 11 galaxies with U-shape but minimum inside
0.3 Re; 6 galaxies with U-shape but minimum outside 0.4 Re;
3 galaxies with an extended plateau around the minimum;
3 galaxies with a noisy profile that is consistent with the
median U-shape; the remaining 18 galaxies not showing any
evidence for U-shape or inconsistent with that. In summary,
51 out of 69 galaxies display U-shaped age profiles, with
some variations in the position of the minimum.

4.2 Profiles in surface brightness and stellar-mass
surface density

Profiles in r-band surface brightness (SB, p,) and stellar-
mass surface density (u.) are obtained by binning the spax-
els in y and p., respectively. In Fig. 2, the median value
of the stellar population property inside the bin is plotted
against the median g, (middle row) and u. (bottom row),
with metallicity in the left column and age on the right col-
umn.

As a function of u, (mid row), essentially all galax-
ies are represented for u, > 18 mag arcsec 2 down to the
selection limit of 22 mag arcsec 2. A decreasing number of
galaxies reach y, as bright as ~ 16.5 — 17 mag arcsec_z, as a
consequence of the different shapes of the surface brightness
profiles of the ETGs in our sample.

As a function of u. (bottom row), we note that the
cut-off at low stellar-mass surface density is less abrupt
than at low SB, due to errors in M/L. Since we a apply
a sharp selection cut at y, = 22mag arcsec_z, which corre-
sponds on average to log us. ~ 2, the tail of the distribution
below this value is contributed (mainly) by spaxels whose
M/L is under-estimated due to errors. Hence spaxels with
log u+ < 2 are characterized by biased estimates of stellar
population properties. In particular, since errors in M/L are
correlated with errors in Age, and, in turn, errors in Z. are
anti-correlated with errors in Age,,, points below the limiting
. of 102Mg pc2 are severely biased also in Age, (down-
turning profiles) and Z,. (up-turning profiles). For this rea-
son, that entire region must be neglected and is shaded in
grey in Fig. 2.

Profiles of Z, stay almost flat in the highest SB/density
regions and then decrease with steeper and steeper deriva-
tive as we move to lower SB/density. The scatter is around or
slightly above 0.05dex in the (inner) higher-SB/density re-
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gions, over almost 2 orders of magnitudes in SB/density, and
increases to 0.1-0.15 dex only in the (outer) low-SB/density
regions. As already noted for the radial metallicity profiles,
the scatter (especially in the inner, higher-SB/density re-
gions) is tiny compared to possible systematic uncertainties
and points to a high degree of universality in the dependence
of Z, on radius and on y, or u.. Looking at the profiles of the
individual galaxies, it is apparent that there is a significant
dependence of the Z, profiles on the velocity dispersion o,
which is much more evident than in the case of radial ellipti-
cal profiles. There is in fact an average shift of the profiles of
galaxies with higher o towards larger Z,, over a range that
is comparable with the scatter around the median profile.

Stellar light-weighted age profiles display a U-shape,
even more evident than what is seen in radial profiles,
with a minimum corresponding to ~ 6.8Gyr at u, ~
19 mag arcsec™2 or log wx/Mopc? ~ 3.5. The scatter is typ-
ically larger than the one displayed in Z., and decreases
from ~ 0.15dex in the brightest regions to < 0.1dex
when we move to regions fainter than 20mag arcsec™2 or
log w+/ Mopc? < 3. Overall this is consistent with the radial
profiles, although we note that by binning in SB/density,
the brightest/densest of the central regions reach older ages
than fainter or less dense ones, even older than the outer
regions, and exceed 10 Gyr. We note also a trend for profiles
of higher-oe galaxies to display overall larger ages and a less
deep minimum (i.e. flatter shape).

Apart from the above-mentioned difference at the dim
end due to measurement effects, profiles as a function of y;
and of p, mirror each other very closely. This is not surpris-
ing if one considers that M/L ratios span a small dynamical
range for old and metal-rich stellar population like those
in ETGs (e.g. Bruzual & Charlot 2003, their figure 1), and
therefore u, and w. trace each other very well. For the rest
of the paper we will no longer discuss profiles in y, and refer
instead to profiles in u., the latter being a more fundamental
physical quantity.

4.3 Relating azimuthally averaged elliptical
profiles and profiles in stellar-mass surface
density

Radial elliptical profiles and profiles in pu, are obviously re-
lated one to the other via radial elliptical profiles of stellar
surface mass density. We plot them in Fig. 3 with the same
graphic format as for Fig. 2.

All profiles but a few display similar shapes, i.e. the typ-
ical cuspy de Vaucouleurs (1948) profiles. As a result, at first
order approximation, radial elliptical profiles translate into
profiles in p, that are more stretched in the inner, brighter
parts, and more compressed in the outer, faint parts. This
mere “coordinate” transformation explains the basic differ-
ence in shape between these two kinds of profiles in Fig.
2.

The normalization of the profiles, on the other hand, ex-
hibits a significant scatter of ~ 0.25—-0.3 dex inside 1 Re. Be-
cause of the cut we apply in surface brightness, we note that
we miss an increasing number of galaxies as we move beyond
1 Re and the sample becomes more and more biased towards
the galaxies of higher average surface brightness/mass den-
sity. The tight p. — Z, relation presented in the bottom left
plot of Fig. 2, which is unaffected by selection biases, hence
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Figure 3. Profiles of stellar mass surface density u. as a function
of the elliptical semi-major axis (SMA) normalized by the half-
light semi-major axis Re, for the full sample of 69 ETGs. The
main panel displays the profile of each individual galaxy, color-
coded according to the velocity dispersion o within 1Re (see
side colorbar). The blue lines represent the sample median (solid
line) and the 16™ and 84™ percentiles (dashed lines). In the top
and bottom panels we report the number of contributing galaxies
and the scatter of logu. around the median, respectively. The
vertical dashed line marks the median PSF radius (FWHM). For
a reference, at SMA = R the median p.(Re) is 102 Mgpc2, and
a p, of 103Mgpc~2 corresponds to 0.57 Re.

implies that the parts of the radial metallicity profiles miss-
ing at SMA > 1 R are preferentially low-metallicity. In turn,
this may (i) bias the median radial metallicity profile of the
sample beyond 1 Re to appear flatter than it is in reality and
(i) artificially decrease the scatter. On the other hand, the
individual profiles that extend far enough display a similar
flattening as the median profile, hence reassuring about its
real nature.

Concerning the age profiles, we note that beyond 1 Re
log u+ gets smaller than 3, a regime where we observe a mild
anti-correlation between Age, and p.. Therefore, the outer
radial age profiles miss preferentially larger ages and may
be biased low. However, since the derivative of Age, with
respect to u. approaches 0 as we move to low surface mass
density, we do not expect this bias to significantly alter the
shape of the median radial profile.

Fig. 2 highlights the existence of both a SMA-Z, relation
and of a p,—Z, relation. Both relations are remarkably tight,
especially in the inner/high-surface-density regions. Still it
makes sense to investigate whether one is more “fundamen-
tal” than the other. We consider the scatter around the me-
dian relations in a range where we are highly complete and
the scatter is roughly constant, that is 0.5 Re < SMA < Re
corresponding to 3.05 > log px > 2.65 (see Fig. 3). In these
regions the scatter around the SMA — Z.. relation is ~ 0.10 dex
while the scatter around the u. — Z. relation is ~ 0.07 dex.
A clearly lower scatter in the u,. — Z, relation is apparent
even if we extend the range to include the inner/higher-
surface-density regions (down to 0.1 Re or up to 4 in log p.):
the typical scatter in the p. — Z, relation is always around
~ 0.06 dex, while the scatter in the SMA — Z, relation drops
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below 0.075dex only inside 0.3 R¢. In other words, u« is a
better predictor of the local Z, than the radial distance from
the centre, thus supporting the idea that the u. — Z. rela-
tion is the driving one, with the SMA — Z, relation being
a consequence of the former one and of the quasi-universal
shape of the SMA — u.. profiles. In fact, one can work out that
the larger scatter in the SMA — Z, relation with respect to
the u. — Z, relation, within 1 Re, is quantitatively consistent
with this hypothesis.

4.4 Impact of biases in stellar population profiles

As mentioned at the end of Sec. 3, biases in the inferences of
stellar population parameters may arise as one approaches
the physical limits of the parameter space covered by the
models. In the actual profiles we may be possibly biased
in the central (SMA < 0.3 — 0.4R.) and most dense regions
(log s« 2 3.3), where log Z./Zo 2, 0.2 — 0.3. Due to the hard
limit in log Z./Ze = 0.4 present in our library, in those re-
gions, we might be underestimating the true metallicity by
a few 0.01 dex up to 0.05 dex. We might also correspondingly
overestimate the true age by a few 0.01 dex up to 0.1 dex, al-
though for ages as high as ~ 8 =10 Gyr the effect is expected
to be even milder. As a consequence, metallicity profiles in
the central/densest regions might be steeper in reality; in
particular, the stark flattening observed in the profiles vs.
U« might be partly an artefact. On the contrary, the central
age cusp might be enhanced with respect to the reality.

On the other hand, in the less dense regions, typically
beyond 1Re, for ages = 8 Gyr and relatively low metallic-
ity we might be biased low in age by a few 0.01dex (see
last paragraph of Sec. 3) and, correspondingly, we might
be biased high in Z, by a few 0.01 dex. As a consequence,
the age “plateau” at large distances/low densities might be
slightly higher in reality, and the metallicity profiles some-
what steeper. Note that a negative correction (i.e. to steeper
slopes) to the radial derivative of metallicity is also expected
from the surface brightness cut discussed in the previous sec-
tion.

Considering the maximum amplitude of these biases, we
do not expect significant changes in the shapes of the pro-
files plotted in Fig. 2, rather just small offsets and changes
of slopes. In particular, all considerations and conclusions
about the qualitative shapes of the profiles, the scatter and
the existence of tight (quasi-)universal relations are robust
against the possible biases of the stellar population analysis.

More systematic effects related to the choices of aver-
aging linear quantities rather than their logarithm to esti-
mate Age, and Z., and of using a fixed universal IMF from
Chabrier (2003) are illustrated in Appendix B. Although dif-
ferent choices/assumptions in these respects may change our
results quantitatively, the qualitative picture and the trends
that emerge from our analysis are robust.

5 AVERAGED STELLAR POPULATION
PROFILES

In this section we analyze how stellar population profiles
(both in SMA and in u.) depend on global galaxy properties,
namely on the stellar velocity dispersion within Re, oe, on
the total stellar mass, M, and on the morphology (E vs.

S0). To this goal, we bin galaxies in different classes and, in
each of them, we proceed to compute the median averaged
profiles and percentiles, as we did for the full sample in Fig.
2. In particular, individual profiles contribute only as long
as spaxel completeness is larger than 2/3 = 0.67.

The different subsamples are defined in Table 1 and are
plotted in different colors in Fig. 4 (radial profiles) and 5
(profiles in u.), according to the corresponding legends. As
a reference, all plots report the median profiles of the un-
binned sample (all ETGs in the top three plots, all Es in the
bottom one, repsectively) as solid blue line, with shaded blue
regions covering the 16" — 84" percentile range. The same
two percentiles are shown for the subsamples as dashed lines
in the corresponding color. Green-shaded regions indicate
the range where less than 1/3 of the galaxies contribute.

5.1 Averages in M, and oe bins

Radial profiles display a clear dependence on ¢ for both age
and metallicity, as one can see in the top panels of Fig. 4 (full
sample of “All ETGs” in bins of 0¢). At low and intermediate
e the median metallicity profiles are very similar, but are
significantly different from the metallicity profile of galaxies
with oe > 210kms~!. High-oe galaxies share with lower-oe
galaxies very similar Z, in the central regions, but their de-
crease of Z, with SMA is slower and results in a difference of
~ 0.1dex in Z, at ~ 1.5Re with respect to lower-oe galax-
ies. The effect of o¢ is particularly dramatic on age profiles.
All galaxies share a very similar old age of ~ 8.9 Gyr beyond
~ 1.5 Re, yet with a small but significant age offset correlated
with 0. Inside ~ 1.5 Re, high-o, galaxies display almost flat
profiles, with an inflection around ~ 0.4 Re; intermediate-oe
galaxies reproduce very closely the median profile for the full
sample and are characterized by a U-shape with a minumum
of ~ 6.8 Gyr at ~ 0.4 Re; finally, the low-0 galaxies display
a monotonic age decrease toward the centre. Looking at the
plots of scatter (both in Z. and age) we note that the scat-
ter in the o subsamples is generally lower than in the full
sample (except for the Z, of low-o¢ galaxies at large radii).
This is a further indication that oe alone induces clear sys-
tematics effects on the stellar population profiles.

In the second row of panels of Fig. 4 we plot the pro-
files in bins of My, including all ETG galaxies. We observe
qualitatively very similar trends as with oe. We note minor
differences in the metallicity profiles, whereby at SMA < 1 Re
the three mass bins overlap almost perfectly. The age profile
of low-mass galaxies is more noisy than for the correspond-
ing low-0¢ bin. Finally we note that the scatter in the bins
is typically as large as in the general sample, except for the
high-mass bin (which almost coincides with the high-o bin).
There is thus an indication that M, has systematic effects
on the profiles similar to oe, but the correlation is weaker
and possibly inherited via the e — M. correlation.

