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ABSTRACT

Context. The radial variations of the stellar populations properties within passive galaxies at high redshift contain information about
their assembly mechanisms, based on which galaxy formation and evolution scenarios may be distinguished.

Aims. The aim of this work is to give constraints on massive galaxy formation scenarios through one of the first analyses of age and
metallicity gradients of the stellar populations in a sample of passive galaxies at z > 1.6 based on spectroscopic data from the Hubble
Space Telescope.

Methods. We combined G141 deep slitless spectroscopic data and F160W photometric data of the spectroscopically passive galaxies
at 1.6 < z < 2.4 with Higp < 22.0 in the field of view of the cluster JKCS 041. We extracted spectra from different zones of the
galaxies, and we analysed them by fitting them with a library of synthetic templates of stellar population models to obtain estimates
of the age and metallicity gradients.

Results. We obtained reliable measurements of age and metallicity parameters in different spatial zones of four galaxies. We per-
formed spatially resolved measurements in individual high-redshift galaxies without the need of peculiar situations (i.e. gravitational
lensing) for the first time. All four galaxies exhibit negative metallicity gradients. Their amplitude, similar to that measured in galaxies
in the local Universe, suggests that the stellar populations of passive galaxies from z ~ 2 to z = 0 are not redistributed.

Conclusions. Although the sample we analysed is small, the results we obtained suggest that the main mechanism that determines the
spatial distribution of the stellar population properties within passive galaxies is constrained in the first 3 Gyr of the Universe. This is

consistent with the revised monolithic scenario.

Key words. galaxies: clusters: individual: JKCS041 — galaxies: evolution — galaxies: high-redshift — galaxies: formation —

galaxies: stellar content

1. Introduction

Understanding the formation and evolution of early-type galax-
ies (ETGs) is important because they contain almost 80% of the
baryonic mass of the local Universe (Renzini 2006, and refer-
ences therein). ETGs dominate the highest-density regions, such
as clusters of galaxies (Dressler 1980, 1984; Balogh et al. 1999)
up to z = 1.8 (Raichoor & Andreon 2012; Andreon et al. 2014;
Strazzullo et al. 2019; Willis et al. 2020). In local clusters, ETGs
are mainly elliptical and spheroidal galaxies, and they are popu-
lated by almost coeval old stars that apparently descended from
a single star formation episode that occurred at z > 2-3 (e.g.,
Thomas et al. 2010). In the past decade, deep-field and cluster
photometric surveys (e.g., Kurk et al. 2009; Van Dokkum et al.
2010; Papovich et al. 2010; Croom et al. 2012; Cassata et al.
2013; Straatman et al. 2014) and spectroscopic studies (e.g.,
Kriek et al. 2009; Gobat et al. 2012; Van de Sande et al. 2013;
Newman et al. 2014; Andreon et al. 2014; Morishita et al. 2019;
Willis et al. 2020) observed massive and passive galaxies (M >
10'! M) that were already in place at z ~ 2-3, and their stars
were old compared with the age of the Universe at these red-
shifts.

Although numerous samples of passive galaxies have been
analysed in the past decade, the mechanisms that describe
their formation and evolution are still unclear. In particu-
lar, the relative importance of the environment and the mass

in the regulation of the formation and the evolution of the
ETGs is still debated (e.g., Treu et al. 2003; Thomas et al. 2010;
Raichoor & Andreon 2012; Feldmeier-Krause et al. 2021). In
rich clusters, the environment can play an important role
in the evolution of ETGs. Various processes can regulate
the ETG life in dense environments, such as interactions of
the galaxy with the intracluster medium (ICM; e.g., ram-
pressure stripping; Gunn & Gott 1972; Fujita & Nagashima
1999), galaxy-cluster gravitational interactions (e.g., tidal inter-
actions; Byrd & Valtonen 1990; Henriksen & Byrd 1996), and
interactions between galaxies (e.g., mergers; Icke 1985; Bekki
1998).

Several theoretical scenarios have been proposed to describe
ETG formation and assembly. In the hierarchical galaxy for-
mation model (Cole et al. 1994; Baugh et al. 1996; Kauffmann
1996; Kauffmann & Charlot 1998), ETGs are formed through
subsequent wet mergers of pre-existing small galaxies moving in
the same potential well (Toomre & Toomre 1972; De Lucia et al.
2006). In clusters, the mass assembly takes place earlier than in
the field, with a higher rate of mergers (e.g., Maulbetsch et al.
2007; De Lucia & Blaizot 2007). ETGs grow faster in clusters
than in the field (Andreon 2018).

Alternatively, ETGs might assemble their mass at z >
2-3 through the merger of small substructures that move in a
common potential well (Dekel et al. 2009) in the so-called
revised monolithic scenario. An almost purely passive evolution
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is expected to follow the strong initial activity, and only weak
episodes of star formation at z < 1 are foreseen, for example
caused by the capture of small satellites (Katz & Gunn 1991;
Kawata 2001; Kobayashi 2004; Merlin & Chiosi 2006).

In recent years, the inside-out growth model has become
widely accepted. Supported by several simulations (e.g.,
Khochfar & Silk 2006; Hopkins et al. 2009; Wuyts et al. 2010;
Naab et al. 2009; Bezanson et al. 2009) and by observations of
ETGs at 1.0 < z < 2.5 with an effective radius that is 3-5
times smaller than the mean radius of the local ETGs with
the same mass (e.g., Newman et al. 2012, 2014; Andreon et al.
2016; Strazzullo et al. 2019), the model assumes that passive
galaxies assemble as compact spheroids through wet merger
events at z > 4-5. At lower redshift, the spheroids undergo var-
ious dry mergers with low-mass objects, which increases their
effective radius.

