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1 INTRODUCTION

ABSTRACT

To investigate star formation and assembly processes of massive galaxies, we present here a
spatially resolved stellar population analysis of a sample of 45 elliptical galaxies (Es) selected
from the Calar Alto Legacy Integral Field Area survey. We find rather flat age and [Mg/Fe]
radial gradients, weakly dependent on the effective velocity dispersion of the galaxy within
half-light radius. However, our analysis shows that metallicity gradients become steeper with
increasing galaxy velocity dispersion. In addition, we have homogeneously compared the
stellar population gradients of our sample of Es to a sample of nearby relic galaxies, i.e. local
remnants of the high-z population of red nuggets. This comparison indicates that, first, the
cores of present-day massive galaxies were likely formed in gas-rich, rapid star formation
events at high redshift (z 2 2). This led to radial metallicity variations steeper than observed in
the local Universe, and positive [Mg/Fe] gradients. Secondly, our analysis also suggests that a
later sequence of minor dry mergers, populating the outskirts of early-type galaxies (ETGs),
flattened the pristine [Mg/Fe] and metallicity gradients. Finally, we find a tight age—[Mg/Fe]
relation, supporting that the duration of the star formation is the main driver of the [Mg/Fe]
enhancement in massive ETGs. However, the star formation time-scale alone is not able to
fully explain our [Mg/Fe] measurements. Interestingly, our results match the expected effect
that a variable stellar initial mass function would have on the [Mg/Fe] ratio.

Key words: galaxies: abundances—galaxies: elliptical and lenticular, cD —galaxies:
evolution — galaxies: formation — galaxies: stellar content.

gravitational field (White 1976; Frenk et al. 1988; Bond, Kofman &
Pogosyan 1996), whose dynamics is well described by Newtonian

The hierarchical assembly of galaxies is a direct consequence of the
favoured Acold dark matter (ACDM) interpretation of the Universe.
Structures within this paradigm grow via gravitational instabilities,
in remarkable agreement with the observed large-scale structure
of the Universe (e.g. Geller & Huchra 1989; Hernquist et al. 1996;
Davé et al. 1999; Colless et al. 2001; Cole et al. 2005; Springel et al.
2005; Springel, Frenk & White 2006). Given the initial conditions
provided by the cosmic microwave background (de Bernardis et al.
2000; Hinshaw et al. 2013; Planck Collaboration XVI 2014), the
later evolution of structures is mostly driven by the dark matter
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gravity (Adamek et al. 2013).

Understanding the formation and evolution of galaxies, how-
ever, is a more complex task, as cosmological effects are generally
overshadowed by baryonic processes. The evolution of the colour—
magnitude relation (Bower, Lucey & Ellis 1992; Ellis et al. 1997;
van Dokkum et al. 2000; van Dokkum & Franx 2001; Blakeslee
et al. 2003; Bernardi et al. 2005) or the tight scaling relations be-
tween stellar population properties and galaxy mass (Faber 1973;
Peletier 1989; Worthey, Faber & Gonzalez 1992; Bender, Burstein
& Faber 1993; Trager et al. 2000a; Thomas et al. 2005) seem
to question the hierarchical nature of the ACDM Universe. Ulti-
mately, these difficulties to reconcile simulations and observations
of galaxies arise from numerically unresolvable physical scales.
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Cosmological simulations including coupling between electromag-
netic fields and baryonic matter, stellar physics and even parsec-
scale star formation are not yet feasible (see e.g. Baugh 2006). Thus,
all these processes are usually simplified, using analytic recipes
tuned up to match observations (e.g. Rees & Ostriker 1977; White &
Frenk 1991; Kauffmann, White & Guiderdoni 1993; Somerville &
Primack 1999; De Lucia & Blaizot 2007; De Lucia et al. 2012; Guo
et al. 2016).

Arguably, the most paradigmatic example of the tension be-
tween cosmological simulations and actual observations is the ap-
parent downsizing of nearby galaxies, which become older, more
metal rich and formed more rapidly with increasing galaxy mass
(Trager et al. 2000a; Thomas et al. 2005; Gallazzi et al. 2005, 2006;
Yamada et al. 2006; Kuntschner et al. 2010; McDermid et al. 2015).
Naively, and supported by the first cosmologically motivated nu-
merical simulations, one would expect that massive galaxies in a
ACDM Universe form through successive mergers of smaller galax-
ies. This would lead to young massive galaxies at z ~ 0, in sharp
contrast with observations. To overcome this so-called over-cooling
problem, feedback from the central super-massive black hole is usu-
ally invoked (e.g. Di Matteo, Springel & Hernquist 2005; De Lucia
et al. 2006; Vogelsberger et al. 2014; Schaye et al. 2015).

Among all the observables that hold information about numeri-
cally unresolved scales, the overabundance of a-elements compared
to iron-peak elements, i.e. the [a/Fe] ratio, stands as one of the most
relevant. Under the standard interpretation, the [«/Fe] ratio is set
by the time delay between core-collapse and Type Ia supernovae
(SNe) (Tinsley 1979; Vazdekis et al. 1996; Thomas, Greggio &
Bender 1999). The bulk of «-elements is produced in short-lived
core-collapse SN, whereas the amount of iron-peak elements accu-
mulates as Type Ia SNe keep polluting the interstellar medium in
scales of a few Gyr. Therefore, the longer star formation lasts in
a galaxy, the more iron is produced, and the lower is the observed
[o/Fe] ratio. The fact that massive nearby galaxies exhibit enhanced
[a/Fe] has been then interpreted as a consequence of a rapid for-
mation process (Peletier 1989; Worthey, Faber & Gonzalez 1992;
Thomas et al. 2005; de La Rosa et al. 2011; Conroy, Graves & van
Dokkum 2014; Greene et al. 2015; McDermid et al. 2015).

However, whether this standard picture is enough to explain the
observed properties of galaxies remains unclear. Segers et al. (2016)
have recently claimed that feedback from active galactic nuclei solv-
ing the over-cooling problem explains also their enhanced [«/Fe]
ratios, as star formation is rapidly quenched in massive galaxies.
Such scenario seems to be supported by the relation between black
holes and star formation (Martin-Navarro et al. 2016; Terrazas et al.
2016), and by the star formation histories of nearby galaxies (de La
Rosaetal. 2011; McDermid et al. 2015). In contrast, it has also been
suggested that a variable stellar initial mass function (IMF) might
be necessary to explain the observed [«/Fe] dependence on galaxy
mass (Arrigoni et al. 2010; Gargiulo et al. 2015; De Lucia, Fontanot
& Hirschmann 2017; Fontanot et al. 2017). The impact of a variable
IMF in the interpretation of the [«/Fe] ratio (Martin-Navarro 2016)
has to be carefully considered given the empirical relation between
IMF slope and galaxy mass (Cenarro et al. 2003; Treu et al. 2010;
Thomas et al. 2011; Cappellari et al. 2012; Ferreras et al. 2013;
La Barbera et al. 2013; Conroy et al. 2014; Spiniello et al. 2014).
Moreover, IMF may also vary in time, as expected from observa-
tions, both locally and at high z (Vazdekis et al. 1996, 1997; van
Dokkum 2008; Wang & Dai 2011; Weidner et al. 2013; Ferreras
et al. 2015; Martin-Navarro et al. 2015b).

Understanding whether the abundance pattern probes the forma-
tion time-scale of a galaxy, or whether it is set by the (time-varying)
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high-mass end of the IMF, needs for detailed stellar population
analysis. The relatively simple star formation histories of early-type
galaxies (ETGs) make them ideal benchmark for stellar population
studies. Dominating the high-mass end of the galaxy mass function
(Bell et al. 2003), ETGs are expected to be among the most strongly
AGN-quenched objects (Schawinski et al. 2007), exhibiting also
the strongest IMF variations (van Dokkum & Conroy 2010) and
highest [a/Fe] ratios (Thomas et al. 2005).