By comparing these binned profiles as a function of ra-
dius with the corresponding profiles as a function of stellar-
mass surface density in Fig. 5, we observe that most of the
profiles and relative trends are qualitatively consistent, af-
ter taking into account the different “stretch” caused by the
change of variable in abscissa. The visual impression is that
different bins separate better, especially in Z., when profiles
as a function of u, are used instead of radial profiles. We
will better quantify this impression in the next section 6.
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We note that the Age,— . profile is U-shaped also for the
low-0¢ subsample, contrary to the monotonically increasing
behaviour observed in the corresponding radial profile. This
is a consequence of the scatter in u, in the central regions
and on its dependence on o (see Fig. 3). As most of the
low-0 galaxies do not reach p, as high as 103-3Mgpc=2, the
median inner radial profiles are dominated by the points at
lower u., hence at lower age. However, the top-right panel of
Fig. 5 shows that even in low-0¢ galaxies there is a reversal
of age gradients, provided that large enough densities are
reached.

5.2 Profile dependence on E vs. SO morphology

In the third and fourth rows of plots in Fig. 4 and 5 we
investigate the impact of morphology on the stellar popula-
tion profiles. The plots labeled “Es vs. S0s” in the third row
of the two figures display the comparison between S0’s (in
green) and Ellipticals (full sample, in red). We also plot the
median profiles for Ellipticals in the same mass range as S0’s
(log M /Mg < 11.3, in orange), in order to check to what ex-
tent differences in the profiles are induced by the different
mass range spanned by the two morphological classes.

The median metallicity of SO’s is systematically higher
than the one in E’s by 0.05-0.1 dex for a substantial part of
the radial extent, between ~ 0.6 and ~ 1.3R.. Conversely, the
median light-weighted age of the stellar populations in SO
galaxies is systematically lower than in E’s by 0.05-0.1 dex,
over the same radial range. By restricting the comparison
to E’s matching the mass range of S0’s, we observe qualita-
tively the same effects, although the difference is marginally
smaller on average in Z. and larger in age. This systematic
variation between E’s full sample and the mass-matched sub-
sample stems from the trend with stellar mass observed in
the second row of panels in Fig. 4.

Contrary to radial profiles, as a function of w., the
metallicity profiles of E’s and S0’s are hardly distinguish-
able, a fact that further stresses the fundamental nature of
the relation between Z, and u., which is insensitive to the
morphology of the galaxy®. In terms of their Age,(u+) pro-
files, we observe systematic differences between E’s and S0’s,
with the latter having younger minima by some 0.1 dex, even
when compared to the mass-matched subsample of E’s.

The fourth row of panels in Fig. 4 and 5 repeat the same
analysis of the respective top rows, i.e. the average profiles
for different bins of oe, but now excluding S0’s. We find in-
deed very similar profiles and trends. The most notable vari-
ations occur in the lowest-oe bin, whose difference relative
to higher-oe bins appears amplified when S0’s are excluded.
In particular, the offset of the age profile of the low-oe bin
to younger values with respect to the general sample is more
significant when S0’s are excluded from the analysis. A pos-
sible explanation for this might be that o is a low-biased
indicator of the dynamical support for S0’s with respect to
E’s and therefore the binning in o for the general sample

4 The universality of Z.(u.) on one hand and the dependence of
Z.(SMA) on morphology on the other hand are a consequence of
the stellar mass surface density profiles u,(SMA) changing system-
atically with the morphology.
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produces more heterogeneous subsamples than for the pure
E sample.

The morphological classification into E and SO is nowa-
days often regarded as a primitive tool to separate “pressure
supported” from “rotation supported” systems, despite the
morphological classification having its own peculiarities that
are not captured by a kinematic classification. A full charac-
terization in terms of kinematics would allow us to properly
separate the so-called “slow rotators” from the “fast rotators”
(Emsellem et al. 2011). Unfortunately we have this charac-
terization available only for the 54/69 galaxies in Falcén-
Barroso et al. (2017), so we cannot perform a complete anal-
ysis here. However, from Falcén-Barroso et al. (2015) we can
easily see that S0’s are an almost pure sample of fast rota-
tors, while Es are a mixed bag of fast rotators and slow
rotators, with Es at M, > 10 - 1011-3My being almost only
slow rotators. So, already from the plots in Fig. 4 and 5 we
can infer that slow rotators tend to have flatter age profiles
than fast rotators, which, in turn, present stronger age mini-
mum and profile inflection at ~ 0.4R.. Massive slow rotators
tend to slightly flatter radial profiles also in metallicity.

5.3 Characterization of profiles by reference
values

In order to provide a more quantitative characterization of
the profiles, for each galaxy we evaluate Age, and Z. at dif-
ferent reference radial (SMA) distances and stellar surface
mass densities (u«). We define the following set of reference
radial distances:

“center” (SMA < 0.1Re)

- 0.2Re (0.15 < SMA/R. < 0.25)
- 0.4Re (0.35 < SMA/Re < 0.45)
- Re (0.95 < SMA/Re < 1.05)

- 2Re(1.95 < SMA/R. < 2.05)

In brackets we report the discrete SMA ranges used to com-
pute the characteristic stellar population parameters. We
introduced the 0.2 Re distance because it is generally more
robust both from a statistical point of view (more contribut-
ing spaxels) and from a observational /physical point of view
(insensitive to residual PSF mismatches between photome-
try and IFS, and to possible nuclear sources, e.g. AGN) with
respect to the “center” region, yet it is a fair representation
of the innermost regions. The 0.4 Re reference is chosen as
the approximate location of the age minimum. Similarly, we
define a set of three reference stellar mass surface densities
as follows:

- “center” (log ux = 4.0)
- “mid” (log s = 3.1)
- “outer” (log s = 2.3)

For each reference ., the characteristic stellar population
parameters are computed considering only the spaxels hav-
ing p, within +0.1dex from the reference. For each galaxy
subsample, we compute the median and the 16th and 84th
percentiles of the distribution of Age, and Z. in the spaxels

bins defined above, and report them in tables C1 and C2, in
+(p84—median)
—(median-p16)’
contributing galaxies. The distributions of the characteris-
tic stellar populations are represented in form of histograms

the form of median along with the number of
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Figure 4. Azimuthally-averaged radial profiles of light-weighted stellar metallicity Z, (left column) and stellar age Age, (right column)
for different galaxy subsamples. From the top row to the bottom: all ETGs binned according to their o,; all ETGs binned according
to their M,; Es vs SO vs Es in the corresponding M, range of SO; only Es binned according to their oe. The main panel of each plot
displays the median profile of each bin (solid lines) and the 168 and 84" percentiles (dashed lines), color-coded according to the legend.
The blue line and shaded area correspond to the median and inter-percentile range of the full unbinned sample (all ETGs for the first
three rows, all Es only for the bottom row), and are reported for reference in all plots. Green-shaded regions indicate the range where
less than 1/3 of the galaxies in the unbinned sample contribute. Line representing less than 1/3 of galaxies in a given subsample are thin.
In the bottom panels of each plot we report the scatter of individual profiles around the median of each subsample. The vertical dashed
lines mark the median PSF radius (HWHM). Most notably, we observe that o is the main parameter that modulates the shape of the
profiles, while morphology plays a secondary role and M, appears to control the shape of the profiles only via its correlation with .
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Figure 5. Profiles of light-weighted stellar metallicity Z. (left column) and stellar age Age, (right column) as a function of logu. for
different galaxy subsamples. From the top row to the bottom: all ETGs binned according to their o; all ETGs binned according to their
M,; Es vs SO vs Es in the corresponding M, range of SO; only Es binned according to their 0. The main panel of each plot displays the
median profile of each bin (solid lines) and the 162 and 84" percentiles (dashed lines), color-coded according to the legend. The blue
line and shaded area correspond to the median and inter-percentile range of the full unbinned sample (all ETGs for the first three rows,
all Es only for the bottom row), and are reported for reference in all plots. Green-shaded regions indicate the range where less than 1/3
of the galaxies in the unbinned sample contribute. Line representing less than 1/3 of galaxies in a given subsample are thin. Grey-shaded
regions mask the u. range where quantities are biased due to the surface brightness cut (see Sec. 4.2). In the bottom panels of each
plot we report the scatter of individual profiles around the median of each subsample. Most notably, a quasi-universal u.-Z,. relation

emerges, whose zero-point is modulated by .
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in the right-hand side panels of Fig. 6 (and 7, identical),
where the median values are highlighted by arrows. These
histograms and arrows clearly display the systematic shape
of the stellar population profiles described in this Section.

6 TRENDS IN STELLAR POPULATION
PROFILES WITH GLOBAL GALAXY
PROPERTIES

In this section we further examine the dependence of stellar
population profiles on global galaxy properties (e.g. Mx, o,
etc.), by studying the trends between these properties and
Age, and Z, evaluated at reference radial (SMA) distances
and stellar surface mass densities (u. ), as defined in the pre-
vious section.

In Fig. 6 we show how Z, (left column) and Age, (right
column), at different reference SMA (top row) and reference
1+ (bottom row), respectively, correlate with the stellar ve-
locity dispersion oe. The main panel of each plot displays
the points for individual galaxies in different colours for the
different reference quantities. Points for the same galaxy are
connected by vertical thin lines. The thick lines are obtained
from robust linear regression via least absolute deviation
minimization. The coefficients of the fits, the mean absolute
deviation (MAD), the Spearman’s rank correlation coeffi-
cient Cspearman, and the resulting probability for null cor-
relation Py, are reported in columns 5 to 9 of tables C3
and C4. The right-side panels of the plots display the num-
ber distribution in Z, and Age, for the different reference
quantities. Arrows mark the position of the median of the
distributions (see also tables C1 and C2).

All characteristic stellar population properties are posi-
tively correlated with o, at > 99% confidence level, accord-
ing to a simple Spearman’s rank correlation test. In other
words, at any radius or stellar mass surface density we find a
trend for both Z. and Age, to increase at increasing velocity
dispersion.

The trends of metallicities at different reference SMA
(Fig. 6, top left panel) have all a very similar slope, thus
implying that the effect of o on the radial metallicity pro-
files is essentially a vertical shift, by about 0.04 dex per
0.1dex in o¢, corresponding to about 0.15dex over the o¢
range spanned by our sample. The only exception occurs in
the very center (“center” region, only reported in the tables,
not shown in the plots), where all profiles appear to con-
verge. There we measure a weaker correlation with o and
all galaxies share the same estimated log Z,/Zs ~ 0.3 within
a few 0.01dex. Note that this central convergence may be
partly an effect of saturation towards the highest metallicity
allowed in the spectral library.

At fixed ., the trends of Z, with o (Fig. 6, bottom left
panel) are flatter than at fixed SMA in the high and inter-
mediate density regions, but significantly steeper in the low
density regions, with an increase of ~ 0.07 dex in metallicity
per 0.1dex in 0. This is a quite remarkable effect as one
would naively expect that oe (which traces the dynamics
in the densest regions) would affect mostly the densest re-
gions of the galaxies. What we see, instead, is a correlation
between the inner dynamical state (possibly a tracer of the
depth of the gravitational potential well) with the metallicity
of the low density regions, which simulations indicate being

composed by a significant fraction of stars accreted from
satellites (e.g. Hirschmann et al. 2015; Rodriguez-Gomez
et al. 2016). This, in turn, highlights a strong link between
halo mass (whose o¢ is a proxy) and the surrounding envi-
ronment in terms of the properties of stellar populations of
its satellite galaxies.

Characteristic ages show steeper positive trends with oe
for the inner reference radii (0.4, 0.2R¢) than for the outer
ones (1 and 2R¢). This is consistent with o driving the
scatter in the radial profiles of Age, and with the substantial
decrease of the galaxy-to-galaxy scatter as one moves out-
wards. Going from ~ 130 to ~ 300kms~! galaxies roughly
double their age in the inner ~ 0.5Re, but increase their
age by ~ 25% only beyond 1Re. From the convergence of
the different trend lines we also see that age profiles become
essentially flat for o > 300kms™!. The trends of charac-
teristic Age, at different . (bottom-right plot of Fig. 6)
confirm this picture by displaying flat slopes at low u. and
steeper slopes at higher u., with a substantial convergence
at ~ 300kms~!. We can summarize these trends by saying
that high-oe ETGs are homogeneously and maximally old,
while at lower o they become increasingly younger, more
so in the inner ~ 0.5 Re.

In Fig. 7 we repeat the analysis of Fig. 6, but consid-
ering the stellar mass M. as the variable against which to
check for trends, instead of 0. In this figure, regression lines
are drawn as thick or thin lines depending on whether the
hypothesis of null correlation can be excluded with a proba-
bility of more of 99% or less, respectively. Although qualita-
tively we obtain similar trends of characteristic Z,. and Age,
increasing with M., as opposed to the correlations with o
(all significant), only 6/14 correlations with M, are signifi-
cant. This can be understood if we interpret the correlations
with e as “primary” correlations and the ones with M, as
second order correlations, “inherited” from the correlation
between M, and o (see Fig. 1). In particular, we note that
none of the correlations with Z, at fixed radii retains its sig-
nificance, whereas correlations with Z, at fixed us. do. This
is further indication of the fundamental role of u., rather
than radial distance, in determining the metallicity of the
stars in an ETG.

Significant age trends with M. are only observed at
0.4Re and 1 Re. Those are also the most significant trends
against oe (see Tab. C1) and this observation confirms the
hypothesis that correlations with M, are actually second or-
der correlations, “inherited” from the correlation between M.
and 0.