These scenarios can be distinguished through a spatially
resolved analysis of the stellar populations properties within pas-
sive galaxies. While in the hierarchical scenario, flat profiles
of stellar population properties are expected (Bekki & Shioya
1999; Naab et al. 2009), in the monolithic scenario, stellar popu-
lations are expected to be more metal rich in the core zone of the
galaxies than in their outskirts. Moreover, stochastic gradients
are expected at different redshift in the inside-out growth sce-
nario, where the final gradient depends on the nature and time of
the satellite accretion events. Therefore, different distributions of
stellar population properties within passive galaxies indicate dif-
ferent formation and/or evolution processes. Moreover, measure-
ments of age and metallicity gradients in high-redshift galaxies,
that is, in an epoch closer to their formation, can provide more
direct constraints on the assembly mechanisms predicted by the
models described above.

Recent studies that have analysed several samples of mas-
sive ETGs at low redshift (e.g., Kelson et al. 2006; Spolaor et al.
2009, 2010; Koleva et al. 2011; Scott et al. 2009; Greene et al.
2015; Ferreras etal. 2019; Zibetti etal. 2020), in particu-
lar in the Coma and Fornax clusters (Mehlert et al. 2003;
Séanchez-Blazquez et al. 2006; Bedregal et al. 2011, and refer-
ences therein) found strong negative metallicity gradients. The
situation is less clear for the age gradients. Some studies show
mild or null age gradients, while other studies reported strong
positive age gradients (e.g., Kuntschner et al. 2010; Zibetti et al.
2020). It is important to note that age gradients of only 1-2 Gyr
in local ETGs are difficult to detect in stellar popoulations that
are more than 10 Gyr old on average, while their impact on the
observed spectrophotometric properties is thought to be much
more evident at higher redshift.

The study of age and metallicity gradients of the stellar pop-
ulations in passive galaxies at high redshift would overcome the
difficulty of detecting small age differences in old stellar popula-
tions and would offer information on the star formation history
(SFH) and the mass assembly of ETGs closer to their formation
epoch. Moreover, the age-metallicity degeneracy is predominant
at low redshift (Worthey et al. 1994). Studies of ETGs at high
redshift are expected to be less affected by the age-metallicity
degeneracy because age is constrained within a narrow range of
values allowed by the young age of the Universe.

Only a few stellar age and metallicity gradient measure-
ments have been made at high redshift so far, and they are
almost all based on photometric colours (Guoetal. 2011;
Gargiulo et al. 2012). Colour-based measurements cannot break
the age-metallicity degeneracy, so that they need to assume a
fixed age to derive metallicity gradients or a fixed metallicity to
derive possible age gradients. As an exception, Jafariyazani et al.
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(2020) found a clear negative metallicity gradient in spectro-
scopic data of a lensed galaxy at z = 1.98 that was sufficient
magnified to be spatially resolved by ground-based spec-
troscopy. The metallicity gradient was comparable to that of
local ETGs. The authors did not detect an age gradient, however.

The scarcity of gradient measurements in ETGs at high red-
shift is due to the current instrumental limits. Galaxies at z ~ 2
have an apparent size of about 0.5 arcsec and are extremely
faint. Data at a spatial resolution of about 0.1 cannot be easily
obtained with ground-based telescopes. Moreover, many spectral
features that would be useful for measuring the age and metal-
licity of stellar populations at z ~ 2 are redshifted to infrared
wavelengths. These wavelengths are strongly contaminated by
our atmosphere.

In the past decade, the capabilities of the Hubble Space Tele-
scope (HST) have enabled us to overcome some of these limi-
tations. The HST and its Wide Field Camera 3 (WFC3) provide
both photometric and spectroscopic observations with an effec-
tive spatial resolution of ~0.13 arcseconds.

We present a study based on deep slitless grism spectroscopy
obtained with WFC3 using the G141 grism. We perform a spa-
tially resolved investigation of the age and metallicity of stellar
populations in a small sample of z ~ 2 galaxies for the first time.

The plan of the paper is as follows. In Sect. 2 we intro-
duce our sample and the spectroscopic and photometric data.
In Sect. 3 we describe the analysis we carried out to obtain a
robust measurement of age and metallicity gradients. In Sect. 4
we present our results. In Sect. 5 we discuss the constraints on
the age and metallicity gradients and compare them to the liter-
ature. In Sect. 6 we present our conclusions and describe pos-
sible future works and implications. Throughout, we adopt a
standard ACDM cosmology with Q) = 0.3, Qx = 0.7, and
Hy = 70kms~' Mpc~!. Magnitudes are in the AB system.