1.1 Stellar population gradients

The aforementioned relation between galaxy mass (or stellar ve-
locity dispersion) and [«/Fe] is observationally well established
for ETGs (Faber 1973; Peletier 1989; Worthey, Faber & Gonzalez
1992; Trager et al. 2000a; Thomas et al. 2005; Graves, Faber & Schi-
avon 2009a,b; Conroy, Graves & van Dokkum 2014; Walcher et al.
2015). However, these studies were focused on the global proper-
ties of ETGs, i.e. comparing quantities integrated over a fixed radial
aperture. A few studies have taken a step forward analysing the ra-
dial [a/Fe] gradients in different ETG samples. Mehlert et al. (2003)
analysed a sample of 35 ETGs in the Coma cluster and found that,
on average, [a/Fe] gradients were flat. This was later confirmed
by Sanchez-Blazquez et al. (2007), who studied the radial stellar
population gradients of 11 ETGs covering a wide range of masses,
although individual galaxies could show slightly positive or negative
gradients. Because of the absence of strong positive [«/Fe] gradi-
ents, Sanchez-Blazquez et al. (2007) claimed that the properties of
stellar populations in ETGs are not compatible in a purely outside-
in collapse (Pipino & Matteucci 2004; Pipino, Matteucci & Chiap-
pini 2006). Conversely, Sdnchez-Blazquez et al. (2007) suggested
that the correlation between structural parameters (in particular as,
which quantifies isophotal deviations from a perfect ellipse) and
stellar population gradients was a signature of merger driven for-
mation scenario for ETGs. Spatially unresolved studies also show
clear relations between galaxy structure and stellar population prop-
erties (Vazdekis, Trujillo & Yamada 2004). Similar trends as those
described by Sanchez-Blazquez et al. (2007) were also found by
Kuntschner et al. (2010) studying 48 Spectroscopic Areal Unit for
Research on Optical Nebulae ETGs, and later revisited by McDer-
mid et al. (2015) with the larger ATLAS®P sample. Kuntschner et al.
(2010) proposed that the observed relation between galaxy mass and
[a/Fe] is due to metal-rich, young and mildly [«/Fe]-enhanced stel-
lar populations, which become more prominent in low-mass ETGs.
In agreement with a time-scale-dependent origin for the abundance
pattern, these young and no [«/Fe]-enhanced stellar populations
can also be seen in extreme kinematically decoupled components
(Kleineberg, Sanchez-Blazquez & Vazdekis 2011), although it is
not a common feature (Kuntschner et al. 2010).

In this paper we observationally address the origin of the stellar
population gradients within ETGs by studying the two-dimensional
age, metallicity, and [Mg/Fe] maps of 45 ETGs drawn from the
Calar Alto Legacy Integral Field Area (CALIFA) sample (Sanchez
etal. 2012; Walcher et al. 2014). In addition, we trace back the evo-
lution of the stellar population gradients by comparing our CALIFA
galaxies to a sample of massive relic galaxies (Yildirim et al. 2017),
discussing the implications for the evolutionary paths of ETGs. The
outline of this paper is as follows. Data and sample are presented in
Section 2. The ingredients of the stellar population modelling are
presented in Section 3, and the analysis is detailed in Section 4. The
results presented in Section 5 are discussed in Section 6. Finally,
the conclusions of the paper are summarized in Section 7.

MNRAS 475, 3700-3729 (2018)
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2 DATA AND SAMPLE SELECTION

Our analysis is based on the CALIFA survey (Sdnchez et al. 2012)
intended to observe a diameter-selected sample of nearby galaxies
with the PMAS/PPak integral-field spectrograph (Verheijen et al.
2004; Roth et al. 2005; Kelz et al. 2006). Due to its wider wave-
length coverage, from 3700 to 7000 A (rest-frame), our analysis uses
the V500 CALIFA setup, which provides an intermediate spectral
resolution of 6 A. The hexagonal CALIFA field of view covers
~1.3 arcmin?, with 1arcsec? spaxel size. The exposure time was
fixed to 900 s for the V500 setup, and allows us to typically reach
up to 1 R. (see Section 4).

Our preliminary sample encompassed every ETG both from the
CALIFA mother sample (Walcher et al. 2014) and from the ex-
tended CALIFA sample presented in Sdnchez et al. (2016). SO were
excluded from the analysis since they may represent an interme-
diate galaxy type, whose gaseous and stellar population properties
are distinct from elliptical galaxies (Es) (e.g. Temi, Brighenti &
Mathews 2009; Kuntschner et al. 2010; Sarzi et al. 2010, 2013;
Amblard et al. 2014). However, some confusion between Es and
SOs is expected for the latest morphological types in our sample.
In Section 5.2 we discuss the impact of morphological subtypes on
our results.

We found a strong systematic artefact at a rest-frame wavelength
of A ~ 5460A. Since we were interested on the radial variations of
the stellar population properties, we had to apply a redshift cut to
our sample of elliptical galaxies to ensure that our analysis was not
affected by this systematic. Therefore, our final sample consisted
only of those Es within the CALIFA survey with redshift z < 0.026,
45 in total. The criterion for this redshift limit, based on the details
of our stellar population analysis, is further explained in Section 4.1.

Effective velocity dispersions in our sample, measured within
half R., range from o ~ 150 to o ~ 350km s~!, with a median
value of ¢ = 217km s~'. According to Walcher et al. (2014), this
translates to a median stellar mass of ~10"! M@, mass range where
the CALIFA sample is representative of the local population of
galaxies. In Fig. 1 we show the classical relation between Mgb
line-strength and stellar velocity dispersion for our 45 Es. The basic
properties of the sample are listed in Table 1.

For comparison, we also re-analyse the sample of massive com-
pact relic galaxies presented in Yildirim et al. (2017). These objects
were also observed using the PMAS/PPak integral-field spectro-
graph, with the same instrumental setup as the V500 CALIFA data.
This sample of nearby red nuggets (see Section 6.1) consists of
14 galaxies with a typical velocity dispersion of o ~ 275 km s~
Their individual kinematical and stellar population properties are
fully described in Yildirim et al. (2017).

3 MILES ALPHA-ENHANCED MODELS

To study the stellar population properties in our sample of galaxies,
we compared our integral-field spectroscopic data to the [«a/Fe]-
variable MILES stellar population synthesis models (Vazdekis et al.
2010, 2015). These new set of models were built by combining the
theoretical response functions of Coelho et al. (2005, 2007) with the
MILES stellar library (Sanchez-Blazquez et al. 2006), taking into
account the [Mg/Fe] determination for the individual MILES stars
(Milone, Sansom & Sénchez-Blazquez 2011). The stellar spectra
were first used to populate, in a consistent way, solar-scaled and
[a/Fe]-enhanced BaSTi isochrones (Pietrinferni et al. 2004, 2006).
Later, the resulting single stellar population models were [«/Fe]-
corrected using the theoretical response functions.

MNRAS 475, 3700-3729 (2018)
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Figure 1. Mgb—o relation. The top panel shows the measured Mgb line-
strength (convolved to a common o = 350) as a function of the effective
velocity dispersion at 0.5 R, for our sample of galaxies. The bottom panel
shows the o distribution for the 45 objects in the sample. The median value
isoc =217kms™ !, or conversely, 9.8 x 1010 M@ (Walcher et al. 2014).

The [o/Fe]-variable MILES models cover a wide range of ages,
from 0.03 to 14 Gyr, as well as nominal metallicities from —2.27 to
+0.40 dex. In addition, the models allow for [«a/Fe] variations from
0.0 to +0.4 dex. Given the weak dependence of the selected spectral
features on the IMF slope, we assumed a universal Kroupa-like IMF
shape (Kroupa 2001, 2002).

