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ABSTRACT

Studying the resolved stellar populations of the different structural components which build massive
galaxies directly unveils their assembly history. We aim at characterizing the stellar population proper-
ties of a representative sample of bulges and pure spheroids in massive galaxies (M, > 1019 My) in the
GOODS-N field. We take advantage of the spectral and spatial information provided by SHARDS and
HST data to perform the multi-image spectro-photometrical decoupling of the galaxy light. We derive
the spectral energy distribution separately for bulges and disks in the redshift range 0.14 < z < 1 with
spectral resolution R ~ 50. Analyzing these SEDs, we find evidences of a bimodal distribution of bulge
formation redshifts. We find that 33% of them present old mass-weighted ages, implying a median
formation redshift zform = 6.2ﬂ:?. They are relics of the early Universe embedded in disk galaxies.
A second wave, dominant in number, accounts for bulges formed at median redshift zg, = 1.3f8:2.
The oldest (1%t-wave) bulges are more compact than the youngest. Virtually all pure spheroids (i.e.,
those without any disk) are coetaneous with the 2"-wave bulges, presenting a median redshift of
formation zgorm = 1.1f8'§. The two waves of bulge formation are not only distinguishable in terms of
stellar ages, but also in star formation mode. All 1%*-wave bulges formed fast at z ~ 6, with typical
timescales around 200 Myr. A significant fraction of the 2"d-wave bulges assembled more slowly, with
star formation timescales as long as 1 Gyr. The results of this work suggest that the centers of massive
disk-like galaxies actually harbor the oldest spheroids formed in the Universe.
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1. INTRODUCTION

Integrated or spatially-resolved observations are typ-
ically used to infer the stellar content of galaxies at
low-redshift, reconstructing their star formation history
(SFH) with an “archaeological” approach (Thomas et al.
2005; Rogers et al. 2010; Gonzélez Delgado et al. 2015).
Complementarily, to trace back the formation of stars in
the Universe, it is possible to compare the stellar content
of similar samples of galaxies at different redshifts (the
so-called “look-back” approach; Schiavon et al. 2006;
Sénchez-Blazquez et al. 2009; Gallazzi et al. 2014). In
these studies, stellar population models with different
SFHs are usually compared to the best model either
obtained from the fit of the spectral energy distribu-
tion (SED) or derived using key spectral features which
are sensitive to fundamental physical parameters such
as age, metallicity, or @ enhancement (Kriek et al. 2011;
Dominguez Sanchez et al. 2016). Both methods con-
verge to a common picture, which shows that the most
massive galaxies form at earlier epochs and in short
timescales in the so-called “downsizing” scenario (Cowie
et al. 1996; Pérez-Gonzélez et al. 2008; Thomas et al.
2010; McDermid et al. 2015).

One fundamental piece of evidence is the size evo-
lution of galaxies. Massive quenched galaxies at high
redshift (z ~ 2) are a factor up to 6 times smaller
in size than their counterpart of the same mass today
(Daddi et al. 2005; Trujillo et al. 2006a,b; Buitrago et al.
2008; van der Wel et al. 2014). Similarly, at all fixed
galaxy masses, the more extended galaxies are younger,
more metal poor, and less a-enhanced compared to the
more compact galaxies (Scott et al. 2017). Morpho-
logically, at z ~ 2 there is a bimodal distribution of
galaxies: the Universe is composed of quiescent com-
pact pure spheroids with no clear evidence of a disk
component and star-forming clumpy disks, which grad-
ually transform from disturbed to normal disk galaxies
by z ~ 1. By contrast, at lower redshift massive galaxies
(M > 10'%8 M) present almost no morphological evo-
lution. The abundance of bulgeless galaxies decreases
with redshift until almost the entire population presents
a significant bulge component (Huertas-Company et al.
2016).

Indeed, this global view misses a crucial piece of in-
formation: galaxies are complex systems, which gener-
ally consist of multiple morphological components (i.e.,
bulges, disks, bars, etc.). In the simplest scenario, disk
galaxies are composed by a central bulge and an outer
disk. In particular, according to the photometric defi-
nition, the bulge is identified as the light excess in the
central part of a galaxy, over and above the light asso-
ciated to the exponential profile of the external stellar

disk. In this work we focus not only on pure spheroids,
but we study the stellar populations of bulges up to red-
shift z =1 in the context of their assembly history.

Spheroids are traditionally thought to arise either
from a violent and dissipative collapse of protogalax-
ies (Eggen et al. 1962; Larson 1976), or accumulation
and rearrangement of stars in merger events (Cole et al.
2000; Hopkins et al. 2009). Recently, an alternative
scenario emerged, since cosmological simulations point
towards a rapid spheroid formation while high-redshift
galaxies go through a gas-compaction phase (Dekel &
Burkert 2014; Zolotov et al. 2015; Tacchella et al. 2016).
Considering the high density and high gas fraction of the
Universe at high redshifts, multiple linked mechanisms
(i.e., minor mergers, violent disk instabilities, clump mi-
gration, counter-rotating streams, etc.) seem to conspire
to quickly fuel the gas into the central region of the disky
galaxy (Mihos & Hernquist 1996; Noguchi 1999; Immeli
et al. 2004a,b; Hopkins et al. 2006; Dekel et al. 2009;
Ceverino et al. 2012; Forbes et al. 2014; Jog 2014; Re-
naud et al. 2014; Danovich et al. 2015; Dyda et al. 2015;
Wellons et al. 2015; Bournaud 2016). Torques in the in-
ner regions facilitate gas inflow and inward clump migra-
tion, compacting the stellar mass in the form of a “blue
nugget” (Barro et al. 2013, 2014), growing a massive ro-
tating stellar spheroid (Genzel et al. 2008; Ceverino et al.
2010) or a classical bulge (Ceverino et al. 2015), and
feeding the central black hole (Bournaud et al. 2011).

In this first paper of a series, we provide robust es-
timations of some key properties of bulges and pure
spheroids (i.e., spheroids without an extended stellar
disk), such as the stellar mass and the mass-weighted
age, discussing the implications for their assembly his-
tory across cosmic time. Key questions still need to be
addressed: (1) When does the spheroidal population as-
semble? (2) Why are some dark matter halos evolving
more rapidly and forming massive spheroids at earlier
cosmic time? (3) Do spheroids present different prop-
erties at different cosmic epochs? To date, answering
these questions for the separate galaxy components re-
mains very elusive, since spatially resolved studies at
high redshift are very scarce because very limited data
(mainly broad-band only) can be gathered with spectral
information.

We investigate the mechanisms which drive the evo-
lution of spheroids (both bulges and pure spheroids)
taking advantage of the Survey for High-z Absorp-
tion Red and Dead Sources (SHARDS; Pérez-Gonzdlez
et al. 2013), an ESO/GTC Large Program which pro-
vided ultra-deep (m < 26.5 AB mag) imaging sur-
vey in 25 filters covering the wavelengths range 500-
950 nm. The state-of-the-art photometric multi-filter
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surveys, like SHARDS, allow us to easily study large
samples of galaxies at different redshifts with observa-
tions typically deeper than spectroscopic ones. Indeed,
the “snapshots” across cosmic time of spheroids prop-
erties offer a more continuous view of their evolution.
Thanks to its 25 medium-band filters, SHARDS data
set permits to accurately determine the main properties
of the stellar populations of galaxies, providing a smooth
SED with a resolution R ~ 50. The observed photom-
etry provides a pseudo-spectrum at each pixel on the
sky, which allows for a two-dimensional spatial analysis
treating each filter independently. Moreover, SHARDS
photometry offers accurate estimates of absorption and
emission features (i.e., Mgyy, D4000, [OII], and [OIII])
which are visible within the SHARDS wavelength range
at high redshift. SHARDS data are significantly deeper
than spectroscopic surveys and grant a consistent im-
provement in the spectral resolution with respect to
broad-band studies, mitigating the typical degeneracies
which affect the inference of individual SFHs of galax-
ies (Herndn-Caballero et al. 2013; Dominguez Sénchez
et al. 2016).

We propose a novel approach based on the multi-band
bulge/disk spectro-photometric decoupling of the galaxy
light to derive the SED separately for both the bulge and
disk of each galaxy. This methodology is based on re-
cently developed techniques of spectro-photometric de-
composition (Johnston et al. 2017; Tabor et al. 2017;
Méndez-Abreu et al. 2019a), and takes advantage of the
high spatial resolution images from the Hubble Space
Telescope (HST) Advanced Camera for Surveys (ACS)
and Wide Field Camera 3 (WFC3), which are used as
priors for the decoupling of the bulge and disk light in
SHARDS images. Moreover, we complement the infor-
mation provided by SHARDS and HST with the one
at longer wavelengths by means of the Canada-France-
Hawaii Telescope WIRCam data. This allows us to con-
strain the stellar mass and the stellar populations of
each individual component in the sample with unprece-
dented accuracy. Thus, the spectro-photometric analy-
sis of SHARDS data represents a significant step forward
in reaching a more exhaustive picture of galaxy forma-
tion and understanding the interplay between baryons
and their dark-matter hosts.