2. Data and sample selection

The main data we used are slitless spectroscopic data obtained
with the G141 grism and photometric data obtained with the
F160W filter of the WFC3 mounted at the HST. The target of
the observations is the cluster JKCS 041 at z ~ 1.8. Spectro-
scopic data were taken during three separate visits with three
different orientations for a total integration time of 17 ks. These
are among the deepest G141 grism observations taken so far, and
they target a field with the largest known number of high-redshift
passive galaxies. The G141 grism covers the wavelength range
from 10750 A to 17000 A at a nominal spectral resolution of
R = 130 with a dispersion of 46.5 A/pix. Photometric data con-
sist of 4.5 ks deep images of the cluster field of view in three
different orientations, with a pixel scale of 0.13 arcsec/pix.
Available data are reduced and background-subtracted 2D
G141 spectra and calibrated background-subtracted F160W
images for each visit (see details in Newman et al. 2014). We
extracted 1D spectra corresponding to different portions of
galaxies from the reduced spectroscopic 2D data, thus obtain-
ing three spectra for each visit and each galaxy: one of the inner
zone, and two of the outer zone (on either side of the centre).
The parent sample consists of all the 11 spectroscopically
passive galaxies at 1.6 < z < 2.4 with Hjep < 22.0 in the field of
view of the cluster. The targets were classified by Newman et al.
(2014) on the basis of their integrated HST G141 spectra. Seven
of the 11 selected galaxies belong to the z ~ 1.8 rich clus-
ter JKCS 041, while 2 of the other 4 are foreground (z ~ 1.6)
and 2 are background (z ~ 2.4) galaxies. Figure 1 shows the
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Fig. 1. H,sp magnitudes vs effective radius of spectroscopic passive
galaxies in the JKCS 041 field of view. Dashed lines indicate the locus
of points with identical surface brightness within the effective radius
in mag arcsec™ (assuming the redshift of the cluster). The filled sym-
bols indicate galaxies with constraints on metallicity and age gradients
described in the text. The arrows indicate galaxies with an unknown
effective radius.

F160W magnitude of the selected targets as a function of their
effective radius. Magnitudes and effective radii were calculated
by Newman et al. (2014), except for ID64, for which they were
calculated by us (as detailed in Andreon et al. 2016). The effec-
tive surface brightnesses of the sample cover a wide range from
20 (for compact galaxies) to 24 (for less compact galaxies)
mag arcsec™2. Moreover, the effective radii of 9 out of 11 galax-
ies are smaller than one arcsecond.

We discarded three galaxies (ID411, ID286, and 1D376)
from the sample a priori because their spectra were strongly con-
taminated or part of the spectra lay outside the detector limit. In
the following section, we present the analysis of the remaining
eight galaxies. As we explain in Sect. 4, we obtained reliable
measurements of the age and metallicity parameters in different
spatial zones for four out of eight galaxies.

3. Analysis

The main goal of our analysis is to constrain the ages and metal-
licities of the stellar populations in different zones of the con-
sidered galaxies. In this section, we compare synthetic templates
and observed spectra in a small spectral window, extracted from
different zones of the galaxies, and subsequently determine the
corresponding stellar population parameters. We limit the fol-
lowing analysis to a very narrow spectral range in order to reduce
the influence of the continuum on the determination of age and
metallicity parameters. The shape of the spectral continuum is
affected by A-dependent dust extinction, and this can affect the
age and metallicity estimates. Practically, the selected spectral
ranges correspond to ~4400-5300 A rest frame for the fore-
ground and cluster galaxies and to ~3900—-4500 A rest frame for
the background galaxies. These ranges contain spectral features
that are sensitive to age and metallicity parameters in both cases.

3.1. Stellar population models

The galaxies in our sample were selected to be spectroscopi-
cally passive, and we adopted simple stellar population (SSP)
models to represent their SFH with the aim of deriving the
mean age and metallicity of their stellar population. Our refer-
ence analysis adopted the spectrophotometric SSP models by

Bruzual & Charlot (2003) combined with the Chabrier (2003)
IMF to build a synthetic spectral library. The BC03 models are
based on the Padova tracks and isochrones combined with the
MILES (Séanchez-Blazquez et al. 2007) empirical stellar library.
These synthetic spectra cover the range in age from 0.4 Gyr
to the lookback time between the galaxy redshift and zy = 6,
and in metallicity from 0.02 Z; to 2.5 Z;. We considered SSP
because previous measurements in Newman et al. (2014) per-
formed on our sample showed a best-fit timescale of exponen-
tially declining SFHs of <0.1 Gyr, as expected given the age
of the Universe at high redshift and the passive nature of the
sample. Any extended SFH therefore has by necessity a very
short star formation timescale, which in turn makes them indis-
tinguishable from data of our quality from SSP with slightly dif-
ferent ages (Longhetti et al. 2005). Nevertheless, we also con-
sidered other templates with different parameters and extended
SFHs to demonstrate the robustness of our measurements (see
Sect. 5).

3.2. Degradation of the synthetic spectra

Before they are compared with observations, synthetic spectra
need to be: redshifted to the galaxy reference frame, degraded
to the spectral resolution of the observed spectra (the spectral
resolution is given by the combination of the nominal resolu-
tion of the instrument with the shape of the light profile along
the dimension of the spectrum extraction), and rebinned to the
pixel scale of the observed spectra. For numerical convenience
(the galaxy radial profile is poorly known below the pixel res-
olution), we inverted the order of the last two processes in the
analysis. We tested that this choice did not affect the final result
by considering the worst-case scenario, which is an unresolved
source with a Gaussian spectral feature comparable to the reso-
lution of the observed spectra. For the second process, the kernel
that was used to degrade the theoretical templates was derived by
convolving the galaxy light profile with the nominal resolution
of the instrument.

It is highly important to use the light profile of the galaxy to
build the kernel because different galaxy profiles cause a differ-
ent effective spectral resolution. The correlation with morphol-
ogy means that the spectral resolution decreases with increas-
ing galaxy size (morphological broadening; Van Dokkum et al.
2011). At the resolution of our data, the broadening caused
by the galaxy extent is the dominant effect, corresponding to
~2000km s~ ! rest-frame, and the dynamical motions within the
galaxy can be ignored.

In order to measure the stellar population properties in dif-
ferent zones within the galaxies and to derive their gradients, we
divided each galaxy into three zones and separately extracted the
corresponding spectra from each G141 visit. We used the F1I60W
image to extract the light profile of the galaxies corresponding to
each of the extracted spectra because it matches the spectral cov-
erage of the G141 grism. The extraction zones are larger in the
outer than in the inner zone in order to partially compensate for
the fact that the signal-to-noise ratio (S/N) is lower in the out-
skirts of the galaxies than in the central zones.