Note that all a-elements are varied simultaneously in the [«/Fe]-
variable MILES models, and therefore, the interpretation of the
measured abundance pattern should be done carefully. Since our
analysis is based on Fe and Mg optical features (see Section 4.1),
we are only sensitive to the [Mg/Fe] ratio. However, if a different
approach is followed (e.g. full spectral fitting) the resulting [o/Fe]
value would be determined by the average effect of all a-elements
on the analysed spectrum. Since elemental abundances vary from
galaxy to galaxy, the same average [a/Fe] could be measured in
two galaxies with a completely different partition of individual o-
elements. This is particularly important when studying wavelengths
bluewards than A ~ 4500A (Vazdekis et al. 2015). Similarly, when
applying the [o/Fe]-variable MILES models to optical features sen-
sitive to different elements such as Mg, Ca, or Ti, one could obtain
different answers for each line/element.

4 ANALYSIS

In order to make full use of the CALIFA integral-field spectroscopy,
we derived two-dimensional maps of all measured quantities. Data
cubes were spatially binned using the Voronoi tessellation described
in Cappellari & Copin (2003) to a common signal-to-noise ratio of
60 per A.
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Table 1. Basic properties of our sample of Es. Morphologies, effective radii, and ellipticity (¢) are
those of Falcon-Barroso et al. (2017). Stellar masses were calculated by Walcher et al. (2014), and
the effective velocity dispersions at half R, were measured over the same CALIFA cubes used for
the stellar population analysis (see Section 4).

Galaxy Morphology M, 00.5Re R. €
[log M@] [kms~!] [arcsec]

NGCO0155 El 10.8 177.5 15.8 0.14
NGC 0364 E7 10.8 229.7 15.8 0.27
NGC 0499 E5 11.1 277.9 21.3 0.32
NGC 0529 E4 11.0 2479 12.6 0.09
NGC0731 El 10.7 171.7 114 0.07
NGC 0938 E3 10.7 192.2 13.8 0.25
NGC 0962 E3 10.9 180.8 13.8 0.22
NGC 1026 E2 10.7 206.4 17.4 0.24
NGC 1060 E3 114 3229 27.3 0.18
NGC 1132 E6 11.1 252.5 32.8 0.40
NGC 1349 E6 11.0 209.1 17.0 0.11
NGC 1361 ES 10.6 194.5 16.2 0.32
NGC 1656 E6 10.5 149.8 17.4 0.44
NGC2513 E2 11.2 307.7 26.5 0.26
NGC2592 E4 10.5 236.1 9.9 0.21
NGC 2880 E7 10.5 153.3 18.2 0.35
NGC2918 E6 11.2 243.1 12.2 0.30
NGC 3158 E3 11.5 3393 324 0.18
NGC3615 ES 11.3 287.3 154 0.41
NGC 4874 EO 11.3 273.8 55.0 0.23
NGC 5029 E6 11.3 271.2 253 0.39
NGC5198 El 10.8 217.6 16.2 0.12
NGC5216 EO 104 150.8 20.1 0.32
NGC 5485 E5 10.7 195.0 31.6 0.32
NGC5513 E6 11.0 189.3 15.8 0.44
NGC 5546 E3 11.3 320.6 17.4 0.12
NGC 5557 E4 11.3 255.5 24.5 0.20
NGC 5580 E2 10.6 195.7 15.0 0.13
NGC 5598 E6 10.9 192.0 9.10 0.32
NGC 5623 E7 10.7 294.2 15.4 0.32
NGC 5642 ES 11.0 246.5 18.6 0.38
NGC 5684 E3 10.8 192.0 17.8 0.27
NGC 5689 E6 10.9 190.0 17.0 0.75
NGC 5928 E4 10.9 201.2 15.8 0.31
NGC 5966 E4 10.8 201.7 18.6 0.38
NGC 6020 E4 10.7 207.3 19.0 0.30
NGC 6021 ES 10.9 216.8 9.50 0.27
NGC6125 El 11.1 253.4 21.7 0.04
NGCo6411 E4 10.9 195.1 34.0 0.35
NGC6515 E3 11.0 195.9 19.0 0.34
NGC 7550 E4 11.2 242.5 24.5 0.09
NGC 7562 E4 11.2 264.9 20.9 0.32
NGC7619 E3 11.3 305.2 35.6 0.17
UGCO05771 E6 11.1 2533 12.6 0.32
UGC 10097 ES 11.3 315.0 14.6 0.17

To derive the stellar population properties within our Voronoi
maps, we first needed to calculate the radial velocity (V) and o of
each spectra along the maps. We made use of the pipeline devel-
oped by Falcén-Barroso et al. (2017), which is fully detailed in their
section 4. In summary, V and o were derived using the Penalized
Pixel-Fitting method (pPXF) (Cappellari & Emsellem 2004; Cap-
pellari 2017), without including higher Gauss—Hermite terms. pPXF
was fed with stellar templates from the Indo—US Library (Valdes
et al. 2004), carefully selected to minimize template mismatch sys-
tematics (Falcon-Barroso et al. 2017). Once the kinematics of each
spectra was measured, we corrected them for nebular emission us-

ing the Gas AND Absorption Line Fitting algorithm (GANDALF;
Sarzi et al. 2006).

4.1 Stellar populations

‘We measured the stellar population properties using standard line-
strength analysis. We used the Cervantes & Vazdekis (2009) def-
inition of the HB, index, combined with the Fe4383 (Worthey
et al. 1994), Fe 5015 (Worthey et al. 1994), Fe 5270 (Burstein et al.
1984), and Mgb (Burstein et al. 1984) standard line indices. Note
that the only a-element measurable in CALIFA is Mg. Thus, when

MNRAS 475, 3700-3729 (2018)
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analysing and discussing the abundance pattern in our data we ex-
plicitly used [Mg/Fe], but not the more general [a/Fe]. The [«/Fe]-
variable MILES models can in principle be used to constrain other
a-elements.

As described in Section 2, the presence of a systematic feature in
the data forced us to apply a redshift cut to our sample. In order to
maximize the number of galaxies in the final sample, we decided
not to include the Fe 5335 spectral feature (our reddest metallic
indicator) in the analysis (see details in Appendix A). This allowed
us to study all galaxies with redshift z < 0.026. For larger redshifts,
the systematic started to affect the Fe 5270 index definition. Notice
that we also avoided the use of the strong NaD absorption lines, as it
depends, not only on metallicity, but also strongly on the IMF slope
and on the [Na/Fe] abundance (Spiniello et al. 2012; La Barbera
et al. 2017).

Our stellar population modelling consisted therefore of three free
parameters, namely age, metallicity ([M/H]), and [Mg/Fe], to be
constrained with the five line-strength indices listed above. Stellar
population properties were measured using the emcee Bayesian
Markov chain Monte Carlo sampler (Foreman-Mackey et al. 2013).
In practice, each walker tried to maximize the following likelihood
function:

1 (In - Mn )2 1

In(I|age, [M/H], [Mg/Fe]) = —EZH [anz —1In 0,12:|
where 1,, M,, and o, are the observed line-strength, model value,
and error of our five indices, respectively. We assumed flat pri-
ors for the three free parameters. Model predictions M, were cal-
culated at the measured velocity dispersion of each spectrum. In
such a way, we avoid degrading the resolution of the spectra,
making full use of their information. We assume a constant res-
olution for the CALIFA data, with an instrumental FWHM=6 A.
Line-strength predictions were obtained by convolving MILES SSP
models (FWHMyy gs = 2.51A; Falcén-Barroso et al. 201 1b) with
a Gaussian kernel whose FWHM depends on the measured velocity
dispersion for that particular radial bin (FWHMg,, Section 4):

FHWM;,, = FHWMZ,, s + FHWM;, — FHWM .