The paper is organized as follows. The sample
of galaxies is characterized in Sect. 2. The spectro-
photometric decoupling of the galactic components, the
error analysis, and the retrieval of the stellar population
of bulges and pure spheroids is presented in Sect. 3. We
present and discuss our results in Sect. 4 and Sect. 5, re-
spectively. Our conclusions are summarized in Sect. 6.
Throughout the paper we assume a flat cosmology with

Qn = 0.3, 2y = 0.7, and a Hubble constant Hy = 70
km s~! Mpc™!.

2. SAMPLE

We analyze galaxies in the North field of the Great
Observatory Origins Deep Survey Northern (GOODS-
N) which present photometric data provided both by
HST and SHARDS. In particular, taking advantage of
the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS; Grogin et al. 2011; Koeke-
moer et al. 2011), we use the 7 filters for HST im-
ages (i.e., ACS F475W, F606W, F775W, and F850LP
and WFC3 F105W, F125W, and F160W) and combine
them with the 25 filters for SHARDS data in the optical
wavelength range 500-941 nm (see Pérez-Gonzdlez et al.
2013; Barro et al. 2019, for all details).

Our mother sample consists of 478 massive (M, >
1019 Mg) and luminous (mpigow < 21.5 mag) galaxies
at redshift z < 1 in the 141 arcmin® area surveyed by
SHARDS (Barro et al. 2019). In Fig. 1 (gray histogram)
we present their mass, redshift, and Sérsic index distri-
butions (van der Wel et al. 2012; Barro et al. 2019). We
cross-match our sample galaxies with the Dimauro et al.
(2018) catalogue, which provides photometric bulge-disk
decompositions in this field-of-view, and the van der Wel
et al. (2012) catalogue, which provides photometric pa-
rameters for the galaxies. In particular, by means of
an unsupervised feature learning (deep learning) tech-
nique, Dimauro et al. (2018) measured the best analytic
model describing the surface brightness distribution of a
given galaxy in the WFC3 F160W band: 62 are modeled
with a single Sérsic component (i.e., pure spheroids with
bulge-over-total luminosity ratio B/T > 0.8), 41 galax-
ies which are classified as pure disks (i.e., modeled with
a single exponential profile), while 228 are modeled with
two components (i.e., Sérsic for inner bulge and expo-
nential for outer disk). We discard 147 galaxies, which
were poorly fitted both in Dimauro et al. (2018) and
van der Wel et al. (2012). Galaxies with very low, and
thus unphysical value of their Sérsic index, were removed
from the sample.

This first paper of a series focuses on the spheroidal
component, i.e., either bulges in disk galaxies or pure
spheroids (not accompanied by any other structural
component), limiting the sample selection to 290 galax-
ies. Moreover, since it is difficult to discriminate the
nature of the central light prominence in nearly edge-on
galaxies, and in order to avoid the contamination from
boxy-peanut structures, we also restrict the sample of
galaxies with two components to the 192 with inclina-
tion ¢ < 70°. We further model the one-dimensional
surface-brightness profile of galaxies with two compo-
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Figure 1. Properties of the sample galaxies: (from left to right) galaxy redshift and stellar mass (Barro et al. 2019), and galaxy
Sérsic index (van der Wel et al. 2012). (Upper panels) The gray histogram defines the mother sample of 478 galaxies in the
SHARDS FoV, while the green histogram stands for the final sample of 156 spheroids, namely, 65 pure spheroids and 91 bulges
(red histogram). The bottom panels show the correspondent cumulative distributions.

nents (see Sect. 3.1.1), classifying 42 galaxies as pure
disks and 15 as pure spheroids. This criterium prevents
unphysical or poor solutions derived from blind photo-
metric decomposition procedure due to parameters de-
generacy. At this level, the sample is composed of 135
two-component galaxies and 77 pure spheroids. Finally,
we visually classify these galaxies looking for signs of in-
teraction and/or foreground /background contaminating
objects, removing 46 of these galaxies from our sample.

The final sample is composed of 156 galaxies, 65 pure
spheroids and 91 galaxies with a bulge and disk compo-
nent, as presented in Fig. 1 (green and red histograms).
Ten more galaxies were discarded from the 166 galaxies
analyzed because the 2D modeling of their individual
SEDs provides no constraints for their stellar popula-
tions (see Sect. 3.1.1 and 3.2). The representativeness of
the final sample is checked by means of a Kolmogorov-
Smirnov test, assuring that each subsample does not
introduce any substantial bias in the (z, M,) param-
eter space (p-value, > 10%, p-valuey;, > 30%). More-
over, it is worth nothing that our selection clearly dis-
cards galaxies modeled with low values of the Sérsic in-
dex (n < 1.5). This is mainly because we focus on the
spheroidal component, partially due to our inclination
threshold, but also because we checked the goodness of

our selection for each individual galaxy, discarding un-
physical or poorly constraint solutions.

3. ANALYSIS

In this Section we present the pre-processing of the
SHARDS images, the spectro-photometric decoupling
of the bulge and disk components combining HST and
SHARDS information, and the analysis of statistical er-
rors and degeneracies.

3.1. Spectro-photometric decoupling: bulge and disk

For this work, we started with the v1.14.5 SHARDS
images from Barro et al. (2019). The reduction
in all the bands redder than 800 nm was repeated
(v1.15.0) to include larger masks for extended objects
and improve the fringing correction and sky subtrac-
tion for galaxy outskirts. As a result of this, all
v1.15.0 images probing wavelengths redder than 800 nm
improved their reliability at surface brightness levels
fainter than 24.5 mag arcsec™? and down to approxi-
mately 26 mag arcsec”2. This turns to be, in fact, a
very important feature for our analysis of galaxy struc-
tural components.

We perform a spectro-photometric decoupling of the
different galactic structures (i.e., bulge and disk) in the
sample of massive galaxies presented in Sect. 2 as a func-
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tion of wavelength. Our method consists in a robust and
accurate two-dimensional photometric decomposition of
the 25 medium-band SHARDS images, jointly with HST
WFC3 and K-band data, covering the wavelength range
between 400 and 2000 nm. This analysis mimics the
strategy used by the C2D code (Méndez-Abreu et al.
2019a,b), where high spatial resolution broad-band im-
ages are used to robustly constrain spectroscopic data
with lower spatial resolution. At the core of C2D, the
GASP2D algorithm (Méndez-Abreu et al. 2008, 2014) per-
forms the actual photometric decompositions.

The high flexibility of GASP2D allows us to represent
the different galactic structures with a variety of analyt-
ical functions. We model the light of the bulge compo-
nent with a Sérsic function (Sérsic 1968):

e 1/n

Ibulge(rb) = Ieloibn{(ﬁ%) : 71} ) (1)
where r}, is the radius measured in the reference system
of the bulge (see Costantin et al. 2017), R, is the effec-
tive radius, I, is the intensity at the effective radius, n
is the Sérsic index describing the curvature of the pro-
file, and b, ~ 0.868n — 0.142 (Caon et al. 1993). The
light of the disk component is parametrized by a single
exponential (Freeman 1970):

Laisic(ra) = Tpe /" (2)

where rq is the radius measured in the reference system
of the disk (see Costantin et al. 2017), while Iy and h rep-
resent the central intensity and scale-length of the disk,
respectively. Both the bulge and the disk are assumed
to have elliptical isophotes centered on the galaxy center
(20, yo0), with constant position angle PA (counter-clock
wise measured from the North) and constant axial ratio
q, defined as the minor axis divided by major axis.
Ideally, we would like to apply a standard two-
dimensional structural decomposition to each SHARDS
image. This would imply fitting a total of 11 free pa-
rameters for each image: five for the bulge (I, Re, n,
qn, PAy), four for the disk (Ip, h, qa, PAq), and the
galaxy center (xg,yo). Given that the spatial resolution
of the seeing-limited SHARDS images is around 0.9 arc-
sec, and considering that we are targeting galaxies at
high redshift, the degeneracies involved in determining
those 11 parameters independently for each SHARDS
bands are quite significant. To account for this, we take
advantage of the high spatial information of multiple op-
tical and near-infrared HST images to derive the struc-
tural parameters of the bulge (i.e., Re, n, qn, PA}) and
disk (i.e., h, ga, PAq4) in our sample galaxies. Then,
we allow only the corresponding intensity to vary in the
SHARDS filters (see Méndez-Abreu et al. 2019a,b, for a

similar application using a combination of CALIFA and
SDSS data).