We further explore possible correlations of the shape
of the stellar population profiles with the “global” parame-
ters represented by the metallicity and the age evaluated at
1 Re, Z.(Re) and Age,(Re), and with different concentration
indices for the light distribution. The choice of Z.(Re) and
Age.(Re) as global parameters is justified because they can
be considered as reasonable proxies for the galaxy-integrated
stellar metallicity and age, respectively (see also Gonzdlez
Delgado et al. 2015). From Tab. C3 and C4 we note that
most correlations of Z.(Re) and Age, (Re) are with character-
istic Z, and Age,, respectively. These correlations are partly
built-in, given the continuity of the profiles. However, they
also indicate that changes in the profile shapes, if any, cor-
relate with their normalization at 1 Re.

We also note some weak or marginally significant pos-
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itive correlations between characteristic Z, and Age,(Re).
Vice versa, we observe some tentative positive correlations
between characteristic Age, and Z.(Re), although they are
milder and much less significant (Pyy11 2 0.1). We interpret
these correlations as second order effects, deriving from the
primary correlations with o¢. Interestingly, there is virtually
no correlation between Z.(Re) and Age, (Re).

Finally, we do not observe any significant correlation be-
tween characteristic stellar population parameters and con-
centration index of the light profiles. In Tab. C1 and C2 for
illustration we only report on the correlation analysis with
the C31 index, which is defined as the ratio between the radii
enclosing 75% and 25% of the total light, Ry5 and Rs(, respec-
tively. We get consistent results also for other concentration
indices, namely for Cg5 = Ilg_zo and for Cp; = Ilg—;‘;, which are
sensitive in different degree to different parts of the pro-
file, although obviously correlated (and equivalent in case
of ideal Sérsic profiles). This lack of measurable correlation
may partly arise from the small dynamic range of the con-
centration parameters in our sample. In fact, Zhuang et al.
(2019) analysed the stellar metallicity profiles for a sample
of CALIFA galaxies spanning the full morphological range
and found a clear dependence of the radial metallicity profile
on the Sérsic index.

7 STELLAR POPULATION GRADIENTS AND
THEIR TRENDS WITH GLOBAL
PROPERTIES

In this Section we provide some more quantitative estimates
on the shape of the stellar population profiles, that can be
useful for comparison with other observations and with mod-
els (e.g. Hirschmann in prep.).

7.1 Radial stellar population gradients

We quantify the radial variations of stellar population prop-
erties inside ETGs by means of linear and logarithmic radial
gradients, that we define as:

dlog X
VinX = S0 3)
dlogX
VieeX = ————— 4
log™ = §log SMA )

respectively, where X is either Z. or Age,. Despite of the
ill-defined nature of a global gradient for profiles that are
neither pure exponential nor power-law, as we showed in
the previous sections, this kind of profile characterization is
quite common in the literature (e.g. Kuntschner et al. 2010;
Martin-Navarro et al. 2018) and may be helpful for compar-
ison purposes and to compress the information. Considering
the “curvature” of the profiles we define the radial gradi-
ents over two distinct ranges: an inner range from 0.2 Re to
1 Re, and an outer range from 1 Re to 2 Re. We exclude the
very inner region to avoid biases in the estimate due to low-
number of spaxel statistics and PSF smearing effects. For
each galaxy, the gradient values are computed as the ratio
of finite differences between the values at the boundaries of
the ranges. In particular, in these differences we consider
Z. and Age,, respectively, evaluated as the median in the
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spaxels within 0.1-Re-wide annuli centered at the respective
boundaries of the ranges. In Tab. D1 we report the values
of the radial (linear and logarithmic) gradients for the dif-
ferent galaxy subsamples, both for the inner and the outer
regions. The reference value in each column is the median of
the sample, the plus-minus values represent the 16th — g4th
percentile range.

Metallicity gradients are all negative but in two cases,
where we measure slightly positive inner gradients (indeed
very close to flat). We observe a flattening from inner to
outer gradients in linear scale, and vice versa in logarithmic
scale. This is consistent with the profiles observed in Fig. 2
and 4 and with the different stretch when logarithmic ra-
dial scale is used instead of linear. The significance of this
effect is evident from the histograms in the side-panel of the
top left plot of Fig. 8. These distributions are clearly incon-
sistent with constant-slope profiles at more than 3 o signif-
icance. From Tab. D1, we see very little variations among
the different samples. The inner gradients in the various sub-
samples depart from the median inner gradient of the full
sample (=0.27 dex Rg! or —0.31 dexdex™!) by no more than
0.04dexRg! (or 0.05dexdex™!), which is half of the overall
galaxy-to-galaxy scatter. If anything, the most massive or
high-o, galaxies tend to have slightly flatter inner Z. pro-
files than average. A similar hint is seen also in the outer
gradients. However, as we will show in Sec. 7.3, these trends
are not statistically significant.

Inner age gradients are on average positive, with a typi-
cal increase of 20 —25% per Re between the inner 0.2 R¢ and
1 Re. The scatter, however, is large, so that 19/65 galaxies
(29%) have measured negative gradients. This results from
the diverse U-shapes observed in the age profiles within 1 Re.
We just note a marginal indication for low-oe galaxies to dis-
play steeper positive age gradients, which is consistent with
the top right plot of Fig. 2 As already observed in the previ-
ous sections, the age profiles become less scattered beyond
1 Re, where we still observe mildly positive gradients but
with a much less scattered distribution.

7.2 Stellar population gradients along .

Similarly to radial gradients, in order to quantify the slopes
of the variations of stellar population properties as a function
of w., we introduce the quantity (“gradient along wu.”):
_ OlogX
" Olog p

. ()
where X is either Z, or Age,. Also in this case, we define an
inner range including the spaxels with high stellar mass sur-

face density 3.1 < log Vi ”;C_2 < 4, and an outer range with
(0]
M

Mo po? < 3.1. The break point between the two
regimes is arbitrary located visually close to the inflection
point in the median age profile in Fig. 2 (bottom right plot).
V.. gradients are obtained as the ratios of finite difference
between the extremes of the range and by adopting as Z.(u-)
and Age,(us) the median Z, and median Age,, respectively,
in all spaxels with surface mass density within log u. — 0.1
and log u.+0.1. The values for the V,,, gradients for different
subsamples are reported in Tab. D2. The reference value is
the median over each (sub)sample and the plus-minus val-
ues correspond to the 84" and the 16*2 percentile of the

2.3 < log
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Figure 6. Characteristic stellar population properties (Z., left column, and Age,, right column, resp.) are plotted as a function of the
velocity dispersion within Re, 0%, in the main panel of each plot. The right-side panel displays the histogram of the distribution, with
arrows marking the median. In the top row of plots stellar population properties are evaluated at some reference SMA in units of Re,
while in the bottom row they are evaluated at some reference u.. Different colors identify different reference SMA and u. (see legends).
Each thin vertical grey line connects points relative to the same galaxy. We plot in color the robust linear regression lines obtained from a
least absolute deviation algorithm. Notably, all stellar population properties at characteristic SMA and u. are significantly and positively

correlated with o .

distribution, respectively. The distributions of gradient val-
ues are also represented in form of histograms in the side
panels of the plots in the bottom row of Fig. 8. Given the
monotonically decreasing nature of u.(SMA) profiles, posi-
tive V,, gradients correspond to negative radial gradients,
and vice versa. For this reason, in the bottom panels of Fig.
8 the vertical axis is flipped (positive to negative) compared
to the top panels (negative to positive), in order to ease the
visual comparison with the distribution of radial gradients.

Concerning metallicity gradients, we observe very simi-
lar distributions as for the radial case. Both inner and outer
V.. (Z,) distribute in the positive range of values (i.e. de-
creasing Z, going to lower p.), with just a couple of excep-
tions. The gradients are flatter in the high wu. regime and
steeper at low u., as already noted in Sec. 4 and from Fig.
2. The galaxies in the highest mass bin and in the highest
oe tend to have flatter inner gradients, although the signifi-
cance of the effect is rather low.

Concerning age gradients, inner gradients present a

broad distribution around 0, with a slightly positive me-
dian of 0.06 dex per dex (i.e. decreasing Age, going to lower
). This distribution is the consequence of the inner range
embracing the region around the age dip, with a net effect
of an overall flat profile. The distribution of outer age gra-
dients is instead well defined negative (i.e. increasing Age,
going to lower p.), with just a minor tail of galaxies extend-
ing towards 0 and positive values. A trend for steeper slopes
at smaller masses and o, is also apparent.

7.3 Dependence of gradients on global properties

In this Section we investigate possible dependencies of stel-
lar population gradients on global quantities, in a similar
way as we did in Sec. 6 for stellar population properties at
fixed characteristic SMA or u.. In this way we can isolate
variations in the shape of the profiles from the changes in
the overall normalization.

We start off analyzing the dependence of gradients on
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Figure 7. Characteristic stellar population properties (Z., left column, and Age,, right column, resp.) are plotted as a function of the
total stellar mass M. in the main panel of each plot. The right-side panel displays the histogram of the distribution, with arrows marking
the median. In the top row of plots stellar population properties are evaluated at some reference SMA in units of Re, while in the bottom
row they are evaluated at some reference .. Different colors identify different reference SMA and p. (see legends). Each thin vertical line
connects points relative to the same galaxy. We plot in color the robust linear regression lines obtained from a least absolute deviation
algorithm. Thin lines are used for correlations that are significant with a probability less than 99%, according to the Spearman’s rank
correlation test. While positive correlations with M. are found for all quantities, they are weaker than those with o. and, in several
cases, not statistically significant. This is an indication that M, drives stellar population profile indirectly, through the correlation with

Oe.

the stellar velocity dispersion o, in Fig. 8. The main panels
in these plots display the gradients (radial in the top row
and along i, in the bottom row) of metallicity (left column)
and of age (right column) as a function of e, in various
colours for different ranges, as indicated in the legends. We
performed robust linear regression via least absolute devia-
tion minimization. The results are displayed by the lines in
different colours, matching the colour of the points. In tables
D3 and D4 the coefficients of the fits, the mean absolute de-
viation (MAD), the Spearman’s rank correlation coefficient
Cspearman, and the resulting probability for null correlation
Py are reported in the last five columns, respectively. If
Ppull < 0.01 we deem the correlation as significant: the cor-
responding row in the table is checked and the regression
line is drawn with thick line; vice versa, the regression is
shown with a thin transparent line.

Although we note general trends for profiles to become
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flatter as o increases, we find significant statistical correla-
tions only between o and outer gradients along ., both
in metallicity and in age. If we take this result together
with the ubiquitous significant correlations that we found
between properties at fixed characteristic SMA and p. (see
Fig. 6), we can conclude that o drives systematic variations
in the stellar population profiles, although these variations
do not affect the shape of the profiles chiefly, rather their
normalization. In other words, by increasing o from 120
to 300km s~! we mainly shift age and metallicity profiles to
higher values, and in second place we produce flatter pro-
files. Note, however, that the gradients, as actually defined,
do not capture the age dip around 0.4 R, which is strongly
correlated with oe.

We repeat the correlation analysis of gradients against
total stellar mass M, instead of o, and report the results in
Tab. D3 and D4. Despite some very marginal indications for
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analogous trends as with e, none of them is significant at
more than 90% level. This is yet another evidence that o is
the main driver of systematic changes in stellar population
profiles and correlations with M, are just inherited via the
correlation between o and M.

We also investigate possible correlations between vari-
ous gradients and the metallicity and age evaluated at the
effective radius, as representative of the global metallicity
and age of the galaxy. The results are reported in Tab. D3
and D4 and the main correlations are plotted in Fig. 9, 10,
and 11.

The strength of age gradients in the outer parts display
anticorrelation trends with age at 1 Re. These trends mainly
result from the ages in the outer parts of galaxies being
very uniform, so that the variations in gradients essentially
depend on variations in Age,(Re). The larger scatter in the
innermost regions results in non-significant correlations of
the inner gradients with Age,(Re). This can be seen in two
panels of Fig. 9, for gradients in radial direction and in u.
(left and right panel, respectively). Note that the trends are
not driven nor made more significant by the two galaxies
with significantly lower Age,(Re), as we verified by repeating
the analysis with those galaxies excluded.

Age gradients do not display any strong correlation
with Z.(Re). A marginally significant (P, < 0.01) anti-
correlation is measured between the inner radial gradient of
Age, and Z.(Re¢), whereby more metal-rich galaxies tend to
have flatter gradients. The slope of this relation, however, is
quite flat and results in a dynamic range for the gradients
that is smaller than the scatter around the median value.

As a function of the metallicity at 1 Re, Z«(Re), we no-
tice a significant trend of the inner radial metallicity gra-
dients to become shallower as Z.(Re) increases, as shown
in Fig. 10. However, this trend is not seen for radial gradi-
ents relative to the outer regions. This is consistent with the
central metallicity being roughly uniform while the scatter
among the profiles keeps increasing while moving outwards
up to approximately 1 Re (see Fig. 6 top left panel and, e.g.,
Fig. 2 top left panel). Trends with Z.(Re) for metallicity
gradients along u. are very mild, although a marginally sig-
nificant trend for outer gradients becoming flatter at larger
Z.(Re) is measured.