For each of the extraction zones, we derived the correspond-
ing kernel function by convolving the light profile of the galaxy
with a Gaussian with oo = 46.5 A, representing the instrumen-
tal resolution of G141 grism. The resulting kernels were used to
convolve the synthetic templates.

Figure 2 shows an example of the process described above.
It was used to obtain the convolution kernel for a single visit of
galaxy ID355. The left panel shows the division of the galaxy

A132, page 3 of 18



A&A 660, A132 (2022)

— Central profile 8
51 0 ~  Upper profile 6 )
~  Lower profile ‘E
500 4§
L 2
3 ‘ :
X 490 S — o
& 520 530 540 550 560 570
)
- ral kernel | {0.20
8 480 - ﬁg:t;:(:n:l Fig. 2. Example of the process to obtain the con-
~ Lowerkemel |{0-15 g volution kernel for a single visit of the galaxy
470 ID355. Left panel: F160W image of ID355 (sin-
gle visit). Upper right panel: light profile of
460 : ID355. Each pixel along the dispersion side is
0.00 0.121 arcseconds wide, corresponding to 46.5 A.

520 530 540 550 560 570 535
RA [pixel]

540
X [pixel]

718—16

Original model
Convolved model

\‘”[Hrl‘ y"”l

i w‘w L

Al
iy

]
o

R
T

A

o

Flux [erg/s/A/cm
N

w

Ho: G Hy H3  Mgb
1 6000 11000 12000 13000 14000 15000 16000 17000
Wavelength [A]

Fig. 3. Rebinning and convolution effects. In this example, we used
a synthetic spectrum with solar metallicity and an age of 1 Gyr. The
black line indicates the original redshifted spectrum, and the red line
represents the rebinned and convolved spectrum. The vertical blue lines
indicate the absorption lines we considered.

into three zones, corresponding to the extraction zones of the
spectra. The upper right panel shows the three light profiles
obtained by summing the pixels along the dispersion direction.
The lower right panel shows the kernels obtained by convolving
the light profile with the spectral resolution of the G141 grism.
The outer kernels are broader and flatter than the inner kernel
because the selected outer zones are spatially larger and fainter
than the inner zone. Therefore the spectral features are broader
in the outer zones than the inner zone.

Figure 3 shows an example of a synthetic spectrum red-
shifted to the ID355 reference frame and the same synthetic
spectrum at the spectral resolution and binning of the observa-
tions. Despite the degradation of the spectrum, the absorption
lines that are sensitive to the age and metallicity of the stellar
populations (Ho, Hy, HB, and Mgb) are visible, suggesting that
it is possible to measure the age and metallicity parameters at
this spectral resolution.

3.3. Joint fit

Our statistical analysis was conducted with a Bayesian approach,
which provides a powerful framework for inferring the age and
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Lower right panel: convolution kernel of ID355.

metallicity of stellar populations in galaxies. Because the S/Ns
of the observed spectra were low and diverse, we performed a
joint fit of all the available data for each extraction zone in each
galaxy. Upper and lower outer zones were considered together.
The joint fit prevents the possible high noise of a single visit
from degrading the signal coming from the other visits.

We compared the observed data with the redshifted,
rebinned, and convolved synthetic templates within a narrow
spectral range, and we computed the posterior probability of
the age and metallicity parameters using the likelihood given by

2 .
L =eX72 where y? is

Xzzz Fsynl-_Fobs,- 2
7 O obs; ’

where Fy, is the flux of the synthetic spectrum, and Fy, is the
flux of the observed spectrum with the error o o,s. The index i
indicates the ith pixel on which the calculation takes place.

The total likelihood is given by the product of the likeli-
hood of each visit. Before multiplying likelihoods, the observed
spectra were inspected to determine possible contamination or
cosmetic problems, such as reduction residuals or cosmic rays.
The few spectra with p-values' lower than 0.002 were discarded.

We assumed a uniform prior for age (from 0.4 Gyr to the
lookback time between the galaxy redshift and z; = 6) because
we considered only a small range, and a logarithmically uniform
prior for metallicity (from 0.02 Z; to 2.5 Z;), the latter follow-
ing previous works (e.g., Gallazzi et al. 2014; Morishita et al.
2018; Zibetti et al. 2020). We explored the parameter space with
a Markov chain Monte Carlo method (MCMC; Gilks 2005). The
68% probability interval is delimited by the 16° and 84° per-
centile. We also considered different prior distributions (uniform
for metallicity, logarithmically uniform for age) to demonstrate
the robustness of our measurements (see Sect. 5).

ey

4. Results

As detailed in the previous paragraph, we extracted the spectra
corresponding to the inner and outer zones of the eight galax-
ies introduced in Sect. 2. We measured the best fit and the joint
probability distributions of the age and metallicity parameters
in each zone for each of them. Sixty-eight percent of the poste-
rior in four out of the eight galaxies (ID356, ID410, ID556, and
ID628) is nearly equal to 68% of the assumed prior, and age and

' The p-value is the probability of observing more extreme data under

the assumption that the null hypothesis is correct.
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Table 1. Main characteristics of the four selected galaxies.