3.1.1. Synergy between HST & SHARDS data

The key strength of this work consists in combining
HST and SHARDS data. Indeed, we take full advan-
tage of the spectral information provided by SHARDS
medium-band images and the spatial resolution given
by HST. This allows us to retrieve individual SEDs of
bulges and disks with spectral resolution R ~ 50 up to
redshift z = 1 and down to log(Mga/Mg) = 10. In
Fig. 2 we show an example of the different spatial infor-
mation provided by SHARDS and HST for the galaxy
GDN 18522, where it is possible to appreciate the dif-
ferences of the bulge and disk component as a function
of wavelength.

As a first step in our method, we retrieve initial
guesses for the bulge and disk structural parameters
from the analysis of HST data presented in Dimauro
et al. (2018). We used these initial guesses as priors
to characterize the bulge and disk parameter space by
means of Bayesian inference (see Sect. 3.1.2, for a full
description). The most probable value of the bulge and
disk structural parameters (i.e., R., n, h) are linearly in-
terpolated over wavelengths, transferring the HST infor-
mation to the SHARDS images. Then, the galaxy image
in each SHARDS and HST WFC3 filters is fitted using
GASP2D. The intensity of the two components varies in-
dependently at each wavelength, while their structure
is kept frozen (to the values obtained from the inter-
polation in the HST results). This is possible thanks
to the exquisite astrometric calibration and distortion
correction of the SHARDS images. In order to better
constrain the stellar mass of each individual component,
we extend the analysis to the K band using WIRCam
data (Hsu et al. 2019). For the K-band images, we use
as an initial guess the structural parameters determined
for the WFC3 F160W band. Even if this is an extrapo-
lation of the bulge and disk properties, we expect mild
wavelength variation of the structural parameters for our
intermediate-redshift galaxy sample.

As a result, we compute a pseudo datacube with all
the spatial and spectral information for each compo-
nent included in the fit, as well as a datacube with
the galaxy model and the residuals at each wavelength.
As an example, in Fig. 3 we show the radial surface-
brightness profile, the two-dimensional model, and the
residual map of GDN 18522 in the WFC3 F160W band.
For comparison purposes, in Fig. 4 we present the ra-
dial surface-brightness profiles obtained in three differ-
ent SHARDS bands (see Appendix A for more exam-
ples). Dimauro et al. (2018) classified the galaxy as
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Figure 2. (From left to right) Postage RGB images for a typical galaxy in our sample (GDN 18522) and corresponding images
in the three different filters: HST ACS F435W, F600W, and F850LP (upper panels) and SHARDS f500w17, f602w17, and
£840w17 (lower panels). The galaxy is oriented North up East left and the FoV is 18 x18 arcsec?.

a two component system (probability of 0.88) fitted
with an exponential disk and a Sérsic bulge profile with
light-weighted bulge-over-total B/Trig0w = 0.49. Ac-
cordingly, Huertas-Company et al. (2015) classified the
galaxy as spheroidal-like, with a probability of having a
spheroid equal to 0.99 and probability of having a disk
equal to 0.18. The galaxy was flagged as a single com-
ponent “bad fit” in van der Wel et al. (2012), reinforcing
the need of modeling the galaxy with more components
to properly reproduce its structure.

The datacubes of the separated components allow us
to calculate the relative contribution on the light com-
ing from the bulge compared to the disk in each galaxy.
Using our bulge and disk model datacube, we integrate
the light of each component up to a radius where the
galaxy surface-brightness reaches 26.5 mag arcsec™2 in
the WFC3 F160W filter, in order to maximize signal-to-
noise ratio and avoid problems linked to the extrapola-
tion of the model light. In Fig. 5 we show an example
of B/T for GDN 18552. Firstly, in Fig. 5 the spectral
information provided by SHARDS medium-band filters
could be appreciated in the distribution of B/T through
wavelength. Secondly, it is remarkable how our analysis
is sensitive to spectral features, displayed as an abrupt
change in the B/T value in correspondence of the D4000
break at 400 nm or the [OIII] emission line at 500.7 nm.
For instance, the bulge is dimmer than expected based

on a smooth wavelength interpolation exactly where an
emission line can be present (most probably, reveal-
ing significant star formation in the disk). Finally, we
find an overall good agreement between our values ob-
tained from SHARDS data and the values estimated us-
ing broad-band HST images presented in Dimauro et al.
(2018). A quantitative test of the robustness of our de-
composition of SHARDS images can be carried out by
calculating B/T ratios for SHARDS bands and compar-
ing them with those obtained for HST images at similar
wavelengths (see Fig. 14 in Appendix A). Considering
all the galaxies in the sample, the average relative dif-
ference in the mass-weighted B/T measured from the
two data sets is < 16% and totally consistent with the
statistical errors (see Tables 3 and 4 in Appendix A).
The color dependence of the B/T ratio observed in the
HST data is also highly consistent with that obtained
with the SHARDS bands.

3.1.2. Error analysis

It is well known that the minimization algorithms
implemented in available routines for photometric de-
composition do not usually provide a comprehensive
representation of the real errors (Haussler et al. 2007;
Méndez-Abreu et al. 2017; Costantin et al. 2017). Thus,
for each galaxy in our sample and each SHARDS band,
we build a set of mock galaxies which take care of mim-
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Figure 3. Two-dimensional photometric decomposition of the galaxy GDN 18522 in the WFC3 F160W band as obtained from
GASP2D. The left panel shows the ellipse-averaged radial profile of the surface brightness measured in the observed (black dots
with gray error bars) and PSF-convolved modeled image (green solid line) and their corresponding difference. The surface-
brightness radial profiles of the best-fitting bulge (red dashed line) and disk (blue dashed-dotted line) are also shown in both
linear and logarithmic scale for the distance to the center of the galaxy. The right panels (from top to bottom) show the map
of the observed, modeled, and residual (observed—modeled) surface-brightness distributions. The field of view is oriented with
North up and East left. The vertical black dotted lines in the left panels and the black dotted ellipses in the right panels mark

the radius where the galaxy surface-brightness reaches 26.5 mag arcsec™ 2.
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Figure 4. As in Fig. 3, but for SHARDS {500w17, f602w17, and f840w17 bands, respectively.
icking two sources of errors: (a) each image is perturbed critical, since the structural parameters (Sérsic index,
pixel by pixel according to the background noise and size, and shape) are maintained frozen throughout our
(b) mock galaxies are simulated varying their struc- spectro-photometric analysis, allowing only for varia-
tural properties starting from the best fitted value in tions of the relative intensity of the two components.
the WFC3 F160W band provided in Dimauro et al. We use the No-U-Turn Sampler (NUTS; Hoffman &
(2018). It is worth noting that the definition of the Gelman 2011) to find the posterior distribution of the

n-dimensional parameter space for each galaxy results
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Figure 5. Bulge-over-total luminosity ratio as a function of
wavelength for the galaxy GDN 18522. Diamonds, dots, and
squares represent values for SHARDS, WFC3, and WIRCam
bands, respectively. Errors are reported as 16th-84th per-
centile interval. Blue crosses stand for values derived in Di-
mauro et al. (2018). From left to right, vertical dashed lines
represent the location of [OII], D4000, HA, and [OIII] fea-
tures, respectively.

model best fitting a set of data'. Given an analytic
model, this Markov Chain Monte Carlo (MCMC) al-
gorithm, which closely resembles a Hamiltonian Monte
Carlo (HMC) method, allows us to estimate the un-
known posterior probability distribution. For each
galaxy, our model

Imodel = Ibulgc + Laisk (3)

is built to represent the one-dimensional surface-
brightness radial profile. In this case, the intensity
of the bulge component depends on the effective ra-
dius, the intensity measured at the effective radius, and
the Sérsic index parameter, i.e., Ihyige(le, Re,n); on the
other hand, the intensity of the disk component depends
on the central intensity and the disk scale length, i.e.,
Taisk (Io, h). In details, a normal prior probability distri-
bution is assumed for each variable in the model, with
standard deviation derived in Dimauro et al. (2018), as
well as a normal likelihood is assumed for the total sur-
face brightness Ioqe1- We sample two chains for 3000
tune and with 1000 draw iterations. We evaluate the
MCMC convergence by means of the Gelman-Rubin di-
agnostic R (Gelman & Rubin 1992), imposing a strict
criterium for convergence R < 1.01.

I This analysis was done using PyMC3, a Python open source prob-

abilistic programming framework (Salvatier et al. 2016).