A typical corner plot is shown in Fig. 2, where the degeneracies
among age, metallicity, and [Mg/Fe] are partially broken. We use
the median of the posterior distributions as our best-fitting solutions
(red solid lines in Fig. 2) and 1o uncertainties correspond to the 16th
and 84th percentiles.

5 RESULTS

After the analysis of the CALIFA data cubes, for each galaxy in our
sample we had a map of V, o, age, metallicity, and [Mg/Fe]. As an
example, the case of NGC 7619 is shown in Fig. 3, and the rest of
maps can be found in Appendix C.

5.1 Global scaling relations

First, we analysed the relation between integrated stellar population
properties and velocity dispersion. In Fig. 4 we show how age,
metallicity, and [Mg/Fe] change as a function of the effective oy sz, .
From left to right, the stellar population properties were measured
over an integrated aperture of one tenth, one fourth, and half R.. On
each panel, the solid line indicates the best-fitting o relation at R./4.

As expected, we found old stellar populations at all radii, with
the scatter suggesting the presence of small fractions of younger

MNRAS 475, 3700-3729 (2018)
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Figure 2. Example of a corner plot produced by our stellar populations
fitting code, in this case for the galaxy NGC 7619. The cloud of points indi-
cates the posterior distributions, while red lines mark the best-fitting (solid
line) and 1o confidence intervals (dashed lines). We are capable of breaking
the degeneracies between the different stellar population parameters for a
typical signal-to-noise ratio of ~60 per A.

populations. As indicated in the Introduction, this apparent down-
sizing is robustly supported by numerous observational studies (e.g.
Trager et al. 2000a; Thomas et al. 2005; Sanchez-Blazquez et al.
2006; Kuntschner et al. 2010; McDermid et al. 2015), challenging
a pure hierarchical assembly of massive ETGs. Residual recent star
formation as seen in the inner regions of our sample is needed to
explain the scatter of age-sensitive spectral features in the infrared
(Falcén-Barroso et al. 2011a), in the optical (Trager et al. 2000b),
and in the ultraviolet (Vazdekis et al. 2016).

Thomas et al. (2005) suggested that the Mgb—o relation (top
panel in Fig. 1) is mainly driven by an increase in metallicity with
increasing galaxy o. Although the physical origin of this relation
is still under debate (Keller, Wadsley & Couchman 2016; Bower
et al. 2017), it is clear from Fig. 4 that galaxies with higher o ex-
hibit higher metallicities. The distribution of [M/H] measurements
clearly moves towards lower values as we probe the most external
regions of our Es, indicating a negative metallicity gradients in our
sample. This was already noticed by the early studies of Mehlert
et al. (2003), Sanchez-Blazquez et al. (2007), and Spolaor et al.
(2009), and it is usually understood as an imprint of the early gas
collapse, later shaped by mergers.

Finally, the [Mg/Fe] trends as a function of ¢ and galactocentric
distance are also shown in Fig. 4. We did find the expected en-
hancement in [Mg/Fe] with increasing sigma o . Interestingly, and
contrary to the behaviour of metallicity, there is not a clear trend
with radius. The [Mg/Fe] enhancement of the inner regions is also
observed beyond half R.. This is in agreement with previous studies
(Peletier et al. 1999; Mehlert et al. 2003; Sanchez-Blazquez et al.
2007; Kuntschner et al. 2010), and suggests a fundamental differ-
ence between the development of metallicity and abundance pattern
gradients within ETGs.
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Figure 3. Kinematical and stellar population parameters measured for NGC 7619. From top to bottom and left to right we show here the velocity, o, log age,
[M/H], and [Mg/Fe] maps. The redshift, R., and effective o are also indicated. There is a clear hint of rotation, as well as a radially declining o profile. Ages
are very old through all the galaxy, and the metallicity decreases outwards. The [Mg/Fe] maps show a mild positive radial gradient.
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Figure 4. Integrated stellar population trends with velocity dispersion. From left to right, each column corresponds to an integrated measurement over one
tenth, one fourth and half R, respectively. As a reference, the solid line indicates the best-fitting trend with o as measured at R./4. Es become more metal rich
and more [Mg/Fe]-enhanced with increasing o. Our sample of Es exhibits very old ages (red dots), with only a small fraction of younger populations, mostly at
low-velocity dispersions. The negative [M/H] gradient at all masses is clear from the second row (blue dots). Orange dots indicate the [Mg/Fe] measurements,

which do not show any net radial variation.

5.2 Characteristic gradients

Alternatively, we also analysed the stellar population properties by
looking at the average radial age, metallicity, and [Mg/Fe] gradients
in different o bins. Following Fig. 1, we separated our sample into

three bins according to the central velocity dispersion, and combined
all the measurements to obtain the average radial profiles. These
characteristic radial profiles, for a given central velocity dispersion,
are shown in Fig. 5. To quantify the differences among them, in
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Table 2. Best-fitting stellar population gradients for our three velocity dispersion bins. The age, metallicity, and [Mg/Fe] radial gradients
were fitted to a @ + Blog R/R. linear relation. We list here the best-fitting coefficients, namely, the stellar population value at the R, («),

and the logarithmic gradient slope (8).

Ageg, Vage [M/H]g, VM [Mg/Felg, VMg/Fe]
[log Gyr] [log Gyr/logR ] [dex] [dex/log R ] [dex] [dex/log R ]
o >300kms~! 1.113+0.008 0.013+0-:006 —0.029*0-010 —0.269+0-012 0.312%0007 0.001 %0009
200 < o < 300km s~! 1.087%0.004 —0.005%0-003 —0.031%0-005 —0.187+0-007 0.252+0.004 — 0.024+0-006
o < 200km Sfl 1.020:&0.005 _ 0.024:&()‘008 _ 0.089i0‘003 _ 0.158i0'006 0.186i0‘003 _ 0.047:&0006

Table 2 we report the () %) best-fitting linear gradients. Note that the
fits are based on all individual radial measurements, i.e. using the
2D stellar population maps normalized to the effective radius (see
Fig. 3), and not on the average profiles shown in Fig. 5.

Age. The downsizing mentioned in Section 5.1 is also clear from
Fig. 5, where low-o galaxies are younger at all radii than high-o
objects. Interestingly, the small fraction of young populations seen
in Fig. 4 is no longer visible in the mean age profile. This shows that
the bulk of the stellar mass is dominated by old stars (age >10 Gyr).
The slope of the age gradients, although rather small, becomes
steeper (i.e. more negative) with decreasing velocity dispersion,
suggesting an increasing fraction of younger stellar populations in
the outer parts of low-o Es.

Metallicity. We found that the characteristic metallicity gradients
are negative in the velocity dispersion range probed by our sample,
with more massive galaxies being more metal rich. However, in
contrast to Sdnchez-Bldzquez et al. (2007) and Kuntschner et al.
(2010) (but see also Gorgas, Efstathiou & Aragon Salamanca 1990;
Gonzalez & Gorgas 1995; La Barbera et al. 2012), we found that
the average metallicity gradient steepens with increasing galaxy
stellar velocity dispersion. Hence, galaxies with higher o are not
only more metal rich, but also exhibit more pronounced metallicity
gradients. This change in the slope of the metallicity gradient is
mostly related to the central regions (log R/R.<—0.5). Excluding
later morphological types (E6 and E7) does not affect the steepening
of the metallicity gradients and, thus, confusion between Es and SOs
is not likely to drive the V) variation.