Galaxy  Higp R, logM,/Ms Redshift Lum.w.radius of the inner and outer zones @
[mag] [kpc] [kpc]

ID355  20.80 4.7 11.52 1.798 0.4-3.9

ID64 2090 45@ 11.66 2.415 0.7-3.4

ID272  20.63 14.7 11.71 1.798 0.4-5.2

ID657  21.61 1.6 11.11 1.812 0.5-2.6

Notes. Hy), R,, log M, /M, and redshift are from Newman et al. (2014). “Values measured in this work.
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Fig. 4. F160W S/N of the inner and outer zones. The filled symbols
indicate the galaxies described in the text. S/Ns are given for a single
imaging pixel (0.06x0.06 arcsec?), but they were calculated as the aver-
age S/N over larger areas (~10 for the inner zone, and ~400 for the outer
zone).

metallicity remain entirely unconstrained in at least one of the
two zones (inner or outer), while for the remaining four galax-
ies (ID355, ID272, ID657, and ID64), the errors are smaller.
Figure 4 shows the S/N in the outer zone as function of the S/N
in the inner zone for the combined F160W image of all eight
galaxies, and it suggests a way to preselect galaxies that are more
likely to return useful constraints from a spectroscopic analysis
without actually performing it. We calculated the photometric
S/N using an aperture with a radius of two imaging pixels for the
inner zone and a typical annulus with an inner radius of 4 pixels
and an outer radius of 12 pixels for the outer zone. This matches
the typical spectral apertures. Three galaxies (ID355, ID272, and
ID64) are different from the remaining sample, in particular, they
have a higher S/N in the outer zone. Galaxy ID657 represents
a borderline case. It has one of the highest S/Ns in the inner
zone and the best S/N in the outer zone of the other five galax-
ies. These four galaxies are characterised by the highest S/N in
the outer regions (filled symbols) and are those for which our
analysis obtained the smallest errors when we estimated age and
metallicity in the two zones. Galaxies reported with empty cir-
cles represent galaxies for which the resulting age and metallic-
ity estimates are affected by large errors, in particular in the outer
zone, comparable to the prior we considered. For these galax-
ies, we cannot obtain information about their possible gradients
even if it is present. The four galaxies for which we obtained
the smallest errors therefore correspond to the galaxies with the

highest S/N in the outer zone. This criterion could be used to find
a priori suitable candidates in future surveys to study age and
metallicity gradients without the need of performing a full spec-
troscopic analysis. Differences in the depths between the consid-
ered data need to be accounted for.

In the following, we present our results for the four galax-
ies with the smallest errors (ID355, ID272, ID657, and ID64).
They are also presented in Table 1. Three galaxies are mem-
bers of JKCS 041, at z ~ 1.8, and their fitted rest-frame wave-
length range includes HB and Mgb features, which are sensitive
to the age and metallicity of galaxy stellar populations, respec-
tively. For the higher-redshift galaxy ID64, we considered the
rest-frame range that includes Ho and Hy lines (sensitive to the
stellar age) and G band (4300) (which is also sensitive to stellar
metallicity).

Figures 5 and 6 show the extracted spectra of galaxy ID355
and the corresponding best-fit templates in the inner and outer
zone, respectively. Figure 7 shows the combined age and metal-
licity distributions obtained for ID355. Figures of the results
obtained from the analysis of the other galaxies are shown in
Appendix A.

Figure 8 summarises our results for the four galaxies. It
reports the median value of age and metallicity for each zone
and their 68% probability intervals. We find solar and supersolar
metallicities in the inner zones of all the galaxies and subsolar
values in the outer zones, indicating negative metallicity gradi-
ents in all four galaxies. Three out of the four galaxies the inner
and outer zone have comparable ages, while ID355 presents an
older stellar population in the inner zone than in the outskirts.

Finally, Fig. 9 shows the calculated median values of the age
and metallicity gradients for the four galaxies. The gradients are
defined as

_ AlogZ
~ AlogR

At

VlogZ t= )
08 AlogR

@)

where log is the base-10 logarithm, Z is the metallicity, ¢ is the
age (Gyr), and Alog R is the difference between the luminosity-
weighted radius of the inner and outer extraction zones. Median
values and errors are derived from the Bayesian probability den-
sity fuction of the gradients. Table 2 shows the median values
of the marginalised posterior distribution of age and metallicity
in the inner zone and their gradients. All four galaxies present
negative metallicity gradients, even if their significance is only
slightly above 1o-. Only one of the four galaxies, namely ID355,
displays a negative age gradient. We obtained an average error of
0.7 dex/decade for the metallicity gradients and 0.6 Gyr/decade
for the age gradients.

Our gradient definition does not account for point spread
function (PSF) effects, therefore the derived gradients underes-
timate the real gradients of the galaxies and should be handled
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Fig. 6. Same as Fig. 5 for the outer zone of ID355.

with caution when compared with ground-based measurements 5. Discussion

with different (lower) spatial resolution. Moreover, the contam-

ination of the spectra of the inner regions by the outer regions We obtained reliable measurements of age and metallicity
that lie along the dispersion direction might partially wash out parameters in different spatial zones of four massive and spectro-
the real gradients of the galaxies. scopically passive galaxies. The entire sample exhibits negative
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Fig. 7. Combined age and metallicity distributions obtained for ID355.
Lower left panel: joint probability distribution of age and metallicity
of the inner (black) and outer (red) zones of ID355. Contours are at
68% and 95% probability. Upper left panel: marginalised probability for
the age. Lower right panel: marginalised probability for the metallicity.
Median and 16% and 84% intervals are indicated by solid and dashed
lines, respectively.

metallicity gradients. Because of the very low spectral resolu-
tion combined with the low S/N that characterise our data, the
68% of the age posteriors in our analysis are of the order of 68%
of the assumed prior (i.e. 16—84% percentile range). Our abil-
ity to detect possible age gradients in the galaxies exists only
for age differences larger than the average value of 1.2 Gyr (see
Fig. 9), to be compared with the mean age of their stellar con-
tent, #2 Gyr. A gradient like this has only been revealed in one
of the four sample galaxies (ID355), while the other galaxies are
consistent with a constant age with radius.