In Fig. 11 we see that radial metallicity gradients be-
yond 1 Re correlate with Age, (Re), going from ~ —0.3 dex Rgl
for the youngest ETGs to almost 0 (flat) for the oldest ones.
This might indicate that metallicity gradients tend to be
suppressed as galaxies age, possibly due to internal mixing
processes or to external accretion events that mostly affect
the outer regions. On the other hand, neither inner radial
metallicity gradients nor metallicity gradients along . dis-
play any significant correlation with age. This lack of strong
trends for gradients along of u. can be due to the quasi-
universal shape for the profiles of Z.(u.), with just a second
order dependence on o, in the outer parts (see previous sec-
tion and Fig. 6 bottom left panel). The aforementioned mix-
ing mechanisms or accretion events should affect u. and Z,
in a way that, somehow, preserves the Z.(u.) relation while
suppressing the radial Z. gradients, i.e. produce a slowly
decreasing mass surface density profiles along with a mild
radial decrease in metallicity.

Finally, we looked for possible correlations between stel-
lar population gradients and light concentration indices (see

end of Sec. 6), but found none. As already noted, the range
in concentration indices in our sample of (massive) ETGs is
too small to make a statistically significant detection of cor-
relations possible with a relatively small dataset like ours.
However, based on the results by Zhuang et al. (2019), it is
tantalizing to think that stellar population gradients may
actually depend on the light concentration index over a
broader range, thus covering not only ETGs but also late
type galaxies.

As a general conclusion, we can state that whenever a
trend is visible (even if the statistical significance is low),
it goes in the direction of older/more metal-rich/more mas-
sive/higher velocity-dispersion galazies having flatter gradi-
ents.

8 DISCUSSION

Stellar population profiles and gradients in ETGs have been
the subject of extensive studies in the last decades, both ob-
servationally and theoretically. As already pointed out in the
Introduction, the attention to this topic is justified by the
fundamental constraints that stellar population profiles can
provide in order to discriminate between different scenarios
of formation and evolution of ETGs. In this section we dis-
cuss how our results position themselves in this context and
suggest a possible evolutionary scenario for the ETGs that
can explain our observations.

8.1 Stellar population profiles: state of
observations

From an observational point of view, we can compare our re-
sults with various analyses of long-slit or integral field spec-
troscopic observations, which mainly focus on radial profiles
rather than on their dependence on p, (with the notable
exception of Gonzalez Delgado et al. 2014, see below).

Age and metallicity estimates in the literature are based
on a very diverse set of methods (absorption indices, full
spectral fitting, photometry) and assumptions regarding the
models. Popular “fitting” methods are based on different
philosophies. Concerning the observational data, methods
that focus on absorption indices (and colours) privilege the
reliability of the models predictions over a limited set of
features and wavelengths and the robustness of the mea-
surements, while full spectral fitting methods privilege the
statistical power given by the large number of pixel wave-
lengths at the expenses of possible model mismatches and
flux calibration biases. Differences are also found in the sta-
tistical approach, ranging from frequentist to bayesian, from
parametric to fully non-parametric.

Concerning the models, there is a huge spectrum of ap-
proaches. Comparing with simple stellar population (SSP)
models is still very popular for ETGs, despite their SFH
not being for sure a single burst of single metallicity.
Among approaches based on composite stellar populations,
choices range from single parametric SFH, to parametric
plus stochastic SFH, to fully non-parametric SFH. Dust at-
tenuation is also treated very differently by various authors:
in some works it is assumed to be negligible and is not mod-
elled, in others it is treated in screen approximation, in oth-
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Figure 8. Dependence of various stellar population gradients on the velocity dispersion o. Radial gradients are displayed in the top
row, gradients along u. in the bottom row; Z. gradients are presented in the left column plots, Age, gradients in the right column. The
main panel of each plot reports the points for individual galaxies, with different colors for the different ranges of SMA or u. (see legends).
Points relative to the same galaxy are connected with vertical thin lines. Lines in color represent the robust fit to the data; a thin
transparent style is used when the correlation is deemed as not significant (see text). The side panels to the right of the main ones display
the histograms of the gradient values. Arrows mark the median of the distributions. Note that the y-axis for the gradients along u. is
reversed, so to ease the comparison with radial gradients, whereby points below the zero line (dashed horizontal line) indicate trends of

decreasing property going from the center towards the outskirts.

ers (like in this work) it is implemented in a mixed star-dust
geometry.

How these model assumptions affect (or possibly bias)
estimates of ages and metallicity depend also on the statis-
tical method adopted. We stress that one of the key advan-
tages of our bayesian method is to consider the full PDF
of the physical quantities, over the broadest range of theo-
retical models, therefore to account for complexity and in-
trinsic model degeneracy. Last but not least, different works
are based on different basic stellar population synthesis in-
gredients, such as evolutionary tracks, isochrones, spectral
libraries.

As a consequence, a direct comparison between differ-
ent works, especially in quantitative terms, is often all but
straightforward. A comprehensive review of all these stud-
ies and of the reasons of their (dis)agreement is beyond the
scope of this paper. It is interesting, however, to highlight the
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points that persist among the different studies (and therefore
can be considered “robust”) and the novelties of our analysis
and results. In the following discussion we will consider only
results for ETGs in the velocity dispersion range covered by
our present work, 100 < o /[km s < 300, or equivalently
in the stellar mass range above ~ 10193Mg.

8.1.1 Radial metallicity gradients

Most past works in the literature agree on the presence of
negative metallicity gradients within 1 Re, whose amplitude
varies from —0.3 dex per Re (or equivalently —0.3 dex per dex
in radius) to ~ —0.1, hence broadly consistent with our find-
ings. It is worth noting that different authors adopt different
methods to measure gradients. Some authors work with lin-
ear radial scale, some other with logarithmic radial scale (we
report both). Some measure the gradients via linear regres-
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different colors for the different ranges of SMA or p. (see legends). Points relative to the same galaxy are connected with vertical thin
lines. Lines in color represent the robust fit to the data; a thin transparent style is used when the correlation is deemed as not significant
(see text). The side panels to the right of the main ones display the histograms of the gradient values. Arrows mark the median of the
distributions. Note that the y-axis for the gradients along u. is reversed, so to ease the comparison with radial gradients, whereby points
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sion, while some others (including us) estimate the gradient result was found by Spolaor et al. (2009) using a compilation
via discrete difference ratio. of their own data and results from Brough et al. (2007); Reda
et al. (2007); Sdnchez-Bldzquez et al. (2007): their logarith-
mic radial gradients of metallicity are in the range 0 — —0.5,
with a clear trend for flatter profiles at larger velocity dis-
persions, provided that the brightest cluster/group galaxies
are excluded.

Mehlert et al. (2003) analyzed a sample of 35 ETGs
(both E and S0) in the Coma cluster with long-slit spectro-
scopic observations that allowed for a minimum spatial cov-
erage of 1 Re. Based on stellar absorption indices and SSP
predictions, they estimate typical central metallicity values
of [Z/H] ~ 0.2 and logarithmic radial gradients within 1 Re of Kuntschner et al. (2010) analyse a sample of 48 ETGs
—0.16 dex per dex, with a r.m.s. of ~ 0.10 —0.15. A consistent as part of the IFS survey SAURON, also based on stellar
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10.

absorption indices interpreted both with SSP models and
with composite stellar populations according to their re-
constructed SFH. They obtain consistent results with the
two approaches and found typical central metallicities of
[Z/H] ~ 0.1 and logarithmic radial gradients within 1Re
of ~ —0.3, very similar to our estimates. In their figure 14
one can also note a tentative trend for metallicity gradients
to get shallower as o, increases. A very similar result was
found by Koleva et al. (2011) based on a sample of 40 ETGs
observed in long-slit spectroscopy. Steep negative metallicity
gradients, similar to those found in the works listed so far,
can be inferred from the aperture-integrated measurements
published by McDermid et al. (2015) based on ATLAS3P
data.

Stellar population gradients have been derived for large
samples of ETGs (N > 100) in the IFS survey MaNGA,
based on different inference methods. Goddard et al. (2017)
adopted a full-spectrum fitting approach based on the FIRE-
FLY code (see references in their paper) and found typi-
cally mild logarithmic gradients in metallicity, both light-
and mass-weighted, in the range —0.13 — —-0.06, which is
slightly shallower than our measurements. The generally
poorer physical spatial resolution in MaNGA than in CAL-
IFA (typically a factor 2 to 4 worse, depending on the bundle
employed in MaNGA), may explain part of this difference,
as measured profiles appear shallower than in reality, as
shown by the simulations by Ibarra-Medel et al. (2019). In-
terestingly, by mass-weighing they measure marginally flat-
ter gradients than by light-weighing. Considering the typical
temporal evolution of M /L, which increases with time, and
the almost perfect correspondence between light- and mass-
weighted metallicity in the centre, this effect suggests that
at R 2 1 R the metallicity decreases in the youngest stars,
contrary to expectations from a scenario of self-enrichment.
In turn, this can be interpreted as a sign of ex-situ accreted
stars or stars formed from external metal-poor gas. Indeed,
the accretion of a metal poor stellar envelope is also in-
voked by Oyarzin et al. (2019) to explain the flattening of
the outer metallicity profile that they observe in the most
massive ETGs in MaNGA, based on a simple prescription
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derived from the Illustris simulation (D’Souza & Bell 2018).
While the strength of the metallicity gradient is almost un-
changed in different mass bins, Goddard et al. (2017) show
a significant overall offset of ~ 0.1dex in the two top mass
bins (10.55 < log Mx/Mge < 11.05 and log M./Mg > 11.05).
We recall that we find a similar trend with o, while our
trend with M, is small and not statistically significant.

Li et al. (2018) performed full-spectrum fitting analy-
sis on a sample of ~ 2000 galaxies in MaNGA, including
952 ETGs, by using PPXF to estimate light-weighted ages
and metallicity. They found negative metallicity gradients
for the vast majority of massive / high-oe ETGs, with log-
arithmic slopes in the range —0.25 — ~ 0, with a median of
~ —0.1. These gradients are somewhat shallower than what
we measure, however part of the disagreement might be due
to their poorer spatial resolution, and part to the upper
limit of [Z/H] < 0.22 built in their models, which does not
allow their metallicity profiles to go as high as ours in the
centre of galaxies. In agreement with our findings, these au-
thors also identify a clear o-metallicity relation and a trend
for metallicity gradient to get flatter at larger o (primarily)
and larger M. These trends are also confirmed by the de-
tailed elemental abundance analysis by Parikh et al. (2019),
based on a sample of 366 ETGs in MaNGA with a pure
index fitting approach. The analysis of 303 MaNGA ellip-
ticals by Dominguez Sénchez et al. (2019), where the IMF
was allowed to vary among and within galaxies, also con-
firms steep metallicity gradients for the most massive and
high-velocity-dispersion galaxies.

Different analyses of stellar populations across the
galaxy extent have been published for the CALIFA survey as
well. Gonzdlez Delgado et al. (2015) show the average radial
profiles of mass-weighted log Z. (as well as light-weighted
log Age) for 41 Es and 32 SOs. Concerning the metallicity,
they find remarkably flat profiles, with logarithmic slopes
within 1Re of ~ 0 for the ellipticals and < 0.1 for the SOs
(as inferred from their figure 17). This appears inconsistent
with the majority of the analysis published in the litera-
ture, although the reason for this is not obvious. In fact,
using a largely overlapping observational dataset, we find
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much steeper gradients’. Also Martin-Navarro et al. (2018)
performed an analysis of SSP-equivalent age and metallic-
ity profiles based on stellar absorption indices only, on a
similar and largely overlapping CALIFA dataset, and found
relatively steep logarithmic slopes for the metallicity, in the
range ~ —0.25 — ~ —0.15, hence much closer to our estimates
and the rest of the literature.

This brief review on radial profiles of stellar metallic-
ity in ETGs can be summarized as follows: there is a gen-
eral although not unanimous consensus on relatively steep
metallicity gradients, with [Z.]Zg] values that are definitely
super-solar in the centre and decrease to sub-solar values al-
ready at 1 Re. Different results appear to be driven more by
different modelling techniques rather than by the different
observational datasets or statistical limitations.

8.1.2 Local u. — Z relation

Most works in the literature focus on the dependence of
metallicity on radius, yet we have shown that a very tight
and quasi-universal relation is established between the local
surface mass density in stars and their metallicity, whereby
this relation is only modulated by oe (and by M.) in sec-
ond approximation. In a previous work Gonzdalez Delgado
et al. (2014) have analyzed a sample of 300 CALIFA galax-
ies covering the full range of morphology and stellar mass
and concluded that both total stellar mass and local stel-
lar mass density affect metallicity. In particular, they claim
that in spheroids the main driver in changing metallicity is
global (M,), while local effects () just modulate the global
trends. Despite the direction of the trends is the same as
ours, the importance of global-vs-local drivers is reversed.
This is probably a consequence of their metallicity profiles
in ETGs being much flatter than ours, a feature that is in
contrast with large part of the previous literature.

On the other hand, it is interesting to note that Scott
et al. (2009) showed a significant relation between local
metallicity and the local escape velocity vese in SAURON
galaxies, which becomes even tighter if a combination of age
and metallicity is considered. However, this is only partially
in agreement with our findings. In fact, these authors show
that a tight relation between vesc and p, exists in each in-
dividual galaxy, and this implies, in turn, a strong . — Zs
relation. However, their relation between vegsc and u. shifts
significantly as a function of galaxy mass. Therefore their
analysis would not reproduce a universal u. — Z, relation
like the one we observe.