As a consequence of the Bayes’ theorem, the poste-
rior probability distribution is evaluated, and the prob-
ability distributions of each parameter in the model are
retrieved as the end result of MCMC. For each galaxy,
we sample from this probability distribution to generate
mock galaxies with physical properties that took into
account correlations between parameters and intrinsic
degeneracies. Each mock galaxy is perturbed pixel by
pixel according to the background noise and fitted us-
ing GASP2D as described in Sect. 3.1.1, using these new
guesses for the structural parameters of the bulge and
disk component. We perform 100 Monte Carlo (MC) re-
alizations for each galaxy and each SHARDS band. This
allows us to compute statistical errors for the flux of the
two independent components, taking into account de-
generacies and correlations between parameters, as well
as possible biases in the photometric decomposition pro-
cedure.

The final values for the flux (and the structural pa-
rameters) of the bulge and the disk are retrieved as the
median value of the 100 MC realizations, while the sta-
tistical errors are computed as half of the 16th-84th per-
centile range, which corresponds to the standard devia-
tion for normally distributed errors. In the final SED,
for each component and each SHARDS band, we discard
all the values of the flux which are compatible with zero
according to their errors at 1o level. This is mostly the
case of shorter wavelengths, where the signal-to-noise
ratio of the images does not allow us to consistently
measure the flux, even for the total galaxy in the HST
ACS F435W filter.

3.2. Stellar populations

The reliable estimation of the stellar mass for a large
and representative sample of bulges and disks, as well
as a proper characterization of their SFH, results critical
to quantify the evolutionary process. The typical degen-
eracies which affect the study of stellar populations in
nearby and distant galaxies could be mitigated by the
use of photometry with higher spectral resolution than
broad-band data (Pacifici et al. 2013). Using SHARDS
data the statistical significance of the best solution im-
proves up to 10-20% compared to the fit of broad-band
data alone (Pérez-Gonzélez et al. 2013) granting estima-
tions of stellar masses with typical uncertainties around
0.2 dex (Pérez-Gonzdlez et al. 2008; Barro et al. 2011).

Shortly, photometric data at different wavelengths are
considered to be the end product of the galaxy SFH,
assumed to be a declining delayed exponential:

SFR(t) oct/T2e /T, (4)

where 7 runs from 200 Myr to a roughly constant SFH
(7 = 100 Gyr). Increasing observational evidence and
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Figure 6. Spectral energy distribution of the bulge (red), disk (blue), and galaxy (green) GDN 18522. Diamonds represent
the individual photometric results of our decoupling analysis, while black circles represent the measured integrated photometry
of the galaxy in Barro et al. (2019). Errors are reported as 16th-84th percentile interval. The best model for the bulge, disk,
and galaxy are shown as red, blue, and green lines. From left to right, vertical gray dashed lines represent the location of [OI1],

D4000, HB, and [OI1I] features, respectively.

recent simulations justify the choice of a SFH described
by a rising followed by a declining phase, irrespective of
the specific parametrization (Behroozi et al. 2013; Paci-
fici et al. 2016; Lépez Ferndndez et al. 2018; Costantin
et al. 2019). Using the synthesizer fitting code (see
Pérez-Gonzdlez et al. 2003, 2008, for all details), we com-
pare the measured SEDs with the Bruzual & Charlot
(2003) stellar population library, assuming a Chabrier
(2003) initial mass function integrated in the range
0.1 < M/Mg < 100.

We allow the metallicity of the models to take discrete
values Z/Zz = [0.4, 1, 2.5] (i.e., sub-solar, solar, and
super-solar). This allows us to explore the trend between
metallicity and stellar mass, with more massive galax-
ies being more metal-rich than less massive ones (Gal-
lazzi et al. 2005, 2014). The extinction is parametrized
with a V-band attenuation assuming the extinction law
of Calzetti et al. (2000), with values ranging from 0 to
3 mag. A minimization of the reduced y? maximum-
likelihood estimator is used to search for the best fitting
model, allowing the stellar age to range from 1 Myr to
the age corresponding to the age of the Universe at the
galaxy redshift.

We run 500 MC simulations for each galaxy’s com-
ponent to estimate the uncertainties in the stellar pop-
ulation parameters, also accounting for possible degen-
eracies in the solutions, as comprehensively described in
Dominguez Sanchez et al. (2016). Briefly, we model each
photometric data point in the SED with a Gaussian dis-
tribution of width equal to the photometric uncertainty
and randomly vary it, repeating the fit again sampling
from all possible models. The final solution is computed
from the analysis of the (possible) different clusters in
the 7-age parameter space, assigning a statistical sig-
nificance to each of them according to the fraction of
solutions belonging to a particular cluster. By means
of the multi-dimensional age-7-Ay-Z space we compute
the best solutions and the corresponding uncertainties as
the median and the 68% confidence interval of the most
significant cluster’s values, respectively. It is worth not-
ing that the estimations of stellar masses from different
clusters of solutions are totally compatible within their
uncertainties (with average scatter of 0.1 dex), mean-
ing that this parameter is robustly retrieved and not
strongly affected by the degeneracies.

In this work, we individually fit the UV-to-NIR SEDs
of bulges and disks. Moreover, since we are assuming
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Table 1. Best parameters for the sample of bulges and pure spheroids.

COSTANTIN ET AL.

ID IOg(M*) EM Zform T Re log(zlﬁ) type
(Me)  (Gyr) (Myr) (kpc) (Mg kpe™'?)

(1) (2) (3) (4) (5) (6) (7) (8)
750 106757 25703 18792 19373 1.040.1  1065+0.07 B
775 107191 14701 14491 194727 0.6740.08 10.98+0.08 B
912 110757 3.7%54 1.5703 24907320 0.79+0.04 11.20+£0.03 B
2104 101707 11792 1.0703 200737  0.4040.08  10.7+0.1 B
5131 10.6791 57752 73142 903t27  0.9+0.2 10.740.1 B
6098 10.77971 2.2%9% 1.7%52  198*27 13401  1055+0.06 B
6379 104707 1.9703 1.2%51 203732 1304006 10.22+0.03 B

NoTeE—Table 1 is published in its entirety in the machine-readable format. A portion
is shown here for guidance regarding its form and content. (1) CANDELS ID of
the galaxy; (2) Stellar mass; (3) Mass-weighted age; (4) Redshift of formation;
(5) Timescale of exponentially declined SFH; (6) Effective radius; (7) Mass surface
density; (8) Type: B=bulge, PS=pure spheroid.

that the SFH of the galaxy is the sum of the bulge and
disk one, we also fitted the total galaxy SED. The new
physical parameters of the galaxy are mostly consistent
with the ones provided in Barro et al. (2019), but could
be considered as an improvement in terms of the com-
plexity of the SFH of the galaxy. While the observed
and model values for the galaxy’s SED are totally con-
sistent, the little discrepancies in the galaxy physical
parameters could arise from the different stellar mod-
els and parameter space. As an example, in Fig. 6 we
present the best model for the bulge, disk, and galaxy
SED for the galaxy GDN 18522 (see also Appendix A).

4. RESULTS

For the first time, we have applied a structure de-
composition method to obtain the SEDs with spectral
resolution R ~ 50 for bulges and disks in a representa-
tive sample of massive galaxies at redshift 0.14 < z < 1.
Furthermore, the spectral resolution and depth of the
SHARDS data allow us to measure absorption indices
(such as D4000) which are closely correlated to stel-
lar ages (see Fig. 16). In this paper, we focus our
analysis of these SEDs in the characterization of the
spheroids (either bulges surrounded by a disk or pure
naked spheroids) at the mentioned redshifts. Indeed, we
were able to properly reconstruct the SFHs of our sam-
ple of spheroids, deriving fundamental physical quanti-
ties which constrain their stellar populations: the stellar
mass (M,), the age tg, the star formation timescale 7,
the metallicity (Z), and the dust attenuation (Ay). In

Table 1 we report the main properties of the sample
spheroids.

4.1. Mass-weighted ages and formation redshift

We consistently characterize the SFH of both bulges
and pure spheroids, pushing the stellar population anal-
ysis of individual structural components of galaxies to
an unexplored redshift range. In particular, we compute
their mass-weighted age

t
_ °®SFR(t) x tdt
= 1y~ Jo_ STRW x tdt. %)
0 SFR(t)dt

where time runs from the start of the star formation
in the galaxy onwards, i.e., tg Gyr before the Universe
age corresponding to the galaxy redshift. This mass-
weighted age represents a better approximation to the
average age of the stellar population, which takes into
account the extent of the star formation and allows us
to mitigate the age-7 degeneracy (see Table 1).