Before discussing the results, we verified whether they
depend on the assumed model templates, on their selected
parameters, or on the assumed priors. Moreover, in Appendix A,
we show the robustness of our age and metallicity estimates by
adding the effect of dust extinction as a further fitting parameter.

Figures 10 and 11 show the metallicity and age gradients,
respectively, obtained in the reference case (i.e. based on the
standard assumptions discussed in Sect. 3) and in test cases
based on different assumptions listed in Table 3. The metallic-
ity gradient estimates are very stable with respect to the pos-
sible model and prior assumptions. In particular, as expected,
the results are unaffected by the assumption of a different age
prior (logarithmically in place of linearly uniform), while for the
assumption of a linearly uniform metallicity prior (in place of a
logarithmically uniform prior), the stellar metallicity estimates
move to higher values, as expected, but the corresponding gra-
dients are consistent with those of the reference case. Different
SFHs or formation redshift do not affect the resulting metallicity
gradients at all. Figure 11 shows that age gradients are poorly
constrained in the reference case, and the results obtained in any
of the test cases are fully consistent with them. Results obtained
considering templates that were derived from prolonged SFH
models are not reported in this figure because the assumption of
a prolonged initial star formation event corresponds to a smaller
range of values of the age prior, and a direct comparison with

[Z/H]
-1 -08 -03 0.2
ID355 ID355
_ID64 ID64:
Inner
1272 D272 zone
1657 D857
IQ355 |Q355
1D64 1D64
Outer
1D272 1D272 zone
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05 10 15 20 25 -3.0 -25 -20 -15
Age [Gyr] Metallicity [dex]

Fig. 8. Age (left panel) and metallicity (right panel) median values in
the inner and outer zones of the sample. Solid lines show the 1o errors.
The vertical dashed line indicates solar metallicity.

the other cases is not possible. In Appendix B we show the
joint age and metallicity probability distribution for the inner
and outer zones of the sample that were obtained assuming a
grid of templates derived from a top-hat SFH with a star for-
mation timescale of 0.5 Gyr. Their comparison with those of the
reference case shows that the only change in the results is a shift
towards older ages of both zones. The limiting maximum age
corresponding to the redshift of the galaxies flattens the result-
ing age gradients. Therefore, systematic errors are subdominant
compared to statistical errors.

To investigate the possible evolution of these galaxies, we
now compare our results with those obtained at intermedi-
ate redshift and in the local Universe. In the local Universe,
negative metallicity gradients are common within ETGs (e.g.,
Peletier et al. 1990; Idiart & Michard 2003; Scott et al. 2009;
Zibetti et al. 2020). In particular, massive ETGs (M > 10'° M;
e.g., Mehlertetal. 2003; Ogando et al. 2005; Spolaor et al.
2009) show negative metallicity gradients up to —1.7 dex/decade.
Figure 12 compares the age and metallicity parameters in the
inner zone and their gradients as found in our high-redshift
sample with the typical values obtained for massive ETGs in
cluster environments in the local Universe (Mehlert et al. 2003).
Mehlert et al. (2003) measured the radial variation up to 1R, of
age and metallicity parameters for 35 ETGs in the Coma cluster.
The good match of the metallicity estimates (within 1o error)
derived in two very distant cosmological epochs is remarkable
and suggests that regardless of the evolution processes that occur
in passive massive galaxies, the observed negative metallicity
gradients must be kept from z ~ 2 towards z = 0. A purely
passive evolution is consistent with the ages estimated in the
inner zones and with the corresponding gradients in the two sam-
ples, from z ~ 2 towards z = 0, once the spread observed at
z = 0 is accounted for. The Mehlert et al. (2003) age, metallic-
ity, and gradients are highly consistent with the determination of
Séanchez-Blazquez et al. (2006) for 37 ETGs in the Coma cluster.
This confirms the soundness of our comparison sample.

Our results are also consistent with those obtained for a
sample of quiescent field galaxies at z ~ 0.8 (D’Eugenio et al.
2020), although a different environment was targeted. Because
ground-based observations were used, D’Eugenio et al. (2020)
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Fig. 9. Age (left panel) and metallicity (right panel) gradients of the sample. Solid lines show the 1o errors.

Table 2. Median values of the marginalised posterior distribution of age and metallicity in the inner zone and their gradients.

Galaxy Agei, Z; Z; VAge vz
[Gyr] [dex] [Z/H] [Gyr/decade] [dex/decade]
1D355 1.78“:8:2,; -1.5 ljgé‘z‘ 0.19‘:81;‘2‘ —1.03’:8:22 -1 .70“_’8:22
0.13 0.34 0.34 0.76 0.79
ID64 0.82515 —1.80%55; —0.1%557 -0.00%45 —-1.36%7¢
ID272 2. 12f8j§ -1 .46j8;;(‘) 0.24‘:8% 0.06“:8132 —0.631’3:‘6‘8
1ID657 1 '97t8§2 -1 .60f8§é 0.1 fgéé —0.24j8:g§ -1 .16f(1):82

Notes. The errors of the median values refer to the 16th and 84th percentile.

Table 3. Assumptions used for the sensitivity analysis.