Finally, we point out that a significant correlation be-
tween surface density of dynamical mass and local Z, was
found by Zhuang et al. (2019) for a general sample of 244

3 Note that the averaging in Gonzdlez Delgado et al. (2015) is
done on logarithmic quantities, whereas in the present work we
average the linear quantities. This may possibly lead to a rela-
tive negative bias with respect to our estimates and other works
in literature (see also Appendix B). Another possible cause of
relative bias may be that STARLIGHT’s best fit solutions are
mostly determined by the overall shape of the SED (colours) and
are somewhat biased towards larger ages, while other solutions of
similar likelihood along the age-metallicity degeneracy curve are
discarded.

CALIFA galaxies of all Hubble types, not only ETGs. De-
spite the stellar metallicity being derived with the same
method as in the present work, the results by Zhuang et al.
(2019) strengthen the significance of our findings by using an
independent estimate of mass surface density, solely based
on dynamics, and by extending the relation to all morpholo-
gies.

8.1.3 Age profiles

Age profiles and gradients have been concurrently investi-
gated with metallicity profiles in most of the works cited
in the previous paragraphs. In general ETGs are found to
have relatively flat age profiles, with overall variations within
~ 0.1dex (25%) inside 1 Re. However, there is a broad diver-
sity of results from different studies.

The strongest negative age gradients are reported by
Gonzalez Delgado et al. (2015, CALIFA), who found that the
typical age decrease from ~ 10 Gyr in the centre to ~ 5 Gyr
at 1Re, with a logarithmic slope of ~ —0.3. Li et al. (2018,
MaNGA) report age gradients broadly distributed around
~ —0.08, with a significant number of galaxies displaying
positive gradients. Similarly, Parikh et al. (2019) find mildly
negative age gradients in their analysis of MaNGA ETGs.
Typically flat profiles are reported by both Koleva et al.
(2011) and Martin-Navarro et al. (2018, CALIFA). Interest-
ingly, Goddard et al. (2017) show that light-weighted and
mass-weighted ages have opposite gradients in their analysis
of MaNGA ETGs: while the light-weighted age mildly de-
creases with radius, the mass-weighted age, which is overall
larger by some 0.2 — 0.3 dex, increases with radius. This could
be interpreted if we make the hypothesis that the SFH of the
integrated (in-situ plus accreted) stellar population in the
outer parts had a peak further in the past but a longer exten-
sion to recent times, with respect to the stellar populations
in the inner parts. In yet another analysis of the MaNGA
data, based on spectral indices, Dominguez Sanchez et al.
(2019) report positive age gradients, but only for the most
luminous ETGs (-22.5 < M;[mag] < —23.5) with the highest
velocity dispersion (2.40 < log(cp/kms™ < 2.50), while neg-
ative age gradients are reported in all other bins. Finally,
Kuntschner et al. (2010, SAURON) report mildly positive
age gradients, with typical logarithmic slopes ~ +0.05 — +0.1.
Similar values can be inferred from the aperture-integrated
ages reported by McDermid et al. (2015, ATLAS3D).

Positive age gradients have been reported for SO galaxies
by different authors, based either on absorption features (e.g
Fisher et al. 1996; Bedregal et al. 2011; Sil’chenko et al.
2012) or optical-NIR colours (Prochaska Chamberlain et al.
2011). They are typically interpreted as evidence of outside-
in quenching .

Our U-shaped age profiles fall within the broad range
of profile shapes and gradients that are reported in the lit-
erature. Assuming that the U-shape we measure is the true
one, this may help explain part of the diversity of previous
results, whereby a single constant logarithmic slope is as-
sumed to describe a profile whose gradient changes its sign
along the radius. However, this is (or may be) only part
of the story: the different methods adopted in the different
studies are certainly affected by different relative system-
atic biases, which stem, e.g., from the different population
synthesis models, assumed SFH and metal distributions, ob-
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servational constraints, and also different spatial resolution.
These biases can easily exceed 0.1 dex and change in different
regimes of age/metallicity.

We stress, on the other hand, that we rely on a very ex-
tended yet clean set of observables, i.e. indices that do not
suffer of flux calibration issues and are chosen to be as in-
sensitive as possible to ingredients that we can poorly model
(e.g. variable elemental abundance ratios), plus photome-
try from 3500 A to 9000 A. Moreover, the spectral library
we adopt for the interpretation allows for the broadest ig-
norance on the true SFH, chemical composition and dust
attenuation. Although, due to the complex pattern of mu-
tual degeneracies, making a direct connection between the
radial profiles of observed quantities and inferred physical
parameters (age) is all but straightforward, in Appendix E
we show that indeed the inflection of the age profiles corre-
sponds to different changes of slopes in the colour and index
profiles, which reassures us about the reality of the U-shape.
Moreover, the fact that the amplitude of the age minimum
correlates with a formally completely independent physical
parameter such as oe is a strong indication that there is a
real underlying physical effect. All this, together with the
extensive testing we performed (see Sec. 3), makes us confi-
dent in the robustness of our results on the U-shape of the
age profiles.

8.2 Which evolutionary scenario for ETGs?

From the theoretical point of view, spatial variations of stel-
lar population properties are a key benchmark for our under-
standing of the formation and evolution of ETGs. Although
the historical antithesis between the dissipative (“mono-
lithic”) collapse scenario and the naive rendition of the hier-
archical merging scenario, whereby an elliptical is the result
of a spiral-spiral merger, is superseded by a much more com-
plex picture where the typical physical mechanisms at work
in both of them are deeply interlaced, these two pictures can
still be seen as extreme or archetypical scenarios, which can
apply to different phases and dominate in different galaxy
regions.

Dissipative collapse models that do not implement any
other feedback than stellar winds result in steep metal-
licity gradients with logarithmic slopes of ~ -0.3 (e.g.
Kobayashi 2004) and in positive age gradients as conse-
quence of the outside-in quenching driven by stellar winds
(so-called “outside-in formation scenario”, e.g. Pipino et al.
2008, 2010) 6, Comparing these predictions with our results,
we see that this can be only part of the story. While our ob-
served metallicity gradients match the dissipative collapse
predictions within 1 Re, positive age gradients occur only at
R 2 0.4Re and flatten out at R 2 1 Re. On the other hand,
the effect of major mergers is to flatten the gradients signif-
icantly (e.g. Hopkins et al. 2009; Taylor & Kobayashi 2017)
and to produce a large scatter. Therefore the observed steep
metallicity gradients, ubiquitous in our sample, and the very
small galaxy-to-galaxy scatter rule out the possibility that

6 Note that a similar effect of outside-in quenching may be pro-
duced also by AGN feedback, as recent simulations by Brennan
et al. (2018) indicate.
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(the inner parts of) ETGs are heavily affected by recent ma-
jor mergers.

One possible way to explain the observed reversal of the
age gradients inside ~ 0.4 R (hence the presence of an age
minimum) is to invoke some mechanism of quenching that
acts from the inside outwards. Such an inside-out quenching
is indeed observed in massive star-forming galaxies at z ~ 2
(e.g. Tacchella et al. 2015, 2018). Dynamical heating due to
the growing stellar density (“morphological quenching”, e.g.
Martig et al. 2009) or AGN feedback could both represent
plausible physical mechanisms to shut down star-formation
progressively from the nucleus outwards. This would also
qualitatively fit the observation that the age minimum is
deeper for lower-oe galaxies. In fact, in the case of AGN
feedback, given the relation that exists between the mass of
the central super-massive black hole and the velocity disper-
sion of galaxies (e.g. Gebhardt et al. 2000), we can envisage
that galaxies with higher o had a more powerful and effec-
tive AGN, that was able to shut down the star formation
more quickly and up to larger radii, while lower-oe galaxies
were able to proceed in their outside-in dissipative-like for-
mation for longer time. In fact, we do observe that the age
profiles of the lowest-oe ETGs in our sample approach a ra-
dially almost-monotonic increasing behaviour. This scenario
needs more testing, especially in a quantitative sense, to be
confirmed. High-resolution simulations are being analyzed
by our group and results will be presented in a future paper
(Hirschmann et al. in preparation).

Alternatively, the shapes of the age profiles may be qual-
itatively explained by a scenario in which ETGs form the
bulk of their stars within ~ 1R on timescales that would
result in negligible age gradients as observed today. On the
top of these stars, more recent gas accretion may produce
episode(s) of so-called “disk re-growth”, which rejuvenates
the stellar population (De Lucia et al. 2011). Such a pro-
cess, however, would have a variable intensity as a function
of radius and, in particular, the conversion of gas into stars
may be prevented by the hot dynamical state in the inner re-
gions. This would produce a minimum in the age profiles at
intermediate radii as a sort of fossil record of such episodes.
The dependence of the age gradient inversion on the velocity
dispersion is also in qualitative agreement with this hypothe-
sis, in that ETGs with higher velocity dispersion appear less
affected by this kind of rejuvenation than ETGs with lower
0. Although plausible, also this second scenario is purely
speculative at this stage, and more testing (e.g. by checking
against stellar kinematics) and simulations are needed.

Finally, the flattening of the gradients, both in age
and metallicity, beyond ~ 1.5 Re, can be interpreted as the
transition to a regime, which develops in a second phase
of galaxy formation, where stars accreted from satellites
start to represent a portion comparable to the one provided
by the in-situ formed stars, according to simulations (see,
e.g. Hirschmann et al. 2015; Rodriguez-Gomez et al. 2016).
Specifically, the lower mass of the accreted satellites would
explain why the metallicity profiles flatten out to sub-solar
values log Z./Zo ~ —0.1 (see also Oyarzin et al. 2019). The
accreted satellites would have been quenched early on (see
Pasquali et al. 2010, 2019), and this would explain why the
age profiles flatten out to maximally old ages of ~ 10 Gyr.
Support to such a second phase of ex-situ stellar accretion is
also lent by observations of the distinct chemical and kine-
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matic properties of the stars at large radii (see e.g. Coccato
et al. 2010; Pulsoni et al. 2018).

This two-phase formation scenario for ETGs resembles
very closely the one proposed by Oser et al. (2010), purely
based on cosmological simulations (see also, e.g., De Lucia
et al. 2006; Navarro-Gonzalez et al. 2013). Moreover, it pro-
vides a natural explanation for the evolution of high-redshift
compact passive galaxies, which are commonly interpreted
as the descendants of compact sub-mm galaxies that quickly
formed stars in an intense dissipative episode and then grow
to present-day ETGs via minor mergers (see e.g. Toft et al.
2014; Oser et al. 2012; Choi et al. 2018). In this framework it
is also possible to explain, at least qualitatively, many of the
open issues that we outlined in the Introduction. Chiefly
this applies to the size growth, but also the enhancement
in @ elements and the systematic variations of IMF may
be interpreted as a consequence of the different density at
which stars belonging to different (portions of ) galaxies were
formed, either in the main progenitor(s) or in the accreted
satellites.

9 SUMMARY AND CONCLUSIONS

In this paper we have analyzed the spatial variations of the r-
band-light-weighted mean age and metallicity of the stellar
populations in 69 ETGs drawn from the CALIFA survey,
including 48 ellipticals and 21 SOs. Our analysis is based on
a bayesian statistical approach, whereby a state-of-the-art
suite of 500 000 spectral synthesis models is compared to the
observed maps of stellar absorption indices and broad-band
fluxes, which is so far unique in the literature. The large
field of view and the depth of the CALIFA-SDSS dataset
is such that we can reliably cover the radial extent of our
galaxies out to 1.5 Re (2Re) for 74% (46%) of the sample
with a median resolution of 0.08 Re, and we are essentially
complete to stellar mass surface density of 100 Mg pc_z.

We have shown that steep negative radial gradients in
metallicity are ubiquitous and very consistent among galax-
ies over a relatively broad range of velocity dispersion, stel-
lar mass and morphology. The central regions of ETGs reach
metallicities more than twice solar and decrease below solar
abundance between 1 and 1.5Re. On the contrary, age pro-
files show relatively small radial variations, of the order of
40% at most on average. The most striking feature of the age
profiles is that, on average, there is an inversion of slope at
~ 0.3 - 0.4R¢, where a minimum age is reached, i.e. profiles
are U-shaped. All ETGs share maximally old ages at large
galactocentric distances (SMA 2 1.5Rc). Within ~ 1 Re we
note an increased scatter, that mainly correlates with the
global velocity dispersion of the galaxies, 0. High-oe galax-
ies display a shallow minimum at ~ 0.3 — 0.4 R, and older
age in the center. For lower-oe galaxies the minimum age
decreases and the inversion of the age profile towards the
center becomes weaker.

Metallicity appears to be primarily determined by the
local stellar mass surface density p, as shown by the tiny
galaxy-to-galaxy scatter in the Z, vs. u. plot. There is, in
fact, a quasi-universal local mass-metallicity relation, which
is only mildly modulated by e, whereby the highest-oe
galaxies (~ 300kms™!) have their metallicity profiles off-
set to ~ 0.15dex higher values than the lowest-oe ones

(~ 150km s_l). This result confirms in greater detail, yet
over a more limited set of galaxies, the findings by Zhuang
et al. (2019).

For both age and metallicity, we have analyzed in great
detail possible dependencies of profile shapes, normaliza-
tions and gradients on global galaxy properties, such as oe,
stellar mass, morphology, light-concentration, global age and
metallicity. We showed that the most significant correlations
are found with . Correlations with stellar mass are weaker
and appear as largely inherited from the correlations with
Oe via the oe-mass relation. All other parameters, including
morphology (i.e. E vs. S0), affect the profiles only in a minor
way, if anything.