To assess whether the steepening of the metallicity gradients
is an actual feature, or whether it is driven by systematics in the
stellar populations analysis, we compared in Fig. 6 the radial vari-
ation of the combined index [MgFe52]’, as defined in Kuntschner
et al. (2010), of our three velocity dispersion bins. This index is
almost a pure metallicity indicator, weakly depending on [Mg/Fe],
and therefore it is a rather model-independent proxy for metal-
licity variations. Mimicking the behaviour of metallicity gradients
shown in Fig. 5, the radial variation in the [MgFe52]" index gets
steeper with increasing velocity dispersion. Using the same lin-
ear fitting scheme as above and considering only the central re-
gions (log R/R.<—0.5), the measured [MgFe52]" gradients equal
to Vimgres2zy = —0.21£0.03, —0.30 & 0.02, and —0.37 = 0.03 for
the low-o, intermediate-o and high-o bins, respectively, further
supporting that galaxies with higher stellar velocity dispersions ex-
hibit steeper metallicity gradients.

[Mg/Fe]. The rather flat character of the [Mg/Fe] profiles is
clearly shown in Fig. 5, and confirmed by the best-fitting gradi-
ents listed in Table 2, which suggest a mild trend with o. Galaxies
with higher velocity dispersions have, on average, slightly positive
[Mg/Fe] radial gradients, but this mean gradient tends to become
more negative for galaxies with lower velocity dispersions. Notice
that, at all radii, high-o galaxies are more [Mg/Fe]-enhanced than
low-o objects.

MNRAS 475, 3700-3729 (2018)

6 DISCUSSION

We have shown that both the normalization and the slope of the
stellar populations gradients in Es depend on the central velocity
dispersion. Regarding the age of the stellar populations within our
sample, the bulk of stars are old, typically formed = 10 Gyr ago.
On top of the dominant old stellar component, younger populations
can form later due to the either metal-rich, recycled gas expelled
by SNe and evolved stars, or accretion of more pristine gas from
the intergalactic medium. Although these new generations of stars
marginally contribute to the mass budget, their high luminosity
explains the diversity of age values shown in Fig. 4. This so-called
frosting populations were first proposed by Trager et al. (2000b),
and have also been invoked to explain the ultraviolet properties of
nearby ETGs (Vazdekis et al. 2016).

The averaged age gradients (top panel in Fig. 5) probe the over-
all formation of Es, minimizing the stochastic frosting effect. The
transition from a slightly positive age gradient in massive Es to-
wards slightly negative for lighter objects (see Table 2) is expected
according to closed-box ETG formation scenarios (Pipino & Mat-
teucci 2004; Pipino et al. 2006). Due to the continuous gas infall
at the formation epoch, star formation lasted longer in the central
regions of massive galaxies, leading to the observed positive age
gradient in the highest o bin. As stars and dark matter become less
concentrated with decreasing galaxy mass (e.g. Bertin, Ciotti & Del
Principe 2002; Ferrarese et al. 2006; Kormendy et al. 2009; van
Uitert et al. 2013; Tortora et al. 2014), the efficiency to drive and
retain the gas in the centre also decreases, hence, creating flatter or
even negative age profiles. This transition in the age gradients, from
high- to low-o galaxies, is in agreement with the gradual dominance
of rotationally supported systems among lower-mass (M~10''M¢)
ETGs (Emsellem et al. 2007, 2011; Cappellari et al. 2013), as well
as with implementations of semi-analytical models (Porter et al.
2014; Lacey et al. 2016; Tonini et al. 2017).

As expected from the standard interpretation of the [Mg/Fe] as a
star formation timer, we found that average age and [Mg/Fe] radial
variations seem to be, at least, partially correlated (see Fig. 5). The
marginally positive [Mg/Fe] gradient of our highest ¢ bin suggests
that the star formation lasted longer in the centre than in the outskirts,
which is consistent with the age profile. On the other hand, the
low [Mg/Fe] values in the outer regions of low-o galaxies might
indicate a more extended star formation, which is consistent with
the observed age gradient.

Our measurements favour a gradual steepening of the metallic-
ity gradients with increasing galaxy velocity dispersion. Although
studies over wide ranges of masses and morphological types support
similar trends (Gonzélez Delgado et al. 2015), detailed stellar pop-
ulation analysis of ETGs tends to favour the opposite, i.e. galaxies
with higher velocity dispersions exhibiting flatter metallicity gra-
dients (Sanchez-Blazquez et al. 2007; Spolaor et al. 2009, 2010;
Kuntschner et al. 2010). Theoretically, a monolithic-like formation
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Figure 5. Average stellar population gradients as a function of galaxy
velocity dispersion. Each radial profile consists of eight bins, each of them
containing the same number of individual radial measurements. Error bars
indicate the uncertainty on the mean value. The average profile of galaxies
with effective velocity dispersions below 200 km s~ 'is indicated with blue
filled circles, green squares correspond to galaxies with 200 < o < 300 km
s7!, and finally the gradients of the most massive galaxies (¢ >300km
s~1) are shown with red filled triangles. From top to bottom, we show the
age, metallicity, and [Mg/Fe] average radial gradients. Age and [Mg/Fe]
behave similarly, as galaxies become older and more [Mg/Fe]-enhanced
with increasing o, with rather flat profiles. Galaxies with higher o are also
more metal rich, and the slope of the gradient significantly steepens for
galaxies with larger velocity dispersions.

path for ETGs should result in a clear trend between galaxy mass
and metallicity gradient slope, as suggested by our measurements,
with most massive galaxies hosting steeper metallicity gradients
(Chiosi & Carraro 2002; Kawata & Gibson 2003). To what extent
this applies to real ETGs, in particular due to the effect of successive
mergers (Cook et al. 2016), will be discussed in the next section.
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Figure 6. [MgFe52]" index gradients colour-coded as a function of galaxy
central velocity dispersion. As in Fig. 5, red, green, and blue filled symbols
correspond to individual measurements within galaxies with o > 300km
s71,200 <o < 300km s~!, and 0 < 200km s~ !, respectively. The best-
fitting relation for each cloud of points is shown as a solid coloured line.
Being independent of any model assumption, the radial trends of this total
metallicity-sensitive line-strength support the steepening of the metallicity
gradients with increasing velocity dispersion shown in Fig. 5.

6.1 Cosmological evolution of the stellar population gradients

The short formation time-scales (e.g. Thomas et al. 2005), old
ages (e.g. Trager et al. 2000a), light profile concentration (e.g.
Graham, Trujillo & Caon 2001), and recurrent appearance of old
galaxies at high redshifts (Lonoce et al. 2015; Kriek et al. 2016;
Lépez-Corredoira et al. 2017) ought to indicate that ETGs were
formed very rapidly, in gas-rich, high star formation rate events
beyond z ~ 2, or even earlier (Wellons et al. 2015). This would
imply that the bulk of stars within ETGs were formed in situ, in
a monolithic-like fashion, leading to the observed scaling relations
between stellar population properties and galaxy mass.

However, in a ACDM Universe, galaxies and their dark matter
haloes do not evolve in isolation. The role of mergers in shaping the
evolution of galaxies is particularly relevant for ETGs, as suggested
by the morphology—density relation (Dressler 1980; Postman &
Geller 1984; Cappellari et al. 2011), and by the lack of net angular
momentum, particularly in high-mass objects (Emsellem et al. 2011;
Cappellari et al. 2013; Falcén-Barroso et al. 2017). Furthermore,
massive ETGs have grown in size a factor of ~4 since z ~ 2 (e.g.
Trujillo et al. 2004, 2007; Daddi et al. 2005; Franx et al. 2008; van
Dokkum et al. 2010; van der Wel et al. 2014), presumably through
the accretion of less massive satellites (Naab, Johansson & Ostriker
2009; Hopkins et al. 2010; Hilz et al. 2012).