Model Stellar lib. IMF Max z;, 7|7, Prior shapes SFH
(metallicity-age)
BCO03 MILES Chabrier 6 0.02-2.5 log-lin SSP
BCO03 MILES Chabrier 11 0.02-2.5 log-lin SSP
BC03 MILES Chabrier 6 0.02-2.5 lin-lin SSP
BC03 MILES Chabrier 6 0.02-2.5 log-log SSp
BCO03 MILES Chabrier 6 0.02-2.5 lin-lin Top-hat 0.5 Gyr
BCO03 STELIB Chabrier 6 0.02-2.5 log-lin SSP
Maraston MILES Kroupa 6 0.02-2.5 log-lin SSP
BCO03 STELIB —1.5 slope 6 0.2-2.5 log-lin SSp
BCO03 STELIB Salpeter 6 0.2-2.5 log-lin SSp
BCO03 STELIB —3.5 slope 6 0.2-2.5 log-lin SSP
ID355 ID64 ID272 ID657
Reference = =
#* zf — ——— —— —
+Z prior —o— ——— —o— ——
# age prior — = — —
Extended SFH ° o ° o

# stellar library o o o o

# model —o— — —— e

# IMF - — -~ f———

25 -15 05 05 15 —25-15-05 05 1.5 —25-15-05 05 1.5 —25-15-05 05 1.5

Metallicity gradient [dex/decade]

Fig. 10. Sensitivity analysis for the metallicity gradients. The reference analysis (black) adopts BC03 models, the MILES stellar library, a Chabrier
IMF, and z; = 6. The result we obtained when we adopted a different z; = 11 is reported in violet, a different metallicity prior (uniform) in red,
a different age prior (logaritmically uniform) in cyan, an extended star formation timescale (0.5 Gyr) in grey, a different stellar library (STELIB)
in light blue, and a different model (Maraston) in brown. The blue, yellow, and green symbols are gradients derived by adopting a different IMF
(—1.5 slope, Salpeter, and —3.5 slope, respectively). These slopes are systematically flatter because the range of metallicities considered in this

comparison is smaller.
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Fig. 11. Sensitivity analysis for the age
gradients, colour-coded as in Fig. 10.
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Fig. 12. Comparison between results for the local Universe (Mehlert et al. 2003) and our stellar age and metallicity parameters in the inner zone
and their gradients. The arrow in the upper left panel indicates the lookback time between z = 0 and z = 1.8. The vertical dashed line indicates

solar metallicity.

were limited to analysing gradients on larger galaxy spatial
scales than we probe.

To summarise, the negative metallicity gradients we found in
the four high-redshift passive galaxies and their similarity with
those retrieved in the local Universe suggest that the stellar pop-
ulations of the passive galaxies are not redistributed over the
last 10 Gyr. Our results support a scenario in which the main
mechanism that determines the spatial distribution of the stellar
population properties within passive galaxies is constrained in
the first 3 Gyr of the Universe. This evidence can easily be
explained within the revised monolithic scenario described in
Sect. 1.

Our analysis, which is one of the first challenging attempts of
measuring age and metallicity gradients in high-redshift galax-

ies, is surely limited by several factors: first of all, in the
JKCS 041 field of view, we selected only the brightest and most
massive three galaxies together with galaxy ID657 (Fig. 1).
Althoug ID657 is fainter, it has the right combination of sur-
face brightness and dimensions in order to be successfully anal-
ysed. Nonetheless, the three cluster galaxies span a representa-
tive range of parameters such as age, surface brightness, or stel-
lar mass, considering that they are all galaxies with M > 10'! M,
(see Fig. 13). Moreover, the sample is small, therefore it is pre-
mature to extend our results to the entire class of passive galax-
ies at z ~ 2. Nevertheless, it is unlikely (although not impossi-
ble) that the global negative metallicity gradients confirmed in
all four galaxies are due to chance, indicating that they are prob-
ably a common feature in high-redshift passive galaxies.
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Fig. 13. Scale relations for cluster galaxies. Panel a: H,¢ magnitudes
as a function of the ages of the quiescent galaxies of JKCS 041. Panel b:
surface brightness within the effective radius as a function of the ages of
the quiescent galaxies of JKCS 041. Panel c: surface brightness within
the effective radius as a function of the mass of the quiescent galaxies
of JKCS 041. Data are taken from Andreon et al. (2009).

6. Conclusions

We presented the first estimates of the age and metallicity gradi-
ents based on spectroscopic data of a sample of 4 high-redshift
(z ~ 2) spectroscopically passive galaxies in the JKCS 041 field
of view. The work is based on deep-grism slitless spectroscopic
data taken with the G141 grism on HST/WFC3, which allowed
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us to spatially resolve starlight from galaxies with an apparent
size of ~1 arcsecond. The four galaxies for which the analysis
was successful are part of a larger sample of 11 galaxies, 3 of
which were immediately discarded due to their spectral contam-
ination from other close objects within the field of view, while
for the remaining four, the errors in age and metallicity were too
large to derive any reliable conclusion. Alhtough the number of
successufully analysed galaxies is small, they span quite wide
ranges of values in R, and (u,), and they are only restricted in
mass (M > 10" M,).

The four galaxies for which the analysis was successful
(ID355, ID272,ID657, and ID64) show negative metallicity gra-
dients, although at only 1o. Although the sample is small, the
results we obtained and the comparison with metallicity and age
gradients measured in the local Universe tend to support the
revised monolithic scenario as the more probable paradigm for
ETGs formation and evolution. We found metallicity gradients
consistent with those confirmed at z = 0 and z = 0.8.

This work is the first study of stellar population proper-
ties gradients at high redshift based on spectroscopic data. It
is therefore less limited by the age-metallicity degeneracy than
the existing few works that are based on photometric data and
colours (Guo et al. 2011; Gargiulo et al. 2012). Our analysis lim-
its the effects of the possible presence of dust (selecting a nar-
row wavelength range for the analysis) and does not require the
assumption of a particular age or metallicity to measure the vari-
ation of the other. Moreover, our analysis has the advantage of
being applicable to a larger sample of galaxies than analyses
that exploit unlikely events, such as the gravitational lensing pro-
duced by a massive cluster on the line of sight (Jafariyazani et al.
2020).