Finally, we have discussed how the observations re-
ported in this work support a two-phase formation scenario
for ETGs. The first phase would be dominated by in-situ
star formation in a dissipative collapse (series of) episode(s),
which determines the (inner) strongly negative metallicity
gradient and, due to outside-in wind-driven quenching, an
initial positive age gradient. The onset of powerful AGN
feedback (whose effectiveness scales with o, via the well
known correlation between this quantity and the mass of the
central black hole) or the development of strong dynamical
heating would determine an inside-out quenching, hence the
reversal in the age profiles that we observe at 0.3 — 0.4 Re.
Alternatively, the age minimum at ~ 0.4Re might be the fos-
sil record of disk regrowth in the inner regions, whose star
formation efficiency is regulated (or suppressed) by the local
velocity dispersion. This phase would be mainly recorded in
the properties of the inner ~ 1Re. Outside of this radius,
a second phase dominated by minor mergers and accretion
events of early-on quenched satellites would then produce
the flattening of the profiles around ages of ~ 10 Gyr and
sub-solar metallicities.

In a forthcoming paper (Hirschmann et al., in prepara-
tion) we will investigate how cosmological SPH simulations
at high-resolution and implementing AGN feedback can re-
produce the current observations and possibly lend support
to the proposed scenario.
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Figure A1l. Differential (black line) and cumulative (red line)
distribution of the effective radius Re of the galaxies analyzed in
this study, normalized by the PSF radius, i.e. the Half-Width at
Half Maximum (HWHM) of the PSF. The vertical dashed red
line indicates the median of the distribution, the dot-dashed red
lines mark the lower and upper quartiles.
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APPENDIX A: ON THE EFFECTIVE SPATIAL
RESOLUTION OF THE MAPS

The effective physical resolution of our stellar population
maps is quantified by the ratio of the effective radius Re (in
arcsec) to the PSF radius, defined as the Half-Width at Half
Maximum, i.e. 2.57/2 = 1.29 arcsec (median value for CAL-
IFA datacubes). Fig. A1l presents both the differential (black
lines) and the cumulative (red solid line) distribution of such
ratio Re/HWHM for the full sample. With a median value
of 12.48 (dashed vertical line) and lower and upper quartiles
of 9.70 and 15.56 respectively (dot-dashed vertical lines), we
can safely assert that we resolve the stellar population pro-
files down to 0.1 Re for the majority of the galaxies. Thus
our results, especially those regarding the presence of a min-
imum of the age around 0.4 R are not significantly biased
by resolution effects.

APPENDIX B: SYSTEMATIC EFFECTS
RELATED TO AVERAGING SCHEME AND IMF

In this work we have considered the r-band-light-weighted
mean age Age, and metallicity Z., defined from the linear
parameter as follows (see also Z17 sec. 2.3):

/0 dr (t9 — t) SFR(t) Z’(¢)
t=0

Age, = . (B1)
[ dt SFR(1) Z"(1)
=0
)
[ dt Z.(t) SFR(t) £ (1)
z, == - (B2)
[ dt SFR(1) 2"(1)
t=0

where f#( is the time elapsed since the start of the SFH and
Z’(t) is the luminosity arising per unit formed stellar mass
from the ensemble of SSPs of age fy — . Other works in the
literature adopt instead the average of logarithmic quantities
(e.g. Gonzélez Delgado et al. 2015). Here we want to briefly
discuss how the two estimates should compare, based on
the corresponding maps that we produce with our bayesian
method for the two averaging schemes.

Log-averaged quantities give more weight to young ages
and low Z, and therefore should be biased in that sense
with respect to linear-averaged quantities. From the direct
comparison of our maps, we see indeed that log-averaged
age maps are negatively biased, but the bias is stronger for
younger ages. In the oldest regions the age bias is a few —0.01
dex at most, while in the youngest ones the bias is around
—0.1 — —0.15 dex. As a consequence, log-averaged age profiles
not only are shifted to slightly younger ages overall, but are
also amplified and have deeper minima with respect to the
linear-averaged ones. In Z. maps there is also a negative rela-
tive bias of the log-averaged values with respect to the linear-
averaged ones. However it is more uniform across the range,
going from some —0.05 — —0.1 dex at super-solar metallicities
to —0.1 — =0.15 dex at sub-solar metallicities. As a conse-
quence, log-averaged metallicity profiles are expected to be
lower overall and slightly steeper than the linear-averaged
ones.

All in all, the adoption of a log-averaging scheme would
not change the qualitative picture emerging from the analysis
presented in the paper, although the quantitative character-
ization would be slightly affected.

Despite the growing evidence in the literature for a vari-
able stellar IMF, even within the extent of individual galax-
ies (e.g. Martin-Navarro et al. 2015), in this work we have
interpreted all observations assuming a universal Chabrier
(2003) IMF. By comparison with a version of our own spec-
tral library based on a 7 IMF, we have verified that the
observable quantities (absorption indices and colours) used
to infer stellar population properties display negligible de-
pendence on the IMF at fixed SFH and chemical enrichment
history. Intensive quantities such as age and metallicity are
therefore unaffected by IMF variations in our analysis.

As opposed, IMF variations do affect the M/L ratio in
a very evident and systematic way. Going from a Chabrier
(2003) IMF to a ? IMF the ratio M/L increases by a factor
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1.75 (i.e. +0.24 dex) according to 7. Systematic galaxy-wide
variations may affect the scatter in the relations between
s« and Z, and between u. and Age,. If IMF variations oc-
cur following a radial trend within galaxies similar to those
presented in, e.g., Martin-Navarro et al. (2015), they may
change the shapes and, in particular, the slopes of such rela-
tions as well, by making u.(SMA) profiles steeper and hence
stretching the relations with u.. A shift by ~ 0.25dex in u.,
however, does not produce substantial qualitative changes
in the relations presented in this work. On the other hand,
IMF variations that depend both on radius and on the lumi-
nosity /mass/velocity dispersion of the galaxy, as presented
by Dominguez Sénchez et al. (2019), would modify the sec-
ondary dependence of the Z, — u, relation on o¢ (see Fig.
6, bottom-left panel), in the sense of reducing such depen-
dence.

APPENDIX C: TABLES OF STELLAR
POPULATION PROPERTIES AT
CHARACTERISTIC LOCATIONS

MNRAS 000, 1-36 (2019)
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Table C1. Stellar population properties at characteristic radii. The galaxy (sub)sample is indicated in column (1). The following groups of three columns each report metallicity and

age (with related 16t — 84th percentile ranges), and the number of galaxies in the (sub)sample for the five radial regions, as labeled in the top headline. See main text for details.

Sample Center (SMA < 0.1R,) SMA =0.2R, SMA = 0.4 R, SMA = R, SMA =2R,

logZ./Zo log Age, /[yr] N logZ/Zo logAge, /[yr] N logZ/Zo logAge, /[yr] N logZ«/Zo log Age, /[yr] N log Z«/Zo log Age, /[yr] N

(1) (2 3 @ (5) 6 (7N (8) (9 (10) (11) (12)  (13) (14) (15)  (16)
All ETGs 0.27+0-% 9.9470-19 69 0.250-% 9.8570-13 69 0.1870-% 9.8470-92 69 0047098 9.92+0-93 65 -0.069-19 9.9570:95 32
log M. /Mg < 10.9 0.25+0-05 9.92+0-12 16 0.250-04 9.82+0-17 16 0.18*0-92 9.73+0-17 16 0.069-9¢ 9.86+0-0 16 -0.09+0-14 9.93+0-04 11
10.9 < log My /Mp < 11.3 0.27+0-%4 9.9570:9% 31 0.2370-97 9.8470-12 31 0.18+0-19 9.81%0-13 31 0.030-11 9.93+0-%4 29 -0.06+0-97 9.95+0-0 14
log M« /Mg > 11.3 0.2870-% 9.9570-9% 2 0.2670-% 9.8970: 12 2 0.2070-7 9.9170:93 22 0.0870-% 9.96%0-04 20 0.0173-%7 9.97+0-%2 7
oe/[kms™'] < 170 0.26+5-04 9.6810-30 21 0.20*3-09 9.7670-% 21 0.17+3-05 9.73+3-12 21 0.000-92 9.87+0-07 21 -0.10*5-11 9.92+0-03 12
170 < o /[kms™!] < 210 0.27+0:% 9.9570-11 25 0.23*0-97 25 0.17+0-19 9.82%0-14 25 0.06%0-99 9.92+0:03 22 0.07%0-% 9.96+0-04 10
oe/[kms™1] > 210 0.28+0-% 9.9970:90 23 0.270:% 23 0.23%0-% 9.91%0-% 23 0.08+0-% 9.96+0-%% 22 0.0213:97 9.98+0-%3 10
All Es 0.27+5-04 9.95*0-98 48 0.25%0-% 48 0.180-% 9.87%0-9 48 0.03+9-08 9.94+0-04 44 -0.05+5-13 9.96+5-04 18
S0 0.28+0-93 9.840-20 21 0.2670-%3 21 0.20%0-% 9.79*0-97 21 0.09%0-9% 9.86%0-9 21 0.07%0-% 9.9440-96 14
Es, log M. /Mg < 11.3 0.2670-54 9.9570-% 28 0.23+0-% 28 0.17+0:98 9.81%0-13 28 0.00+0-9 9.92+0-92 26 -0.06+9-19 9.94+0-97 12
Es, o¢ /[kms™1] < 170 0.2470-9 9.687031 11 0.2070-% 0319 9737014 11 -0.0270-13 9.8870-97 11 -0.a71342 9.8970-04 7
Es, 170 < o /[kms™!'] <210 0.26%0-%3 9.96*3-7 16 0.23+0-05 16 0.15%0-9 9.9070-04 16 0.05*9-08 9.93+0-01 13 0.069-03 9.97+0-04 3
Es, 0¢ /[kms™'] > 210 0.28+0-% 9.97t0:98 21 0.270:% 21 0.23+0-% 9.91%0-%5 21 0.08%0-93 9.96+0-%4 20 0047095 9.98+0-2 8

8¢
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Table C2. Stellar population properties at characteristic stellar mass surface density u.. The galaxy (sub)sample is indicated in column (1). The following groups of three columns each
report metallicity and age (with related 16t — 84th percentile ranges), and the number of galaxies in the (sub)sample for the three characteristic ., as labeled in the top headline. See

main text for details.

Sample Center (log . = 4.0) Mid (logu. =3.1) Outer (logu, = 2.3)
logZ./Zo logAge,/[yr] N logZ./Zo logAge,/[yr] N  logZ./Zo logAge./lyr] N
(1) 2) CONNCY (5) © (™ (8) ) (10
All ETGs 0.29*9-03 9.9170-1L 63 0.1670:% 9.83*0-10 69 —0.06*0-1 9.96*0-% 69
log M. /Mg < 10.9 0.28+0-92 9.8870:% 14 0.1170:%% 9.79*0-12 16 -0.10%0-00 9.95709% 16
10.9 < log M../Mg < 11.3 0.28*0-04 9.91*013 28 0.15%-07 9.83*0-1) 31 -0.07*3-12 9.95*0-04 31
log M. /Mo > 11.3 0.3070- 9.967095 21 0.1970:% 9.87+0-10 22 0.03*0-0¢ 9.98+0-02 22
o /[kms™!] < 170 0.26*9-04 9.820-19 17 0.1470% 9.77t0-14 21 —0.11%-1 9.93709% 21
170 < o /[kms™!] < 210 0.2870-0¢ 9.89%0-07 23 0.1370:% 9.8370-8 25 —0.09%0-08 9.9670-% 25
oe/lkms™'] > 210 0.30*9-03 9.9570-0¢ 23 0.20%0% 9.90*0-08 23 0.04*3-0¢ 9.98+0-02 23
All Es 0.29*9-02 9.9270-08 44 0174008 9.8670-08 48 —0.04*0-19 9.96*0-04 48
S0 0.28+0-03 9.8710-1¢ 19 0.1570:03 9.8170-12 21 -0.08%0-07 9.96*3-04 21
Es, log M. /Mo < 11.3 0.27+0-93 9.9170:2 25 0.1370:97 9.83709% 28 —0.10%0-03 9.957092 28
Es, oo /[kms™'] < 170 0.25*0-04 9.8170-10 9 0.13%0:%6 9.76*012 11 —0.15*3-16 9.9179-0% 11
Es, 170 < o /[kms™'] <210 0.2770-04 9.93%0-13 14 0.12%0:%8 9.87°0-07 16 —0.09*0-0 9.967091 16
Es, o /[kms™'] > 210 0.3070-03 9.9570:0¢ 21 0.2070-93 9.9070:0% 21 0.04%0-03 9.9870:02 21
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APPENDIX D: TABLES OF STELLAR
POPULATION GRADIENTS
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Table C3. Correlations between stellar population properties at characteristic radii and global properties. (1) Checked if correlation is
significant; (2)-(3) y and x variables; (4) region in which stellar population properties y are computed; (5)-(6) coefficients of the linear
fit y = a + b x; (7) mean absolute deviation (MAD); (8) Spearman rank coefficient; (9) probability of null correlation.