In Fig. 7 we present the mass-weighted ages of
spheroids as a function of their stellar mass. The first
result is that we find a very old population of bulges
(tar > 6 — 7 Gyr). In particular, bulges at redshift
0.14 < z < 1 probed by our survey clearly displays a
bimodal distribution: 52% of them have t3; < 3 Gyr
with median value £, = 1.870% Gyr, while 48% have
tar > 3 Gyr with median value £, = 6.377) Gyr. This
behavior could reflect either a sharp difference in the
formation mode of the two types of spheroids or be due
to some kind of selection bias which we cannot iden-
tify (see Appendix B). There are not massive bulges
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Figure 7. Mass-weighted stellar ages of bulges (red dots) and pure spheroids (black triangles) as a function of their stellar
mass. Errors are reported as 16th-84th percentile interval. The red and black shaded regions show the distribution of the 500
MC realizations for each bulge and pure spheroid, respectively. The gray dashed-dotted horizontal line marks £y = 3 Gyr. Red
arrows mark upper limits for four systems with mass-weighted ages 5 < 100 Myr. The red and black histograms represent
the frequency of the mass-weighted ages of bulges and pure spheroids, respectively. The dotted black histogram shows the

distribution for the total spheroidal population.

(M, > 3 x 10'° M) with young ages (far < 1 Gyr).
Secondly, we find that pure spheroids are on average
younger than bulges: they have median mass-weighted
ages tyy = 1.3703 Gyr and fpy = 27732 Gyr, re-
spectively. Considering the global spheroidal popula-
tion (bulges and pure spheroids), they have a median
mass-weighted age ty; = 1.7fg:57’ Gyr. When combining
all spheroids, the age bimodality holds and it is domi-
nated by systems less than 3 Gyr old (68% of the entire
sample): young spheroids (fpy < 3 Gyr) have a me-
dian mass-weighted age t); = 1.31‘8:2 Gyr, while older
spheroids (fp; > 3 Gyr) present j; = 5.373% Gyr. At
M, > 7x10'° Mg the population of old spheroids dom-
inates, while less massive systems show similar masses
when divided in old and young ones. Four spheroids
are caught in the middle of their formation process
(tar < 100 Myr) at the redshift of observation.

It is worth to remember that our sample of galax-
ies spans along a range in redshift 0.14 < z < 1 (see

Fig. 1) which translates to a wide range in cosmic time
(t ~ 6 Gyr). Thus, since we are dealing with galaxies ob-
served at different epochs, we derive the redshift corre-
sponding to mass-weighted ages (i.e., formation redshift
Ztorm) t0 better understand their evolutionary pathways
(see Table 1). In Fig. 8 we show the correlation between
formation redshift and stellar mass of both bulges and
pure spheroids. In this way, we confirm the observa-
tion of a very old population of bulges. The bimodality
in formation redshift reflects the one in mass-weighted
ages: 67% of bulges have zf,, < 3 with median value

Ztorm = 1.370C, while 33% have 2fopm > 3 with me-
dian value zgorm = 6.2775. At M, > 7 x 10'° Mg,

67% of bulges are formed at redshift z¢m, > 3.8. We
find that pure spheroids are formed (on average) later
than bulges. The totality of pure spheroids builds up
at redshift zgorm < 2, with a median formation redshift
Zform = 1.1J_r8:§. Considering the global spheroidal pop-
ulation (bulges and pure spheroids), 19% of the systems
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Figure 8. Formation redshift of bulges (red dots) and pure spheroids (black triangles) as a function of their stellar mass.
Errors are reported as 16th-84th percentile interval. The red and black shaded regions show the distribution of the 500 MC
realizations for each bulge and pure spheroid, respectively. The gray dashed-dotted horizontal line marks the formation redshift
Ztorm = 3. Red arrows mark upper limits for two systems with masses M, < 2 x 10'° M. The red and black histograms
represent the frequency of the formation redshift of bulges and pure spheroids, respectively. The dotted black histogram shows

the distribution for the total spheroidal population.

formed in a first wave at redshift zform > 3 (with me-
dian zform = 6.21'}:2), while the majority of spheroids
(81%) assembles in a second wave at redshift zform < 3
(with median zgorm = 1.21‘8:3). Finally, there is a posi-
tive trend between formation redshift and stellar mass.
For M, > 7x10'® M, the spheroidal population is dom-
inated by systems formed at zform > 3 (77%), while at
lower mass 88% of the population is formed at zorm < 3.

We tested that the bimodality in the mass-weighted
age and formation redshift of our bulges is not biased
by the redshift of the observed galaxies. The two waves
of bulge formation are also observed when dividing the
sample in two redshift ranges, z < 0.75 and z > 0.75
(see Appendix B). On the other hand, pure spheroids
do not display a bimodal distribution and have similar
mass-weighted ages and formation redshifts as the sec-
ond wave of bulges.

In summary, we find an old population of bulges, being
33% of them already in place by zform > 3. Spheroids
in the redshift range 0.14 < z < 1 display a bimodal
distribution: systems with median mass-weighted age
ty = 1.3 Gyr, formed at median redshift zf, = 1.2,
and considerably older bulges (“embedded” spheroids),
with a median mass-weighted age of 5.3 Gyr, formed at
median redshift zgo,m = 6.2. Pure spheroids (which do
not present a disk) belong to the first type, having me-
dian mass-weighted age is £y; = 1.3733 Gyr and being
all of them formed at z < 2.

Hints for an early formation of bulges in disk galaxies
were already provided by Morelli et al. (2016) by direct
age measurements in a sample of 12 local galaxies. De-
spite the low statistics, they identify a double population
of bulges: 7 young bulges (2 — 7 Gyr) with solar metal-
licity and 5 old bulges (Z 13 Gyr) with a large spread
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Figure 9. Mass-size relations for bulges (dots) and pure spheroids (triangles), color-coded according to their formation redshift
Zform. Hrrors are reported as 16th-84th percentile interval. The dark red and blue dashed line correspond to the best-fitting trend
for early-type and late-type galaxies at redshift z = 0.75 in van der Wel et al. (2014), respectively. The light red dashed-dotted
line stands for the best-fitting trend of bulges at redshift z ~ 0 in Méndez-Abreu et al. (2021). Black arrows mark upper limits
for two systems with masses M, < 2 x 10'® Mg. The red and black histograms represent the frequency of the mass-weighted
ages of bulges and pure spheroids, respectively. The dotted black histogram shows the distribution for the total spheroidal

population.

in metallicity. Nonetheless, regardless of the actual bi-
modality, one of the main results of this work is that a
fraction of bulges formed at very high redshift. Despite
studying a small sample of 10 star-forming galaxies at
redshift 0.45 < z < 1, Mancini et al. (2019) already saw
hints that quiescent bulges present ages approaching the
age of the Universe at the time of observation.

Our results agree and provide a deeper insight about
the trend recently found by independent spectroscopic
observation of galaxies from redshift z = 0.7 to red-
shift z = 2.5 (Gallazzi et al. 2014; Carnall et al. 2019;
Belli et al. 2019). In particular, Gallazzi et al. (2014)
studied a sample of ~ 70 galaxies at redshift z ~ 0.7,
finding average r-band light-weighted ages from ~ 2.3
Gyr (Zform ~ 1.3) at log(M,/Mg) = 10.5 to ~ 2.9 Gyr
(Zform ~ 2.2) at log(M,/Mg) = 11.4. Considering the
average bulge-over-total mass ratio (B/T)mass = 0.51 of

our sample galaxies, the mass range proven by our 2"d-

wave bulges overlaps with their sample galaxies. On the
other hand, our first wave of spheroid formation could
be compared with higher redshift observations. Car-
nall et al. (2019) derived the formation redshift of 75
massive (log(M,/Mg) > 10.3) UVJ-selected galaxies at
redshifts of 1.0 < z < 1.3 finding a population of old sys-
tems (Zform > 3) which have higher stellar masses com-
pared to a younger population which dominates their
sample. This trend is also consistent with the one pro-
vided by Belli et al. (2019) studying 24 quiescent galax-
ies at 1.5 < z < 2.5. It is worth noting that the scenario
holds besides the differences in the details of the SFHs
and the different spectro-photometric data sets, provid-
ing really strong constraints for cosmological simulations
aiming at reproducing the observed Universe.
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Figure 10. Mass surface density MRz of bulges (dots)
and pure spheroids (triangles) as a function of their mass,
color-coded according to their formation redshift zform. Er-
rors are reported as 16th-84th percentile interval. Sys-
tems are separated between compact and extended ones at
log(X1.5) = 10.3 Mg kpc™'® (dashed gray horizontal line;
Barro et al. 2013).