Despite the validity of the analysis we carried out, this work
is subject to some limitations that are mainly due to the very low
spectral resolution of the HST slitless data. Moreover, because
of the low S/N, the analysed data allow the measurement of gra-
dients that exceed a minimum threshold value (1.4 dex/decade
for metallicity, 1.2 Gyr/decade for age), which limits the
interpretation of the results in terms of galaxy formation
scenarios. Despite the small sample size and the limitations
affecting the analysis, the measurement of stellar population gra-
dients in high-redshift galaxies using the HST grism has proven
to be very promising in providing fundamental constraints on the
galaxy formation scenarios. The analysis of larger samples, cov-
ering wider ranges of mass and sizes, is needed to derive a clear
picture of the physical mechanisms that drive galaxy formation
and evolution.

At the same time, our analysis has demonstrated the feasibil-
ity of an analysis like this even on the basis of very low spec-
troscopic resolution and at quite low S/N. This work has been
successful not only in deriving the first reliable results, but also
in tracing the way to identifying a set of spectroscopic data that
is useful for this type of analysis.

The near future will offer many more opportunities through
the advent of new facilities such as the James Webb Space Tele-
scope, the Extremely Large Telescope and Euclid, which will
provide not only the needed spatial resolution of about 0.1 arc-
sec, but also intermediate spectral resolution and even the pos-
sibility of obtaining 2D spectroscopic views of high-redshift
galaxies. Future instruments will thus enable the study of stel-
lar population property distributions in large samples of galaxies
that also include less massive objects and cover a wide range
of angular dimensions. This will open a new era in the study of
galaxy formation and evolution.
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Appendix A: Fit and joint probability
distributions

In this appendix we show the fit and joint probability distribu-
tions of the extracted spectra in the inner and outer zones for each
galaxy. Figures from A.1 to A.6 show the fit results for the inner
and outer zone of ID272, ID657, and ID64. Figures from A.7
to A.9 show the joint probability distributions for ID272, ID657,
and ID64.

We verified whether the estimates of age and metallic-
ity depend on dust attenuation Ay assuming the Calzetti et al.
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(2000) law as a third parameter in the analysis. Considering
the passive nature of our sample, we adopted values between
0 < Ay < 0.7. Figures A.10 and A.11 show the comparison
between marginalised probability distributions of age and metal-
licity, respectively, of the extracted spectra in the inner and outer
zones for each galaxy in the case A(V) = 0and 0 < A(V) < 0.7.
These figures demonstrate that dust attenuation does not change
the age and metallicity probability distribution for these galaxies
appreciably.
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Fig. A.1. Extracted spectra and the corresponding best-fit templates in the inner zone of galaxy ID272. Upper left panel: Coadded spectrum of the
inner zone of ID272 (line with errors) with the best-fit model in arbitrary units. Other panels: Single-visit observed spectrum of the inner zone of
ID272 with the best-fit model and the corresponding F160W images with the related extraction.
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Fig. A.2. Same as Fig. A.1 for the outer zone of ID272.
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Fig. A.4. Same as Fig. A.1 for the outer zone of ID657.
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Fig. A.5. Same as Fig. A.1 for the inner zone of ID64.
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Fig. A.6. Same as Fig. A.1 for the outer zone of ID64.
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Fig. A.7. Combined age and metallicity distributions obtained for Fig. A.9. Same as Fig. A.7 for ID64.
ID272. Lower left panel: Joint probability distribution of age and metal-

licity of the inner (black) and outer (red) zones of ID272. Contours are

at 68% and 95% probability. Upper left panel: Marginalised probabil-

ity for age. Lower right panel: Marginalised probability for metallicity.

Median and 16% and 84% intervals are indicated by solid and dashed

lines, respectively.
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Fig. A.8. Same as Fig. A.7 for ID657.
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Fig. A.10. Comparison between the marginalised probability distribution of age in the case Ay = 0 (solid lines) and 0 < Ay < 0.7 (dashed lines)
of the dust attenuation in the inner (black) and outer (red) zones for the four galaxies.
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Fig. A.11. Same as Fig. A.10 for metallicity.
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Appendix B: Joint probability distributions with
extended SFH

Even though the sampled galaxies were selected on the basis of
their spectroscopic quiescency (i.e. Tpey < 0.1 Gyr for exponen-
tially declining SFHs) and their high redshift implies a very short
star formation timescale, we performed the analysis assuming a
top-hat SFH with a star formation timescale of 0.5 Gyr and 1.5
Gyr in order to access the dependence of the results on the SFH
model assumptions. Figure B.1 shows the joint probability dis-

1D64

tributions for ID355, I1D272, ID64, and ID657 in the reference
case and with a top-hat SFH with a star formation timescale of
0.5 Gyr. The ages reported in the prolonged SFH case are mass-
weighted mean ages. This figure demonstrates that a prolonged
SFH does not change the metallicity probability distributions,
while the age distributions are shifted to older ages, as expected.
Regarding the more prolonged SFH (i.e. with a timescale of
1.5 Gyr), the corresponding templates do not fit the observed
spectra at all (i.e. the )(fe , of the best-fitting model is larger
than 3).
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Fig. B.1. Comparison between the joint probability distribution of age and metallicity of the inner (black) and outer (red) zones in the reference
case (upper panels) and with a top-hat SFH with a star formation timescale of 0.5 Gyr (lower panels) for the four galaxies. Contours are at 68%

and 95% probability.
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