To reconcile monolithic and merger-driven properties of ETGs, a
mixed formation path has been proposed and developed over the last
years, both theoretically (Oser et al. 2010, 2012; Navarro-Gonzélez
etal.2013; Shankar et al. 2013) and observationally (Pastorello et al.
2014; Martin-Navarro et al. 2015a; Foster et al. 2016). This so-called
two-phase formation scenario can be summarized as follows.

(1) The gas-rich environment at redshift z ~ 2—3 favoured the for-
mation of massive, compact and highly star-forming discs, either via
violent instabilities (Gammie 2001; Dekel, Sari & Ceverino 2009;
Krumholz & Burkert 2010) or through gas-rich mergers (Barnes &
Hernquist 1991; Mihos & Hernquist 1996; Hopkins et al. 2006).
Note that given their dissipative character, these two mechanisms
of gas fuelling towards the centre of galaxies are virtually indistin-
guishable after they take place. The end products of this first stage
are massive, compact, and rotating blue nuggets, which ultimately

MNRAS 475, 3700-3729 (2018)

1202 Iudy Z| U0 15enB AQ $8G|6.7/00LE/E/S L y/RIOIME/SEIUW/WO0D dNO"0lWaPEDE//:SARY WOl POPEO|UMOQ



3708 I Martin-Navarro et al.

quench into red nuggets (e.g. Barro et al. 2013; Dekel & Burk-
ert 2014; Barro et al. 2017). The stellar population properties of
these red nuggets should be those expected in a classical monolithic
collapse, i.e. steep and negative radial gradients in metallicity, but
a radially increasing [Mg/Fe] (Chiosi & Carraro 2002; Kawata &
Gibson 2003; Pipino & Matteucci 2004; Pipino et al. 2006). The
scaling relations between stellar population properties and galaxy
mass get established during this stage.

(2) After the star formation within red nuggets is quenched, their
later evolution is driven by mergers. In the case of ETGs, these
mergers have to be dry, otherwise they would host young stellar
populations at z ~ 0. However, it is also possible that at least a
fraction of red nuggets have accreted a significant amount of gas
since they were formed, leading to bulge-dominated spiral galax-
ies (Graham 2013; Graham, Dullo & Savorgnan 2015; de la Rosa
et al. 2016). Massive ETGs sometimes exhibit complex internal
kinematics, signatures of major (dry) mergers (Bois et al. 2011;
Emsellem et al. 2011; Naab et al. 2014). However, since the pristine
scaling relations imprinted in phase (1) are conserved, major merg-
ers can not be responsible for the size evolution of ETGs. Thus,
dry accretion of low-mass satellites is thought to be the main evo-
lutionary channel for ETGs during this second stage (Naab et al.
2009; Hopkins et al. 2010; Hilz et al. 2012), although additional
mechanisms might be required (Yildirim et al. 2017). This size
and mass growth is mostly driven by the accretion of relatively
massive satellites, with masses typically between 1:4 and 1:10 that
of the central (Bluck et al. 2012; Lépez-Sanjuan et al. 2012; Fer-
reras et al. 2014). As these minor satellites fall towards the cen-
tre of the more massive central ETG, dynamical friction strips
apart the stars of the satellites and their stellar mass remains in
the outskirts (Lackner et al. 2012). Such dry growth preserves the
monolithic-like properties of massive ETGs, but makes them evolve
in size.

Therefore, the stellar population properties observed in present-
day massive ETGs are expected to be the combination of the in
situ formation of the core, plus the ex sifu (accreted) material
from low-mass satellites deposited in the outer regions (e.g. Ciotti,
Lanzoni & Volonteri 2007; Oser et al. 2010, 2012; Navarro-
Gonzdlez et al. 2013; Hirschmann et al. 2014; Rodriguez-Gomez
et al. 2016). Hence, if one wants to safely understand and inter-
pret the stellar population properties at z ~ 0, in situ and ex sifu
processes have to be decoupled. Fortunately, since galaxy mergers
are a stochastic process, it is possible that a fraction of red nuggets
have passively evolved since z ~ 2 without accreting any ex situ-
formed material (Quilis & Trujillo 2013; Stringer et al. 2015). Just
recently, a sample of galaxies fulfilling all the characteristics to be
considered nearby red nuggets (or massive relic compact galaxies)
has been identified in the local Universe (van den Bosch et al. 2012;
Trujillo et al. 2014; Martin-Navarro et al. 2015a; Ferré-Mateu et al.
2017; Yildirim et al. 2017). These objects offer the unique possi-
bility of studying the baryonic processes that took place in phase
(1), minimizing the influence of the accreted material. Moreover,
by comparing these massive relic galaxies to those measured in
standard z ~ 0 Es, we isolate the effects of phase (2) on the stellar
population properties.

In Fig. 7 we show the mean age, metallicity, and [Mg/Fe] gradi-
ents of Es from the present work, compared to those measured for
the massive relic galaxy sample of Yildirim et al. (2017) with similar
stellar velocity dispersion (o, ~ 270km s~!). To avoid systematics
in the stellar population analysis, we repeated the fitting process
described in Section 4.1 for the massive relic galaxies, instead of
using the values published in Yildirim et al. (2017).
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Figure 7. Stellar population gradients of massive relic galaxies. Same as in
Fig. 5, but now comparing a sample of nearby relic galaxies (squares) and
standard Es of similar masses (circles). Red, blue, and yellow correspond to
the age, metallicity, and [Mg/Fe] measurements. In order to account for the
size evolution of massive ETGs since z ~ 2-3, we plot the stellar population
properties as a function of radial distances in units of kpc, rather than R..
Age profiles are equally flat, but red nugget descendants are on average
slightly older. On the other hand, the metallicity gradients strongly differ,
being flatter in standard nearby Es. The steep metallicity gradient and the
increasing [Mg/Fe] with radius are compelling evidence supporting that
massive relic galaxies are direct descendants of the high-z population of
massive galaxies (blue/red nuggets).

The mean age gradients for standard nearby Es and for compact
relic galaxies are both rather flat. The main difference among them
is that nearby Es are slightly (~ 1 Gyr) younger, which is consistent
with a more extended star formation. Although mergers in phase
(2) have to be predominantly dry, ETGs are not completely gas-free
(Young et al. 2014; Lagos et al. 2014). Thus, a small fraction of
merger-induced star formation is expected, in agreement with the
age gradients shown in Fig. 7.
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On the other hand, radial metallicity gradients in compact relic
galaxies are significantly steeper than in standard Es, in remarkable
agreement with theoretical predictions (Taylor & Kobayashi 2017).
These differences cannot be explained by late star formation, as
this would also radially affect the age profile. Alternatively, the
flattening of the metallicity gradient is naturally expected if minor
mergers actually drive the size growth of ETGs. Basic dynamical
arguments indicate that accreted satellites populate the outskirts of
the central galaxy, at a distance determined by their mass ratio (Tal
& van Dokkum 2011). The more massive a satellite is, the fur-
ther inside the central galaxy it is deposited. This, combined with
the aforementioned mass-dependent contribution to the size growth
(L6pez-Sanjuan et al. 2012), implies a differential radial accretion,
with the mass growth taking place predominantly in the outskirts
of the central galaxy. Note also that the mass—metallicity relation
would imply a radial stratification in the metallicity of the accreted
material: stars from (massive) metal-rich satellites will populate the
inner regions of the central ETGs, which are already more metal
rich than the outskirts. The combination of these two processes,
differential growth plus metallicity stratification, can explain the
observed flattening in the metallicity profiles of nearby Es. This
scenario could also explain our finding of a steepening in the metal-
licity gradients with increasing o, as well as the differences with
respect to previous results. Our gradients, in particular for the high-
o bin, are restricted to the central regions (R<0.5R.), where the
signature of a possible monolithic-like collapse is expected to be
less affected by mergers, and star formation is also expected to last
longer.