4.2. Morphological properties

In order to understand what drives the formation red-
shift of the substructures of massive galaxies and the
possible differences in the morphological properties of
older and younger spheroids, we plot in Fig. 9 their
mass-size relations. For pure spheroids we use sizes ac-
cording to their half-light radius in the WFC3 F160W
band from Dimauro et al. (2018), while we characterize
the size of the bulge using the best value of its half-light
radius obtained in the spectro-photometric decoupling
using the WFC3 F160W filter (see Sect. 3.1.2). The
stellar masses of spheroids are derived from the stellar
population analysis described in Sect. 3.2.

We compare the position of bulges and pure spheroids
in the mass-size plane with the trend expected for early
and late-type galaxies described in van der Wel et al.
(2014). The two populations actually correspond to
star-forming and quiescent galaxies classified by means
of a rest-frame colors selection (see Wuyts et al. 2007;
Williams et al. 2009). In particular, we use the best-
fitting relation at redshift z = 0.75, but similar trends
are observed when considering the evolving mass-size
relationships described in other works (Buitrago et al.
2008; Damjanov et al. 2009; van der Wel et al. 2014).
Both bulges and pure spheroids lie in the region of early-
type galaxies, having masses and sizes which are not
compatible with late-type systems. The bulge popu-
lation is more compact than its counterpart at redshift
z ~ 0, consistent with an increased star formation activ-

ity in the galaxy most internal regions at earlier times.
We note in Fig. 9 that they are offseted from the best-
fitting relation in Méndez-Abreu et al. (2021) toward
lower sizes and higher masses.

Interestingly, at fixed stellar mass, bulges are on av-
erage smaller than pure spheroids in the same red-
shift range. The first ones have median sizes R, =
1.075% kpe, while the latter show R, = 1.9 kpc.
Indeed, they are two different populations in terms of
size, as proved by means of the Kolmogorov-Smirnov
statistics (p-value < 1%). Bulges extend to lower sizes,
that is, pure spheroids are not found among the small-
est spheroids: 92% of them have R, > 1 kpc, while
48% of bulges have R, < 1 kpc. Although it seems
that there is a continuity between these two classes, a
multivariate Wald-Wolfowitz test reinforces the result
that they are not the same population. At low red-
shift, various studies confirm that elliptical galaxies and
bulges are two different populations in terms of their size
(Gadotti 2009; Méndez-Abreu et al. 2021). Local bulges
and massive elliptical galaxies seem to follow offseted
mass-size relations and occupy different loci of the Fun-
damental Plane (Djorgovski & Davis 1987), providing
clues to their different evolutionary processes (Gadotti
2009). Nevertheless, it has to be noted that this result
is less strict for low-luminosity elliptical galaxies, which
fits in the picture that elliptical galaxies actually har-
bor a more compact (and probably older) component in
their core (de la Rosa et al. 2016).

Regarding their evolution, young spheroids (zform <
3) have median sizes R, = 1.4703 kpc and older ones
(2torm > 3) have R, = 1.3"_’8:2 kpe. In particular, we
find a lack of extended (R, > 2.5 kpc) spheroids among
the population formed at the highest redshift.

The most important result we can infer from the
mass-size relation in Fig. 9 is that 15*-wave bulges
are more compact than 2"d_wave ones: they are not
only slightly smaller, but also more massive. Since
we find no clear trend neither with the Sérsic index of
the galaxy nor the Sérsic index of bulge, to properly
quantify the evolution of spheroids, we plot in Fig. 10
their formation redshift as a function of their mass
surface density ¥, = MR_* (see Table 1). Accord-
ing to the definition in Barro et al. (2013), we define
Y15 (v = 1.5), such as it lies between the mass sur-
face density M/R? and M/R,, both of which strongly
correlated with color and SFR up to high redshifts
(Franx et al. 2008). Following Barro et al. (2013), we
could identify our spheroids with their compact pop-
ulation of quiescent galaxies, defined by log(¥;5) >
10.3 Mg kpe™1°. Young bulges (2form < 3) have median
mass surface density log(¥15) = 10.2705 Mg kpe™!,
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Figure 11. Distribution of timescales as a function of for-
mation redshift for our bulges (first wave: purple dots; sec-
ond wave: orange dots) and pure spheroids (black triangles).
The red shaded region shows the density distribution of the
500 MC realizations for each bulge. The purple and orange
histograms represent the frequency of the timescales for all
the MC realizations of 1°° and 2"9-wave bulges, respectively.

while older ones have median mass surface density
log(¥15) = 10.6f8‘fL Mgy kpe=!5. While bulges span
a wider range of mass surface densities (median val-
ues log(X15) = 104705 Mg kpe='®), 86% of pure
spheroids have log(¥1.5) < 10.3 Mg kpc™15.

Summarizing, the 1%%-wave bulges are more compact
than the 2"d-wave bulges, and bulges are more compact
than pure spheroids.

5. DISCUSSION

In this first paper of a series we focus on studying in-
dependently the separate structures in disk galaxies up
to redshift z = 1, which allows us to compare the prop-
erties of bulges with pure spheroids. Albeit the plethora
of high resolution data collected at redshift z ~ 0, it still
remains difficult to resolve SFHs when galaxies are older
than 5 Gyr due to the similarity of their stellar spectra.
On the contrary, the window 0.14 < z < 1 gives us the
advantage of discerning different stellar populations of
galaxies up to higher formation redshift, simply because
the stellar ages are bounded by the age of the Universe
at the epoch of observation. Moreover, SHARDS spec-
tral resolution and wavelength coverage range permit to
probe young stellar populations due to the presence of
optical spectral features in their rest-frame SEDs.

5.1. Bulges form in two waves

In this work we prove that the population of more
massive spheroids (M, > 7 x 1019 M) is mainly com-
posed by systems already in place at very early cos-

mic time (Zform 2 4), while the low-mass end is domi-
nated by spheroids formed in a prolonged timespan of
~ 8 Gyr. Our result suggests that in the early phase of
galaxy evolution the conditions were very favorable for
rapidly assemble and quench the building blocks of to-
day’s galaxies. Indeed, the population of bulges formed
at Zform > 4 can be considered as the relic of the early
Universe.

Star formation can be very rapidly quenched at ear-
lier cosmic time, as suggested by the presence of quies-
cent galaxies at redshifts z 2 4 (Straatman et al. 2014).
They are typically highly-compact elliptical-like galax-
ies (Daddi et al. 2005; Damjanov et al. 2009). We fur-
ther extend this picture, finding a bimodal distribution
of bulges in terms of their formation redshift. Indeed,
these spheroids present an extended stellar disk com-
ponent at the time of observation. Until today, great
effort was put in studying the quiescent population at
high redshift selecting it by means of the galaxy color.
Despite the UV J selection is proven efficient in selecting
genuinely quiescent galaxies, it could miss a significant
fraction of mass hidden within spheroids in luminous
star-forming disk galaxies (Schreiber et al. 2018).

5.2. Spheroids evolve in two modes

The question which arises is if the bimodal distribu-
tion in the ages of the spheroidal population is due to
a different channel of evolution. Looking at Fig. 8,
our analysis seems to suggest that between redshift
2 < z < 4 the processes responsible for assembling the
more massive spheroids were less efficient, even though
it remains difficult to state if it is a reflection of differ-
ent pathways and transitional epochs in galaxies evolu-
tion. In order to quantify the formation timescale of the
spheroids in our sample, we show in Fig. 11 their 7 dis-
tributions. The build up of the spheroidal component
not only comes in two waves, but it seems to be charac-
terized by two different modes of formation: a fast and
a slow one. The majority of our systems form in short
timescales, having a median 7 = 203‘:}160 Myr. However,
15t-wave bulges have average timescale 7 = 232416 Myr,
while 2"-wave bulges present 7 = 716 + 203 Myr. The
scatter of the 7 distribution is ~ 90 Myr for 1%t-wave
bulges and ~ 1.6 Gyr for 2"d-wave ones. Among 2"9-
wave bulges, 15 out of 61 (25%) have 7 > 500 Myr and
31% have 7 > 300 Myr. On the other hand, 97% (29 our
of 30) of 15*-wave bulges have 7 < 500 Myr and 90% have
7 < 300 Myr. Furthermore, we present in Fig. 12 the
averaged SFHs separately for bulges and pure spheroids.
The fast mode is mostly the only channel of evolution at
earlier cosmic epochs (z = 5). On the other hand, the
slow mode starts to be relevant only in the last ~ 10 Gyr
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Figure 12. Averaged SFHs of the 15*-wave bulges (pur-
ple solid line), 2"%-wave bulges (orange dashed line), and
pure spheroids (black solid line). The red and black shaded
curves represent the corresponding 16th-84th percentile in-
terval. The blue shaded area indicates the redshift studied
in this work.