Significant y X Region a b MAD  Cspearman Pran
1 2) ®3) 4) (5) (6) (7 (8 9)
v logZ log oe Center (SMA <0.1R;) —0.0890  +0.158  0.035 +0.316  8.205e — 03
v logZ logoe SMA = 0.2 R, -0.627  +0.378  0.045 +0.382  1.287e - 03
v logZ log oe SMA = 0.4 R, -0.548 +0.321  0.062 +0.363  2.335¢ — 03
v logZ logoe SMA = 1R. -0.847  +0.390  0.074 +0.365  2.757e - 03
v logZ log oe SMA =2 R, -1.223  +0.518  0.064 +0.563  8.014e — 04
v logAge logoe Center (SMA < 0.1R.) +7.641 +0.994  0.113 +0.475  3.766e — 05
v logAge log oe SMA = 0.2 R, +8.191  +0.722  0.093 +0.536  2.492e - 06
v logAge log e SMA = 0.4 R, +8.206  +0.708  0.075 +0.589  1.250e — 07
v logAge log oe SMA = 1R +9.020  +0.391  0.065 +0.576  5.208e — 07
v logAge log e SMA =2 R +9.403  +0.238  0.048 +0.558  8.986e — 04
logZ log M., Center (SMA <0.1R,) —0.308 +0.052  0.035 +0.243  4.449¢ - 02

logZ log M., SMA = 0.2 R, —-0.095 +0.030  0.049 +0.115  3.525¢ - 01

logZ log M., SMA = 0.4 R, +0.188  —0.001 0.067 +0.034  7.858e - 01

logZ log M, SMA = 1R. -0.298  +0.031  0.078 +0.191 1.271e-01

logZ log M., SMA =2 R -1.483  +0.130  0.075 +0.279  1.226e - 01

logAge log M. Center (SMA <0.1R;) +9.614  +0.030  0.128 +0.104  3.973e - 01

logAge log M., SMA = 0.2 R, +8.959  +0.080  0.106 +0.157  2.019¢ - 01

v logAge log M., SMA = 0.4 R, +7.983  +0.165  0.086 +0.348  3.594e - 03
v logAge log M., SMA = 1R. +8.771  +0.104  0.068 +0.444  2.092e - 04
logAge log M., SMA =2 R +9.614  +0.031  0.056 +0.260  1.509¢ - 01

logZ logAge.(Re)  Center (SMA <0.1R.) -1.216 +0.150  0.036 +0.264  3.357e-02

v logZ  logAge.(Re) SMA = 0.2 Re -1.510  +0.177  0.045 +0.319  9.647¢ — 03
logZ logAge,(Re) SMA = 0.4 R, -0.728  +0.093  0.062 +0.240 5.411e—-02

logZ  logAge.(Re) SMA = 1Re +1.157  -0.112  0.078 +0.013  9.155¢ - 01

v logZ logAge.(Re) SMA =2 R -3.214  +0.321  0.070 +0.460  8.124e - 03
v logAge logAge,(R.) Center (SMA <0.1R.) +0.209 +0.979  0.115 +0.442  2.307e - 04
v logAge logAge.(Rc) SMA = 0.2 R, +1.113  +0.880  0.090 +0.526  6.898e — 06
v logAge logAge,(Re) SMA = 0.4 R, +0.264  +0.966  0.068 +0.714  2.474e - 11
v logAge logAge.(Rc) SMA = 1R. —-0.001  +1.000  0.000 +1.000  0.000e + 00
v logAge logAge.(Rc) SMA =2 R, +4.693  +0.532  0.036 +0.775  1.967e - 07
logZ log Z.(R¢) Center (SMA <0.1R;) +0.276  +0.060  0.035 +0.271  2.890e — 02

v logZ log Z.(Re) SMA = 0.2 R, +0.241  +0.384  0.034 +0.586  2.905e — 07
v logZ log Z.(Re) SMA = 0.4 R, +0.171  +0.569  0.039 +0.769  7.280e — 14
v logZ log Z.(Re) SMA = 1R, —-0.000  +1.000  0.000 +1.000  0.000e + 00
logZ log Z.(Re) SMA =2 R -0.116  +0.814  0.059 +0.417  1.764e - 02

logAge log Z.(Re) Center (SMA <0.1R.) +9.941  +0.060  0.131 +0.156  2.140e — 01

logAge log Z.(Re) SMA = 0.2 R, +9.840  +0.221  0.109 +0.211  9.203e - 02

logAge log Z.(Re) SMA = 0.4 R, +9.821  +0.199  0.096 +0.156  2.135e - 01

logAge log Z.(Re) SMA = 1R. +9.923  -0.027  0.075 +0.013  9.155e - 01

logAge log Z.(Re) SMA =2 R, +9.933  +0.210  0.052 +0.262  1.467e - 01

logZ C3 Center (SMA <0.1R;) +0.156  +0.018  0.036 +0.199  1.015e - 01

logZ C31 SMA = 0.2 R, +0.147  +0.016  0.049 +0.036  7.686e — 01

logZ C3; SMA = 0.4 R, +0.231  -0.009  0.067 -0.123  3.183e-01

logZ C31 SMA = 1R +0.093  -0.007  0.078 -0.066  5.997e - 01

logZ C3; SMA =2 R —-0.030 -0.005  0.077 +0.036  8.437e - 01

logAge C31 Center (SMA <0.1R,) +9.782 +0.026  0.126 +0.164  1.785e - 01

logAge C3; SMA = 0.2 R, +9.714  +0.020  0.107 +0.121  3.266e — 01

logAge C31 SMA = 0.4 R, +9.741  +0.014  0.096 +0.067  5.890e — 01

logAge C3; SMA = 1R +9.717  +0.033  0.071 +0.192  1.248e - 01

logAge C31 SMA =2 R, +9.922  +0.005  0.056 +0.090  6.228e — 01
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Table C4. Correlations between stellar population properties at characteristic u. and global properties. (1) Checked if correlation is
significant; (2)-(3) y and x variables; (4) region in which stellar population properties y are computed; (5)-(6) coefficients of the linear
fit y = a + b x; (7) mean absolute deviation (MAD); (8) Spearman rank coefficient; (9) probability of null correlation.

Significant y X Region a b MAD  Cspearman Prun
(1 2 ®3) () (5) (6) (7 (®) 9)
v log Z, log e Center (logu, =4.0) -0.120 +0.178  0.034 +0.398  1.239%¢ - 03
v log Z, logoe Mid (logu. =3.1) -0.274  +0.191  0.044 +0.468  5.016e — 05
v log Z. log e Outer (logu. =2.3) -1.594 +0.675  0.064 +0.602  4.355e — 08
v log Age, log oe Center (logu. =4.0) +8.691  +0.526  0.090 +0.415  7.100e — 04
v log Age, logoe Mid (logp. =3.1) +8.610 +0.536  0.073 +0.529  2.996e — 06
v log Age, log oe Outer (logps =2.3)  +9.499  +0.201 0.047 +0.464  5.964e - 05
v log Z. log M, Center (logu. =4.0) -0.369 +0.059  0.034 +0.410  8.364e — 04
v log Z, log M. Mid (logu. =3.1) -0.491 +0.058  0.043 +0.467  5.201e — 05
v log Z, log M., Outer (logu, =2.3) -1.637 +0.143  0.071 +0.518  5.247¢ - 06
log Age, log M, Center (logu. =4.0) +8.841  +0.097  0.099 +0.164  1.997e - 01

log Age., log M. Mid (logu. = 3.1) +9.008  +0.074  0.083 +0.272  2.395¢ — 02

log Age, log M, Outer (logp. =2.3)  +9.795  +0.015 0.051 +0.160 1.90le - 01

log Z, logAge,(Re) Center (logu, =4.0) +0.398 -0.011 0.037 +0.170  1.841e - 01

v log Z. logAge,(Re) Mid (logu. =3.1) -1.112  +0.128  0.046 +0.388  1.077e - 03
v log Z, logAge,(Re)  Outer (logu. =2.3) —4.812 +0.483  0.074 +0.494  1.835e - 05
v logAge, logAge,(R.) Center (logu. =4.0) +1.676  +0.830  0.079 +0.599  2.157e - 07
v logAge, logAge.(Rc) Mid (logp. =3.1) +1.334  +0.859  0.055 +0.756  9.16%¢ — 14
v logAge, logAge,(R.)  Outer (logu, =2.3) +5.775 +0.422  0.037 +0.690  7.367e - 11

log Z, log Z.(R¢) Center (logu. =4.0) +0.281  +0.099  0.036 +0.166  1.931e - 01

v logZ,  logZ.(Re) Mid (logu, =3.1)  +0.158 +0.278  0.044  +0.381 1.341e—03
v log Z, log Z.(Re) Outer (logu. =2.3) -0.058 +0.693  0.067 +0.499  1.494e - 05
log Age, log Z.(Re) Center (logu. =4.0) +9.911  +0.038  0.104 +0.084  5.144e - 01

logAge, log Z.(R¢) Mid (logp. =3.1) +9.832 +0.252  0.085 +0.180  1.421e-01

v logAge, log Z.(R¢) Outer (logp. =2.3)  49.959  +0.227 0.049 +0.351  3.386e — 03
log Z, C3) Center (logu. =4.0) +0.236  +0.009  0.036 +0.155  2.240e - 01

log Z, C31 Mid (logu. =3.1) +0.253  -0.015  0.048 -0.129  2.908e — 01

log Z, C3) Outer (logu, =2.3) -0.129  +0.012  0.083 —0.008  9.510e — 01

logAge, Cs Center (logu. =4.0) +9.936 -0.004  0.104 -0.024  8.495¢ - 01

logAge, C3 Mid (logp: =3.1) +9.751  +0.013  0.085 +0.068  5.761e — 01

log Age, Cs Outer (logp, =2.3)  +9.889  +0.011  0.051 +0.069  5.720e — 01
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Table D1. Radial gradients for different subsamples, as indicated in column (1) (see also Tab. 1 in the main paper). Columns (2) to (6)
refer to the inner regions, columns (7) to (11) to the outer ones. For each quantity, Z, and Age,, we provide both linear gradients in units
of dex Rgl labeled as OSMA (see equation 3 in the main paper), and logarithmic gradients in units of dex dex7!, labeled as Alog SMA (see
equation 4 in the main paper). The + range is defined by the 16®" — 84t percentile range. In column (6) and (11) are the numbers of
galaxies contributing to the statistics, that are determined by the sample size and the extension of the profiles.

Sample Inner (0.2 < SMA/R. < 1.0) Outer (1.0 < SMA/R. < 2.0)
VZ. VAge, N VZ. VAge, N
ASMA  dlog SMA ASMA  9log SMA OSMA  dlog SMA ASMA  dlog SMA
) 2) ®3) (4) () (6) (7) (®) 9) (10)  (11)
All ETGs -0.2770:% 0317019 0.08*0-9%  0.107019 65  -0.1270:%  -0.40%021  0.05%0-07  0.18708 32
log M. /Mo < 10.9 -0.28*0-0%  -0.3210-0¢  0.07*9-20  0.08703% 16 -0.12*0-0¢  -0.40*0-3L  0.09*0-03  0.30703% 11
10.9 <logM./Mo < 11.3 027090 —0.3170-19  0.1070-)3  0.12%0:37 29 —0.12*0-06  —0.40*0-20  0.05*0-0%  0.1770- 1% 14
log M, /Mg > 11.3 -0.2470:95  —0.2709%  0.08*0%  0.107097 20 -0.0770:55  -0.257013  0.03700 011708 7
o /[kms™'] < 170 -0.2870:97 032098 0.13*0-15 01500 21 -0.1270% 0407028 0.05%0-22 018707 12
170 < oo /[kms™'] <210 —-0.27*0-1% 0317023 0.06*0-15  0.07703) 22 -0.14*0-07 -0.47+0-33 0.09*0-0L  0.2870%F 10
oe/lkms™!] > 210 -0.2370:%  -0.26709  0.08*0:9%  0.0070:97 22 -0.0970:05  -0.2970-2%  0.05*700r  0.177041 10
All Es -0.2870:97  —0.3270%  0.08*0-%  0.1070:19 44 -0.0970%% -0.2970-2°  0.04*3-05  0.147017 18
S0 -0.23*0-05 -0.26*0-47 0.09*0-15  0.107032 21 -0.14*0-09  -0.4710-38 0.09%0-0¢  0.2870-13 14
Es, logM./Mg < 11.3 -0.28*0-07  —0.33*0-08  0.10*0-07  0.12709% 26 -0.11*5-0° -0.37+0-19 0.08*0-0%  0.267047 12
Es, o /[kms™'] < 170 -0.27709%  -0.317097  0.13*033 015702 11 -0.12705 0407003 0.05*00T  0.1870:% 7
Es, 170 < o /[kms™'] <210 -0.3070%  -0.35*0-%3  0.06*0-%  0.0770:1) 13 -0.0870:2  -0.28*0-%8  0.04%0:05  0.1470-17
Es, o0 /[kms™'] > 210 -0.24*0-05 —0.27+0-0% 0.09*0-95  0.11709% 20 -0.07*0:03  -0.25%0-13  0.04%0-05  0.147000 8
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Table D2. Gradients along u, for different subsamples, as indicated in column (1) (see also Tab. 1 in the main paper). Columns (2)
to (4) refer to the inner regions, columns (5) to (7) to the outer ones. For each quantity, Z. and Age,, we provide gradients in units of
dexdex™! (see equation 5 in the main paper). The + range is defined by the 16" — 84" percentile range. In column (4) and (7) are the
numbers of galaxies contributing to the statistics, that are determined by the sample size and the extension of the profiles.