Interesting differences are also found in the [Mg/Fe] gradi-
ents. In relic compact galaxies, [Mg/Fe] increases with radius,
in perfect agreement with monolithic-like formation scenarios
(Pipino et al. 2006), further supporting that this kind of objects
are the nearby descendant of the high-z red nuggets. Over cos-
mic time, the [Mg/Fe] gradients have experienced a strong vari-
ation (8Vmg/rei/ Vime/re) ~ —1.8), even more important than the
change in metallicity (§Vm/n)/Vimm; ~ —0.5). Although naively
one would expect a similar variation in both quantities, metallic-
ity and [Mg/Fe] values measured in a galaxy are set in different
time-scales. Whereas the overall metallicity is rapidly determined
by core-collapse SNe, in scales of a few hundred Myr, [Mg/Fe]
probes much larger time-scales (~ Gyr), driven by successive Type
Ia SNe explosions (e.g. Vazdekis et al. 1996). Hence, metallicity
hardly evolves with time, but [Mg/Fe] does (Feltzing, Holmberg
& Hurley 2001; Bensby, Feltzing & Oey 2014; Bergemann et al.
2014). As the size growth of massive ETGs occurs, the stellar popu-
lations accreted in their outskirts are more evolved, and presumably
they would be less [Mg/Fe]-enhanced. We therefore speculate that
the strong variation in the [Mg/Fe] gradient of ETGs, since they
were formed as red nuggets to what we observe at z ~ 0, is due to
the late accretion of low-mass satellites with depleted [Mg/Fe]: the
later the accretion, the later the satellite quenching, the lower the
[Mg/Fe] value of the accreted stars. Metallicity, on the other hand,
is rather independent of the satellite accretion time, and therefore
its radial gradient shows a weaker variation with redshift.

In Appendix B, we prove that the differences in the radial [Mg/Fe]
trends of compact and massive Es are clearly seen at the level of
line-strengths (i.e. without relying on stellar population models),
hence proving the robustness of our results.

It is worth mentioning that our sample selection, excluding SO
galaxies, provides a cleaner test for the cosmological evolution of
the stellar population gradients, as the influence of mergers is likely
to be negligible compared to Es (e.g. Cappellari 2016). Moreover,
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Figure 8. Age—[Mg/Fe] relation for the CALIFA sample. Combination
of top and bottom panels of Fig. 5. Filled triangles, squares, and circles
correspond to our high-, intermediate-, and low-o bins. The oldest stellar
populations found in the most massive galaxies are more [Mg/Fe]-enhanced
than the young populations of low-mass objects. Since both dwarfs and mas-
sive galaxies started forming stars at similar times, the age—[Mg/Fe] relation
for Es should be interpreted as a consequence of the different formation
time-scales: whereas massive galaxies formed their stellar population very
rapidly, low-mass objects have experienced more extended star formation
histories, leading to lower [Mg/Fe] values and effectively younger ages.

given the high masses of relic compact galaxies, we expect that their
z ~ 0 descendant will be mostly Es, as the number density of SO
galaxies decreases with increasing galaxy mass. However, absolute
measurements of the change in the slope of the stellar population
properties need a more complete sample of both nearby Es and
massive relic galaxies.

6.2 On the origin of the [Mg/Fe] variations

As described in Section 1, the question of whether the [Mg/Fe] is
entirely defined by the formation time-scale of a galaxy or whether
it also depends on a variable IMF is still open. In Fig. 8 we show
the mean age—[Mg/Fe] relation for the stellar populations in our
sample, as derived from the radial measurements shown in Fig. 5.
The trend represented in Fig. 8 could be interpreted as the com-
bination of two different phenomena: (1) low-o galaxies formed
their stellar populations later and (2) over more extended periods
of time, being therefore younger and less [Mg/Fe]-enhanced. Both
properties (young stars plus low [Mg/Fe] ratios) could, in principle,
be completely independent. However, very old stars, with ages >
12 Gyr, constitute a significant fraction of the stellar mass for all
ETG masses, from dwarfs (Koleva et al. 2009; Rys et al. 2015) to
giants (McDermid et al. 2015; de La Rosa et al. 2011). Therefore,
the age—[Mg/Fe] relation shown in Fig. 8 seems to be mainly driven
by the star formation time-scale, in agreement with the standard
interpretation of the [Mg/Fe] ratio. Low-o galaxies started form-
ing stars at the same time as high-o ones, but since star formation
took longer, they are less [Mg/Fe]-enhanced, and look effectively
younger.

However, the analysis of our observations suggests that other
mechanisms, in addition to the star formation history, might be
needed to explain the abundance pattern of Es. This claim is based
on two main results. First of all, age and [Mg/Fe] gradients in
massive relic galaxies are anti-correlated (Fig. 7). If the star forma-
tion duration was to be the only mechanism driving the abundance
pattern in massive ETGs, massive relic galaxies should exhibit a
positive radial age variation of ~1.5 Gyr, to be consistent with the
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Figure 9. A[Mg/Fe] distribution within our sample of CALIFA Es (grey).
A[Mg/Fe] describes the scatter in the [Mg/Fe] values of stellar populations
with a given age. Therefore, in the absence of additional mechanisms other
than the duration of the star formation histories, it should be consistent
with the observed errors (orange). The notable differences between the two
distributions, both in width and in shape, suggest that [Mg/Fe] is not only
driven by the star formation time-scale.

[Mg/Fe] gradient (Fig. 8). Molaeinezhad et al. (2017) have reported
a similar decoupling between age and [Mg/Fe] in the bulges of
nearby barred galaxies.

The effect of complementary mechanisms can be explored by
analysing the [Mg/Fe] distribution at a fixed age. For every spatial
bin in our stellar population maps (Fig. 3), we defined the quantity
A[Mg/Fe] as

A[Mg/Fe] = [Mg/Fe], ,) — (IMg/Felusex.y))

where [Mg/Fe], ) is the abundance pattern measurement at the
(x, ) position, and ([Mg/Fe]age(x.y)) is the median [Mg/Fe] value of
all the points in that galaxy with the same age. Given our limited
age resolution,! this latter median [Mg/Fe] was evaluated in steps
of sage = 0.5 Gyr. In practice, A[Mg/Fe] defines the scatter in the
[Mg/Fe] value for a given age, and its distribution is shown in Fig. 9
combining all galaxies in our sample.

If the only driver of the [Mg/Fe] variations is the duration of the
star formation, the distribution of A[Mg/Fe] (grey) should be en-
tirely explained by our observational uncertainties (orange). How-
ever, it is clear that uncertainties alone do not explain the observed
distribution, further suggesting additional mechanisms regulating
the [Mg/Fe] enhancement. As discussed in Section 1, IMF varia-
tions have been invoked to explain the abundance pattern variations
in ETGs. A non-universal IMF is particularly appealing to explain
Fig. 9, given the pronounced tail of the A[Mg/Fe] distribution to-
wards negative values. The assumption of a bottom-heavier IMF in
massive ETGs would reduce the number of massive stars that will
end up as core-collapse SNe, leading to lower [Mg/Fe] values than
expected assuming a standard IMF slope (Martin-Navarro 2016).
Given the IMF slope—o relation (e.g. Treu et al. 2010; Cappellari
et al. 2012; La Barbera et al. 2013), if the IMF is responsible for
the asymmetry observed in the [Mg/Fe] distribution, this should be
more prominent in our high-o. In other words, the skewness (1) of
the A[Mg/Fe] distribution should gradually become more negative
when moving from the low-o to the high-o bin. The analysis of
our data is fully consistent with such a scenario, as y, equals to

"For old stellar populations, the age step in BaSTI-based MILES is
Ayge = 0.5 Gyr.
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Figure 10. Cumulative distributions of A[Mg/Fe] within our three veloc-
ity dispersion bins. Galaxies with higher velocity dispersion have a more
asymmetrical distribution, with a larger fraction of negative A[Mg/Fe] but
lower regions where A[Mg/Fe] is above the average. This change in the
skewness, from y; = —1.31 for the high-o bin to y| = —0.42 for the low-o
one, is compatible with the expected effect of a variable IMF as a function
of galaxy mass.