(# £ 2—3). This picture is consistent with an increas-
ing number of results, where the fast mode dominates
at redshift z > 2.5 but the two channels have to be in
place simultaneously and with similar quenching rates
at z ~ 2 (Schawinski et al. 2014; Wild et al. 2016; Belli
et al. 2019).

5.3. The old population of compact bulges

Another piece of information is provided by the mass-
size evolution of our spheroidal population. Comparing
systems at different formation redshift (see Fig. 9), we
find that older bulges are more compact than younger
spheroids (both bulges and pure spheroids). This find-
ing agrees with the fact that not only two waves of
spheroids formation seems to be in place, but fast-mode
spheroids appear more compact than slow-mode ones
(see also Belli et al. 2019). On the other hand, 15* and
2"d_wave bulges have similar sizes of R, = 1.310% kpc
and R, = 1.0f8:i kpc, respectively. Despite being a re-
sult already observed in Whitaker et al. (2012) dividing
the red sequence of their quiescent galaxies into blue and
red halves, it is worth noting that this lack of evolution
is seen here for the first time in the bulge component.

As stated before, our results provide the evidence of
a population of bulges which formed by compaction
in the early Universe. They are fast-track spheroids,
which present similar sizes but higher masses compared
to their younger counterparts. In this context, we fa-
vor a scenario in which older spheroids in our sample

where formed by violent disk instabilities and clumps
migration, rather than mergers. The higher abundance
of cold gas available in the early Universe could provide
the ideal conditions to rapidly generate very efficient
starbursts, which result in very compact and massive
systems. Cosmological simulations presented by Zolo-
tov et al. (2015) show that their most massive galaxies
start their compaction phase at redshift z > 4 and suc-
cessfully quench by redshift z ~ 2. Furthermore, recent
results from cosmological simulations presented in Cev-
erino et al. (2018) show that high SFRs are driven by
high gas accretion rates and the successive compaction
of the stellar systems. Indeed, in the case the com-
paction event induces an intense star formation burst
at z = 10 with maximum specific SFR ~ 20 Gyr—!,
this translates to ~ SFR = 200 My, yr~! for 101° Mg
at z = 10, mimicking the picture we are providing in
Fig. 12.

The compaction phase of galactic disks into spheroids
naturally leads to quench the systems stabilizing the
violent disk instabilities. The direct result of building
this mass concentration is rapidly increasing the angu-
lar velocity of the gas (morphological quenching; Mar-
tig et al. 2009), diminishing the surface density of the
cold gas component (i.e., star-formation and outflows;
Forbes et al. 2014), and increasing the gas radial veloc-
ity dispersion (i.e., stellar or AGN feedback; Krumholz
& Thompson 2013). The consequent suppression of the
star formation is followed by a gradual growth and ex-
pansion into a larger spheroidal galaxy which could de-
velop an extended stellar disk surrounding the spheroid
due to late and slower gas accretion. Indeed, at the
time of observation, the bulge population presents an
extended stellar disk, which fits the more efficient redis-
tribution of the gas driven by violent disk instabilities
rather than mergers, which could lead to a disruption
of the disky kinematics, diminishing more abruptly the
angular momentum of the forming system.

5.4. The second dominant wave of spheroids

The totality of pure spheroids in our sample are
formed at the epoch of the star-formation activity peak
(Lilly et al. 1996; Madau et al. 1996; Madau & Dickin-
son 2014). Likewise, more than half of bulges were also
formed in the last 10 Gyr of the Universe life. This sec-
ond (dominant) wave, which comprises a younger pop-
ulation of spheroids, is more challenging to interpret.
While the majority of spheroids are still formed in a
fast mode, a slower mode starts to take place. Again,
there is a subpopulation of bulges which is more com-
pact and formed in shorter timescales, pointing towards
a formation by compaction at delayed times respect to
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Figure 13. Illustration of the proposed formation scenario for the spheroidal component of massive galaxies at redshift

0.14 <z < 1.
Table 2. Median physical properties of the spheroidal population at redshift
0.14 < z < 1.
Type log(M,) tm T R, log(31.5)
(Me)  (Gyr) (Myr)  (kpe) (Mo kpe™*?)
(1) (2) (3) 4) (5) (6) (M)
1**-wave bulges 10.875% 6515 6.2715 2031 1.3%08 10.679:%
2" wave bulges 10.370% 17729 1.319¢ 2137750 1.079% 10.2495
pure spheroids ~ 10.5753  1.3*3:2  1.1793 2011 1.97)4 10.119:2

NOTE—(1) Spheroidal type; (2) Stellar mass of each component; (3) Mass-weighted
age; (4) Redshift of formation; (5) Timescale of exponentially declined SFH; (6)
Effective radius; (7) Mass surface density.

the older population. On the other hand, there are pure
spheroids and bulges which are on average less compact
and formed with a variety of timescales. It is difficult to
discriminate any scenario, and probably different ones
start to contribute at some level in shaping the proper-
ties of those spheroids.

Finally, we find that bulges are on average more com-
pact than pure spheroids. This made us question the
true nature of these supposedly pure spheroids: are they
hosting an inner (older) component which belongs to the
same family of older bulges? Theoretical arguments fa-
vor minor mergers to be responsible of their size growth,
since it would be the physical processes allowing to ef-

ficiently increase the size of the spheroid compared to
the growth of its stellar mass (Naab et al. 2009; Hop-
kins et al. 2010). After the compaction phase, the high-
redshift spheroid is likely to experience further accre-
tion, becoming more star-dominated as it evolves (Oser
et al. 2010; Porter et al. 2014). This wet and/or dry
growth could be substantial, leading the spheroid to ac-
quire an extended stellar envelope and making it ap-
pear like a typically observed elliptical galaxy in the
local Universe (van Dokkum et al. 2014; Buitrago et al.
2017).

We qualitatively illustrate in Fig. 13 the proposed sce-
nario for the formation and evolution of bulges and pure
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spheroids in massive galaxies at 0.14 < z < 1. More-
over, we summarize the main properties of the different
spheroids in Table 2. The bulges in z < 1 massive disk
galaxies form in two waves. A first wave of bulges builds
up fast in the early Universe (z > 3) through very dissi-
pative processes such as violent disk instabilities. They
undertake a compaction phase, probably evolving to the
well-known z ~ 2 red nuggets, and then acquire a disk.
A second wave of spheroids forms at z = 1 — 2, some of
them accrete new material and acquire a disk by z ~ 0.5,
becoming a bulge, some of them reach our sample as a
pure spheroid. The first wave is characterized by short
formation timescales and large peak SFR. A relatively
slower mode of formation starts to be relevant for the
2"d_wave bulges and pure spheroids, presenting longer
timescales and smaller peak SFRs. As mentioned ear-
lier, 1t-wave bulges are characterized by their compact-
ness: they present similar sizes but are more massive
than 2"d-wave bulges. Pure spheroids are larger than
bulges and present similar masses, i.e., they are not as
compact.

6. CONCLUSIONS

In this work we investigate the assembly history
and evolutionary pathways of the spheroidal structures
within massive galaxies at redshift z < 1. For that pur-
pose, we use a sample of massive galaxies selected by
the SHARDS spectro-photometric survey in GOODS-N.
We decomposed spectro-photometrically the light of our
galaxies into two main stellar components (i.e., the cen-
tral bulge and the outer extended disk), retrieving their
separate SEDs with a resolution R ~ 50. We fit the pho-
tometry for the spheroids to stellar population synthe-
sis models, characterizing the SFH of the 91 bulges and
comparing their properties with the 65 pure spheroids
in our sample, all at redshift 0.14 < z < 1.

By deriving the mass-weighted ages and the forma-
tion redshifts of spheroids, we find that they form in
two waves. We distinguish a fraction of very old bulges,
which are formed at redshift (zform > 3), and a dominant
population of spheroids (bulges and pure spheroids)
formed at median redshift zerm = 1.2J_r8:3. Further-
more, spheroids not only form in two waves, but they
also form in two modes. At higher redshift, a fast mode
(timescale around 200 Myr) is driving the rapid evolu-
tion of those systems, while at lower redshift a slower
mode starts to became relevant (with timescales rang-
ing from 200 Myr to 1 Gyr and longer). Finally, the old
population of bulges is more compact than the young
population of spheroids. We propose that the first wave
of formation is characterized by a violent compaction

phase, which builds up distinctively dense spheroids in
short timescales.