Sample Inner (3.1 < logu./[Mepc™2] <4)  Outer (2.3 < log u./[Mppc™?] < 3.1)
VZ. VAge, N VZ. VAge, N
(1) (2) (3) (4) () (6) (7)
All ETGs 0.1370-97 0.060- 19 63 0.2770-10 —0.1470-19 69
log M. /Mg < 10.9 0.16*0-%  0.07+3-% 14 0.20*0-09  —0.19*0-09 16
10.9 <logM./Mo < 113 0.14*0:%8  0.06%0-% 28 0.26*0-18  —0.14*0-13 31
logM. /Mo = 11.3 0.1170-9¢ 0.06*0- 19 21 0.24*0-08  —0.10*3-07 22
oe/lkms™'] < 170 0.1570-9  0.03+9- 3 17 0.2970-13 —0.19%0-9 21
170 < oo /[kms™'] <210 0.16*0-06  0.06*0-% 23 0.28*0-%9  —0.12#0-13 25
oe/[kms™'] > 210 0.1170:0¢  0.07+0-00 23 0.22*0-09  —0.10*3-06 23
All Es 0.13*0-07 0.06*3-10 44 0.27+9-99  —0.12+3-08 48
S0 0.1670-9  0.0770-% 19 0.2870-11  —0.17*0-13 21
Es, log M. /Mg < 11.3 0.14*0-07 0.04*0-13 25 0.27+0-1 -0.1373-10 28
Es, o /[kms™'] < 170 0.11*9-09  0.03+9-25 9 0.2970-20 —0.19*097 11
Es, 170 < o /[kms™'] <210 0.1770-93  0.06*)-03 14 0.29*0-99 —0.11*3-13 16
Es, o /[kms'] = 210 0.1170-% 0.06*0- 19 21 0.2270-%  —0.10%0-% 21

29
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Table D3. Correlations between radial gradients of stellar population properties (V) and global properties (x): V = % vs x. (1) Checked
if correlation is significant; (2)-(3)-(4) u, y and x variables; (5) region, i.e. radial range, in which stellar population gradients are computed;
(6)-(7) coeflicients of the linear fit V = a + b x; (8) mean absolute deviation (MAD); (9) Spearman rank coefficient; (10) probability of
null correlation.

Significant u y x Region a b MAD  Cspearman Poun
1) (2 3) (4) (5 (6) () (8) (9) (10)
SMA log Z, logoe Inner (0.2 < SMA/R. < 1.0 -0.745  +0.214  0.077 +0.187  1.355e - 01

SMA log Z, logoe Outer (1.0 < SMA/R. < 2.0 -0.344  +0.102  0.058 +0.192  2.932e - 01

log SMA log Z, log oe Inner (0.2 < SMA/R. < 1.0 -0.853  +0.245  0.088 +0.187  1.355e - 01

log SMA log Z, logoe Outer (1.0 < SMA/R. < 2.0 -1.142  +0.338  0.192 +0.192  2.932e - 01

SMA log Age., log oe Inner (0.2 < SMA/Re < 1.0 +0.819 -0.324  0.111 -0.223  7.38% — 02

SMA logAge., logoe Outer (1.0 < SMA/R. < 2.0 +0.462  -0.174  0.050 —-0.264  1.450e - 01

logSMA  logAge, log oe Inner (0.2 < SMA/R. < 1.0 +0.937 -0.371 0.127 -0.223  7.38% — 02

logSMA  logAge, log oe Outer (1.0 < SMA/Re < 2.0 +1.534  -0.580  0.167 -0.264  1.450e — 01

SMA log Z, log M., Inner (0.2 < SMA/R. < 1.0 -0.688  +0.038  0.077 +0.129  3.069¢ — 01

SMA log Z, log M. Outer (1.0 < SMA/R. < 2.0 -0.470  +0.033  0.059 +0.086  6.392e - 01

log SMA log Z, log M., Inner (0.2 < SMA/R. < 1.0 -0.787  +0.043  0.088 +0.129  3.069¢ — 01

log SMA log Z, log M, Outer (1.0 < SMA/R. < 2.0 -1.563  +0.108  0.195 +0.086  6.392e - 01

SMA log Age., log M., Inner (0.2 < SMA/R. < 1.0 -0.167 +0.022  0.114 +0.067  5.951e - 01

SMA logAge., log M., Outer (1.0 < SMA/R. < 2.0 +0.619  -0.051  0.049 -0.278  1.231e-01

logSMA  logAge, log M., Inner (0.2 < SMA/Re < 1.0 -0.191  +0.025  0.131 +0.067  5.951e - 01

logSMA  logAge, log M, Outer (1.0 < SMA/R. < 2.0 +2.055 -0.170  0.162 -0.278 1.231e-01

SMA log Z, logAge,(Re)  Inner (0.2 < SMA/Re < 1.0 +1.983  -0.227  0.072 -0.185  1.399¢ - 01

v SMA log Z. logAge,(Re) Outer (1.0 < SMA/R. < 2.0 -5.717  +0.568  0.044 +0.578  5.354e - 04
log SMA log Z, logAge,(Re)  Inner (0.2 < SMA/R; < 1.0 +2.269 -0.260  0.083 -0.185  1.399¢ - 01

)
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
E |
v log SMA log Z. logAge,(Re) Outer (1.0 < SMA/R. <2.0) -18.992 +1.886  0.146 +0.578  5.354e - 04
SMA logAge, logAge,(Re)  Inner (0.2 < SMA/R. < 1.0) -1.377  +0.148  0.113 +0.082  5.157e-01
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
(© )
( )

v SMA logAge, logAge,(Re) Outer (1.0 < SMA/Re < 2.0 +4.689  —-0.468 0.036 -0.673  2.437e - 05
logSMA  logAge, logAge,(Rc) Inner (0.2 <SMA/R. < 1.0 -1.576  +0.169  0.129 +0.082  5.157e - 01

v logSMA  logAge, logAge,(Re) Outer (1.0 < SMA/Re <2.0 +15.575 -1.554  0.121 -0.673  2.437e-05
v SMA log Z, log Z.(R¢) Inner (0.2 < SMA/R. < 1.0 -0.302  +0.770  0.043 +0.824  3.213e - 17
SMA log Z. log Z.(R¢) Outer (1.0 < SMA/R. < 2.0 -0.116 -0.186  0.059 —0.318  7.594e - 02

v log SMA log Z, log Z.(R¢) Inner (0.2 < SMA/R. < 1.0 -0.345 +0.881  0.049 +0.824  3.213e - 17
log SMA log Z. log Z.(Re) Outer (1.0 < SMA/R. < 2.0 -0.384 -0.617  0.195 —0.318  7.594e - 02

v SMA logAge, log Z.(R¢) Inner (0.2 < SMA/R. < 1.0 +0.100 -0.314  0.111 -0.372  2.277e-03
SMA logAge, log Z.(R¢) Outer (1.0 < SMA/R. < 2.0 +0.044  +0.245  0.045 +0.431  1.386e — 02

v log SMA  logAge, log Z.(R¢) Inner (0.2 < SMA/R. < 1.0 +0.115  -0.359  0.127 -0.372  2.277e-03
logSMA  logAge, log Z.(Re) Outer (1.0 < SMA/R. < 2.0 +0.146  +0.812  0.151 +0.431  1.386e — 02

SMA log Z, C3 Inner (0.2 < SMA/R. < 1.0 -0.039  -0.037  0.075 -0.160  2.027e - 01

SMA log Z. C3; Outer (1.0 < SMA/Re < 2.0 -0.060 -0.009  0.059 +0.124  4.973e - 01

log SMA log Z, C3 Inner (0.2 < SMA/R. < 1.0 -0.044 -0.042  0.086 -0.160  2.027e - 01

log SMA log Z. C3; Outer (1.0 < SMA/Re < 2.0 -0.199 -0.030  0.195 +0.124  4.973e - 01

SMA logAge., C3 Inner (0.2 < SMA/R. < 1.0 +0.057  +0.005  0.115 +0.005  9.694e — 01

SMA logAge, C3; Outer (1.0 < SMA/Re < 2.0 +0.156 -0.016  0.047 -0.327  6.786e — 02

log SMA  logAge, C3 Inner (0.2 < SMA/R. < 1.0 +0.066  +0.005  0.131 +0.005  9.694e - 01

logSMA  logAge, C3; Outer (1.0 < SMA/Re < 2.0 +0.518 -0.052  0.157 -0.327  6.786e — 02
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Table D4. Correlations between gradients of stellar population properties along log u. profiles (V) and global properties (x): V = %
vs x. (1) Checked if correlation is significant; (2)-(3) y and x variables; (4) region, i.e. u. range, in which stellar population gradients
are computed; (5)-(6) coefficients of the linear fit V = a + bx; (7) mean absolute deviation (MAD); (8) Spearman rank coefficient; (9)

probability of null correlation.

Significant y X Region a b MAD  Cspearman Prun
1 (2 (3) (4) (5) (6) (M (8) 9)
log Z. log oe Inner (3.1 < logu,/[Mopc2] <4)  +0.647 —0.228 0.055  —0.141 2.71le -0l

v log Z, log oe Outer (2.3 < logp./[Mopc2] <3.1)  +1.162 -0.393  0.081  -0.380 1.267e - 03
log Age, log e Inner (3.1 <logu,/[Mopc™2] <4)  —0.435 +0.213  0.080  +0.090 4.806e — 01

v log Age, log e Outer (2.3 < logp, /[Mopc=] <3.1)  -0.999  +0.375  0.075  +0.431  2.20de — 04
log Z, log M, Inner (3.1 <logu./[Mope™2] <4)  +0.620 —0.045  0.055  —0.177  1.662¢ -0l

log Z. log M, Outer (2.3 < logu, /[Mopc=2] <3.1)  +1.224 —0.087 0.085  -0.229 5.82de — 02

log Age, log M, Inner (3.1 < logu./[Mopc™2] < 4) -0.286  +0.030  0.081 —-0.027  8.314e-01

logAge, log M, Outer (2.3 < logp./[Mopc™2] <3.1)  -1.154  +0.090  0.081 +0.270  2.484e - 02

log Z. logAge,(Re) Inner (3.1 < log u./[Mopc™?] < 4) +2.669 -0.257  0.053 -0.246  5.185e - 02

logZ.  logAge,(R.) Outer (2.3 <logu./[Mopc2] <3.1) +3.213 —0.300 0.082  —0.308 1.060e — 02

logAge, logAge.(R.)  Inmer (3.1 <logu,/[Mopc2]<4)  —-1.899 +0.197 0.080  +0.076  5.554e — 01

v logAge, logAge.(R.) Outer (2.3 <logu./[Mopc2] <3.1) -5.611 +0.552 0.070  +0.461  7.529 — 05
logZ.  logZ.(Re)  Inmer (3.1 <logu./[Mopc=2]<4)  +0.134 —0.145 0.054  —0.178 1.63de -0l

v logZ.  logZ.(R.) Outer (2.3 <logu/[Mopc2] <3.1) +0.263 —0.430 0.079  —0.354 3.03% — 03

log Age, log Z.(R¢) Inner (3.1 < logu. /[Mopc™2] < 4) +0.049  +0.170  0.080 +0.050  6.957e - 01
log Age, log Z.(R¢) Outer (2.3 <logu./[Mopc™2] <3.1) -0.132  +0.107  0.083 +0.043  7.257e - 01

log Z. Cs; Inner (3.1 < logu./[Mopc™2] < 4) -0.061  +0.032  0.053 +0.251  4.762e — 02
log Z. C3; Outer (2.3 < logu./[Mopc™?] <3.1)  +0.327 —-0.010  0.087 —0.046  7.063e - 01
log Age, Csi Inner (3.1 < logu,/[Mopc2] <4)  +0.136  —0.012  0.080  —0.042 7.429 — 01
log Age, Cy Outer (2.3 < logp, /[Mopc™2] <3.1)  —0.367 +0.035  0.081  +0.155 2.027e -0l
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APPENDIX E: RADIAL PROFILES OF
SPECTRAL INDICES AND COLOURS

In this appendix we report the radial profiles of the “raw” ob-
servable quantities from which the stellar population proper-
ties are estimated, i.e. the four stellar absorption indices, Hp,
H6a + Hya, [MgoFe] and [MgFe]’, and the four broad band
colours resulting from the five SDSS bands. These profiles
are obtained with the very same method used to extract the
radial stellar population profiles presented in Fig. 2 and Sec.
4.

As obvious, a proper conversion of these profiles into
stellar population properties can only be performed with
the aid of stellar population models, as done in the paper.
However, it is instructive to see how the slopes of the indices
and of the r —i colour change around ~ 0.5 R¢. This effect is
most likely at the origin of the inflection of the age profiles
around that radius and of their overall U-shape.

This paper has been typeset from a TEX/IATEX file prepared by
the author.
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Figure E1. Radial profiles of the four stellar absorption indices used to derive the stellar population parameters. Each line is an individual
galaxy, color coded by velocity dispersion. The blue line is the median, with the blue dashed lines marking the 16™ and 84™ percentiles.
The vertical dashed lines mark the median PSF radius (HWHM). See caption to Fig. 2 for the full description of lines and panels.
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Figure E2. Radial profiles of the four broad-band colours resulting from the five SDSS bands used to derive the stellar population
parameters. Each line is an individual galaxy, color coded by velocity dispersion. The blue line is the median, with the blue dashed lines
marking the 16" and 84" percentiles. The vertical dashed lines mark the median PSF radius (HWHM). See caption to Fig. 2 for the full
description of lines and panels.
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