—0.42, —0.80, and —1.31 in our low-o, intermediate, and high-o
bins, respectively. The cumulative distribution for the three o bins
is shown in Fig. 10.

Alternatively, it may be possible to explain the A[Mg/Fe] tail
towards negative values as a consequence of more extended star
formation histories. Since our age bins are not infinitively narrow
(6age = 0.5), there is room for slight differences in star formation
time-scales. We have investigated this possibility by comparing the
star formation histories in the high and low A[Mg/Fe] ends, but no
differences were found. In addition, there is no correlation between
A[Mg/Fe] and age. These results seem to suggest that subtle dif-
ferences in the star formation history are not likely responsible for
the shape of the A[Mg/Fe], at least within the level of precision
allowed by the data. Whether weaker variations in the star forma-
tion at fixed age are important in shaping A[Mg/Fe] is yet to be
investigated.

It is worth noticing two facts before further interpreting these
results. First of all, we have not measured the IMF in our sample of
galaxies. Thus, although the quantitative behaviour of A[Mg/Fe]
agrees with a variable IMF scenario, no conclusive statements can be
made. Secondly, the observed trend between IMF slope and galaxy
velocity dispersion only applies to the low-mass end of the IMF,
i.e. below M~1M(), but not necessarily to the massive stars driving
the [Mg/Fe] ratio. Although there is observational evidence of a
variable high-mass end IMF slope (Hoversten & Glazebrook 2008;
Meurer et al. 2009; Gunawardhana et al. 2011; Nanayakkara et al.
2017), as also supported by the chemical composition of massive
ETGs (Vazdekis et al. 1996, 1997; Weidner et al. 2013; Ferreras
et al. 2015), results are less conclusive than those focused on the
low-mass end.

7 SUMMARY AND CONCLUSIONS

We have analysed a sample of 45 Es drawn from the CALIFA
sample, measuring spatially resolved age, metallicity, and [Mg/Fe]
maps. We have compared these measurements with a sample of
massive relic galaxies. Our findings can be summarized as follows.
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(i) Age and [Mg/Fe] gradients in nearby Es are rather flat, with
no strong dependence on galaxy velocity dispersion. However, in
contrast with previous studies, we find that the central (R<0.5R.)
metallicity gradients become steeper with increasing o', which could
be understood as the imprint of an early monolithic-like formation,
preserved in the innermost regions of Es. However, when com-
pared to nearby red nuggets, present-day massive Es exhibit flatter
metallicity and [Mg/Fe] gradients. We interpret this transition as
a combination of the initial monolithic-like, in situ formation at
high redshift (z 2 2), plus the later dry accretion of satellites in the
outskirts.

(ii) The [Mg/Fe]—age relation observed in all our velocity disper-

sion bins further supports the classical interpretation of the [Mg/Fe]
value as a proxy for the formation time-scales of ETGs. However,
additional mechanisms other than the duration of the star formation
seem to be required, as age and [Mg/Fe] appear partially anti-
correlated at z ~ 0. Moreover, there is a significant o-dependent
scatter in [Mg/Fe] at fixed age, not accounted by the observational
uncertainties. Variations in the IMF are consistent with our mea-
surements.
Understanding baryonic processes within massive ETGs is par-
ticularly challenging due to their old ages and their merger-driven
evolutionary paths. However, we have shown here that detailed stel-
lar population analysis and the comparison to nearby massive relic
galaxies can be used to reconstruct the star formation processes up
to z ~ 2. A more complete analysis, considering IMF and elemental
abundance variations, as well as deeper observations will bring ad-
ditional constraints in the future. Moreover, detailed observations
of massive quiescence galaxies at higher redshifts will shed light
on our results based on nearby objects. These observations will be-
come a reality with the advent of the James Webb Space Telescope,
combined with ground-based infrared spectrographs such as EMIR
(GTC) or MOSFIRE (Keck).
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APPENDIX A: DATA SYSTEMATIC

A clear systematic residual appears at a rest-frame wavelength
A ~ 5640 A, as shown in Fig. Al. Although it is negligible in
the central parts of the CALIFA field of view, this systematic made
impossible a reliable measurement of the affected line-strength in-
dices. Hence, we applied a redshift cut, so we only studied galaxies
with z < 0.026, which allowed a clean and homogeneous stellar
population analysis using the Fe4383, HB,, Fe 5015, Mgb, and
Fe 5270 indices.

APPENDIX B: MODEL-INDEPENDENT
ASSESSMENT OF THE [MG/FE] GRADIENTS

As described above, the change in the slope of the [Mg/Fe] gradients
from high-z relics to nearby Es is also supported by the Mgh-Fe 5270
index—index diagram shown in Fig. B1, where all the data points
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Figure Al. Systematic residual at rest-frame A ~ 5640 A. Grey line shows
the central spectrum of the galaxy, whereas the red line corresponds to
a radial aperture in the outskirts. The top panel shows the spectral region
around the Fe 5270 absorption feature (vertical dashed lines). For NGC 6173,
at redshift z = 0.029, the systematic affects the red pseudo-continuum of
the Fe 5270 line index. The bottom panel shows Fe 5335 spectral feature
for NGC 6515 (z = 0.023). In this case, the systematic lies over the index
central band-pass (vertical dashed lines). To avoid contamination from this
systematic, we imposed a hard redshift cut to our sample of galaxies (see
details in Section 4.1).
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Figure B1. Mgb-Fe 5270 index—index diagram. Red, green, and blue filled
circles correspond to galaxies with o >300km s~!, 200 <o < 300km
s~!,and o < 200km s~!, respectively. For comparison, purple filled circles
correspond to the sample of massive relic galaxies. Each symbol indicates
a different radial bin, from the centre (highest Mgb value) to the outer parts
(lowest Mgb value), and are shown at a common velocity dispersion of
o = 200km s~'. Radial distances are the same as in Figs 5 and 7. The
slope of the Mgb-Fe 5270 tracks is clearly different when comparing nearby
standard Es and high-z relics, pointing towards a much more pronounced
(and positive) [Mg/Fe] gradient for the compact relic galaxies.
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have been corrected to acommon velocity dispersion of ¢ =200 km
s~1. Explicitly, the corrected index value is given by
M =200

Icor = lobs Mi B (B 1)

X,00bs

where Iy is the observed index value. M, , =200 and M, ., are
the line-strength predictions given the best-fitting stellar population
parameters x = {age,[M/H],[Mg/Fe]}, at the reference (o = 200km
s~!) and observed (o ) resolutions, respectively.

The difference response of Mgb and Fe 5270 features to total
metallicity and [Mg/Fe] allows a model-independent assessment
of [M/H] and [Mg/Fe] variations. Radial measurements in nearby
Es roughly scatter along constant [Mg/Fe] lines. In contrast, the
slope Mgb-Fe 5270 track of massive relic galaxies clearly evolve
from metal-rich and moderately [Mg/Fe]-enhanced in the centre
towards metal-poor (sub-solar) and highly [Mg/Fe] enhancement
stellar populations in their outskirts. Although our fitting process
included more line-strength indices (see Section 4.1), and therefore
it should be interpreted in a relative way, differences in the radial
[Mg/Fe] variation appear clearly even at the level of line-strength
values.

APPENDIX C: KINEMATICS AND STELLAR
POPULATION MAPS
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Figure C1. Kinematical and stellar population parameter maps for the CALIFA sample.
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Figure C1 - continued
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