Considering the rarity of high-z red nuggets surviving
in the local Universe (Trujillo et al. 2009; Tortora et al.
2016; Charbonnier et al. 2017; Buitrago et al. 2018), our
results have important implication for the evolution of
this population. The population of red nuggets, formed
at high redshift through rapid compaction (Damjanov
et al. 2009; Dekel et al. 2009), could possibly evolve in
today’s early type galaxies or settle in the center of a
disk galaxy. Recently, Costantin et al. (2020) suggested
that disk galaxies hide the remnants of the compact and
quiescent population observed at high redshift. The re-
sults of this work reinforce the increasing evidence that
the central regions of early-type galaxies actually har-
bors the population of spheroids formed at high redshift
(MacArthur et al. 2003; Graham 2014; Graham et al.
2015), broadening this comprehensive and compelling
picture to later Hubble types.
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APPENDIX

A. SPECTRO-PHOTOMETRIC DECOUPLING: ROBUSTNESS OF THE METHOD

In this Section we describe the robustness of our decomposition process and provide some more examples of the
spectro-photometric decoupling performances.

As described in Sect. 3.1, we combined the HST and SHARDS data to get SEDs for bulges and pure spheroids with
a spectral resolution R ~ 50. In this sense, we did not fit two components blindly and independently to the SHARDS
data, but we use the decomposition of the HST images as priors. We fit the characteristic surface brightness levels
of bulges and disks in SHARDS bands, keeping their structural parameters (i.e., Sérsic index, size, and shape) frozen
from the two-dimensional decomposition of the galaxy light in HST filters. Since only the relative intensity of the
bulge and disk component is allowed to vary in the decomposition of SHARDS images, we compare in Fig. 14 the
trend of (B/T)ust and (B/T)suarps, dividing the galaxies according to the size of their bulges. The sensibility of
our decomposition process is presented in Tables 3 and 4. We find that the average relative error between (B/T)ust
and (B/T)suarps is less than 16% for galaxies hosting small bulges (Re, < 0.2 arcsec) and it is less than 11% for
galaxies hosting large bulges (Re, > 0.2 arcsec).

We randomly pick four galaxies out of our sample (i.e., GDN 3360, GDN 9386, GDN 17242, and GDN 20441) in
order to demonstrate how the two-dimensional photometric decomposition performed on HST images transfers to
SHARDS data, as detailed in Sect. 3.1. We show in Fig. 15 how the synergy between the two data set allows us to fit
the individual SED of bulges and disks (right panels), characterizing their SFHs, as detailed in Sect. 3.2.

B. MASS-WEIGHTED AGES: DEGENERACIES

It is well known that stellar age, dust content, and metallicity are strongly degenerate, introducing uncertainties in
physical parameter estimates based on SED fitting. However, key spectral features in the optical rest-frame spectra of
galaxies (i.e., the 4000 A break and the Balmer break) better constrain the typical degeneracies which affect the SFH
of each galaxy (Ferreras et al. 2012; Whitaker et al. 2011). In particular, since the break in the stellar continuum at
4000 A is a good age indicator (Bruzual A. 1983; Kauffmann et al. 2003), it has been successfully used to infer redshifts
and ages of stellar populations in massive galaxies at high-z (Saracco et al. 2005), and can also be successfully measured
using medium-band photometry (Kriek et al. 2011). It is worth noting that, since we are dealing with estimations
from photometric data alone, we decide to use the definition in Bruzual A. (1983) instead of the narrow index D,,4000
(Balogh et al. 1999), in order to reduce the uncertainties in the measurement. The SHARDS data provide a combination
of depth and spectral resolution which allows us to detect such feature not only in the galaxy integrated SED but even
in the bulge one (see Fig. 6), providing an independent validation of the its age. Thus, to assess the robustness of the
mass-weighted ages retrieved from the SED fitting proposed in Sect. 3.2 and 4.1, we show in Fig. 16 our measurements
of D4000 for the sample bulges and pure spheroids, comparing them with the trend expected from Bruzual & Charlot
(2003) stellar population models.

In Fig. 17 we show the distribution of mass-weighted ages of the bulges in our sample, dividing them into those
observed at redshift z < 0.75 (46 out of 91) and those at redshift z > 0.75 (45 out of 91). We see that the trends
presented in Fig. 7 (and Fig. 8) hold even when we separate bulges in lower and higher redshift ones. This allows
us to rule out that the bimodality of bulge ages is biased because of their redshift distribution and/or large scale
structure (see Fig. 1). Additionally, to further quantify that the age bimodality reported in Sect. 4.1 is not driven by
degeneracies in the cluster of solutions resulting from the SED fitting, we show in Fig. 18 the distribution of the 500
MC simulations performed for every bulge in our sample. In particular, we separate 15°-wave bulges (zform > 3; left
panel) from 2nd_wave ones (%form < 3; right panel). We show how the age bimodality holds independently of choosing
the best cluster solution, implying a physical separation between the two waves of bulges.
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Figure 14. Luminosity-weighted B/T as a function of wavelength (dots) for galaxies with Rep < 0.2 arcsec (left panel) and
Ren > 0.2 arcsec (right panel). Dots are color-coded according to the bulge effective radius. Diamonds represent the mean

values measured from our SHARDS photometry, while squares stand for mean values retrieved from Dimauro et al. (2018).
Error bars stand for the standard error of the mean.

Table 3. Comparison of B/T from SHARDS and HST photometry for galaxies with
Rep < 0.2 arcsec.

Arest (B/T)ust oust (B/T)suarps osuarps Relative difference
(nm)
(1) (2) (3) (4) (5) (6)
0.26 —0.32 0.28+0.02 0.16 0.24 £ 0.01 0.14 14%
0.32 —-0.38 0.29+0.03 0.12 0.28 £ 0.01 0.15 4%
0.38—-0.44 0.37+0.02 0.13 0.31 £0.01 0.17 16%
0.44 — 0.50 0.40+0.02 0.13 0.36 £ 0.01 0.19 11%
0.50 —0.56 0.414+0.02 0.10 0.34 +£0.02 0.19 15%
0.56 —0.62 0.344+0.03 0.12 0.34 £ 0.02 0.16 < 1%

NOTE—(1) Rest-frame wavelength range; (2) Mean bulge-over-total luminosity ratio
and standard error (HST; Dimauro et al. 2018); (3) Standard deviation; (4) Mean
bulge-over-total luminosity ratio and standard error (SHARDS); (5) Standard de-
viation; (6) Relative difference between (B/T)ust and (B/T)sHARDS-
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Table 4. As Table 3, but for galaxies with R p > 0.2 arcsec.

Arest (B/T)ust oust (B/T)suarps osuarps Relative difference
(nm)
(1) (2) 3) (4) (5) (6)
0.26 —0.32 0.25£0.05 0.24 0.25 £ 0.02 0.16 4%
0.32 -0.38 0.33£0.05 0.19 0.33 £0.02 0.19 < 1%
0.38—-0.44 0.414+0.05 0.24 0.39 £0.01 0.20 6%
0.44 —0.50 0.484+0.05 0.22 0.43 £ 0.02 0.22 11%
0.50 —0.56 0.41£0.05 0.21 0.42 £+ 0.02 0.22 4%
0.56 —0.62 0.51£0.05 0.22 0.47 £+ 0.02 0.19 7%

NoOTE—(1) Rest-frame wavelength range; (2) Mean bulge-over-total luminosity ratio
and standard error (HST; Dimauro et al. 2018); (3) Standard deviation; (4) Mean
bulge-over-total luminosity ratio and standard error (SHARDS); (5) Standard de-
viation; (6) Relative difference between (B/T)ust and (B/T)sHarDS.-
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Figure 15. Two-dimensional photometric decomposition on HST (left panels) and SHARDS (middle panels) images, similarly
to those proposed in Figs. 3 and 4. The SEDs and the best fit stellar models of the galaxy, bulge, and disk are also presented

(right panels), similarly to those proposed in Fig. 6. From top to bottom, the galaxies GDN 3360, GDN 9386, GDN 17242, and
GDN 20441 are shown as an example.
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Figure 16. Measured D4000 values as a function of mass-weighted ages for bulges (red dots) and pure spheroids (black
triangles). The solid blue line shows the evolution of D4000 Bruzual & Charlot (2003) models at solar metallicity, while the
dashed and dashed-dotted orange lines correspond to super-solar and sub-solar metallicities, respectively.
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Figure 17. Distribution of mass-weighted age considering the 500 MC simulations for each bulge in our sample. The yellow
histogram represents bulges in galaxies at redshift z < 0.75, while the green histogram stands for bulges in galaxies at redshift
z > 0.75.
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Figure 18. Density distribution of the mass-weighted ages of our bulges retrieved from the MC simulations described in
Sect. 3.2. Bulges are separated between 15*-wave (purple distribution in the left panel) and 2"%-wave ones (orange distribution
in the right panel). Darker colors stand for higher density.
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