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Abstract

We investigate the stellar populations for a sample of 161 massive, mainly quiescent galaxies at (zqys) = 0.8 with
deep Keck/DEIMOS rest-frame optical spectroscopy (HALO7D survey). With the fully Bayesian framework
Prospector, we simultaneously fit the spectroscopic and photometric data with an advanced physical model
(including nonparametric star formation histories, emission lines, variable dust attenuation law, and dust and active
galactic nucleus emission), together with an uncertainty and outlier model. We show that both spectroscopy and
photometry are needed to break the dust—age—metalhclty degeneracy. We find a large diversity of star formation
histories: although the most massive (M, > 2 x 10! M) galaxies formed the earliest (formation redshift of
7y~ 5-10 with a short star formation timescale of 7gr S 1Gyr), lower-mass galaxies have a wide range of
formation redshifts, leading to only a weak trend of z; with M,. Interestingly, several low-mass galaxies have
formation redshifts of zy~ 5-8. Star-forming galaxies evolve about the star-forming main sequence, crossing the
ridgeline several times in their past. Quiescent galaxies show a wide range and continuous distribution of
quenching timescales (7guench =~ 0-5 Gyr) with a median of <Tquench> = 1. O*O'8 Gyr and of quenching epochs of
Zquench =2 0.8-5.0 ((zquench> = 1. 3+ ) This large diversity of quenching timescales and epochs points toward a
combination of internal and external quenching mechanisms. In our sample, rejuvenation and “late bloomers™ are
uncommon. In summary, our analysis supports the “grow-and-quench” framework and is consistent with a wide
and continuously populated diversity of quenching timescales.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Galaxy formation (595); Galaxy stellar content
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(621); Galaxy quenching (2040)

1. Introduction

How and why galaxies grow in stellar mass and cease their
star formation are key open questions of galaxy formation and
evolution. Although scaling relations between the star forma-
tion activity and other galaxy properties such as stellar mass,
morphology, and environment exist, it is challenging observa-
tionally to constrain how individual galaxies evolve about these
scaling relations. The goal of this paper is to measure detailed
star formation histories (SFHs) of individual galaxies (includ-
ing that of prior merged galaxies) at early cosmic times to
assess on which timescales galaxies form their stars and then
cease their star formation.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Over the past two decades, both observational and theor-
etical studies have motivated a paradigm shift in galaxy
evolution, in which smooth gas accretion plays a major role
compared to galaxy—galaxy mergers in driving high star
formation rates (SFRs) at early cosmic times (redshifts of
7> 1;see Forster Schreiber & Wuyts 2020 for a review).
Observations show that a majority of these early star-forming
galaxies are rotating disks without any sign of ongoing merging
(Genzel et al. 2006, 2008; Wisnioski et al. 2015; Simons et al.
2017; Forster Schreiber et al. 2018) and that their SFRs are
tightly correlated with their stellar mass (M,) over several
orders of magnitude, a correlation often called the star-forming
main sequence (SFMS; Daddi et al. 2007; Noeske et al. 2007;
Whitaker et al. 2012b; Renzini & Peng 2015; Speagle et al.
2016).

This empirical evidence of galaxies sustaining their SFRs
over prolonged periods of time through continuous gas
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accretion is supported by cosmological models. Numerical
simulations show that massive galaxies can acquire a large
fraction of their gas via steady cold inflows that penetrate
effectively through the shock-heated media of massive dark
matter halos (Keres et al. 2005; Dekel & Birnboim 2006, 2008;
Faucher-Giguere & Kere§ 2011). Furthermore, simulations and
(semi)analytical models naturally reproduce the observed
SFMS, indicating that galaxies—even at early cosmic times
—self-regulate and grow along the evolving SFMS (Bouché
et al. 2010; Lilly et al. 2013; Dekel & Mandelker 2014;
Mitchell et al. 2014; Sparre et al. 2015; Rodriguez-Puebla et al.
2016; Tacchella et al. 2016, 2018; Donnari et al. 2019).

While the majority of massive galaxies are star-forming at
z~ 2, a population of quiescent galaxies is building up with
cosmic time and dominates the massive end of the galaxy
stellar mass function at z ~ 0 (Ilbert et al. 2013; Muzzin et al.
2013; Davidzon et al. 2017). Therefore, with passing cosmic
time, galaxies transition from being star-forming to being
quiescent (Bell et al. 2004; Faber et al. 2007), a process often
called “quenching.” The evolving SFMS with a simple
prescription for quenching (for example, at fixed stellar mass)
and merging is indeed able to explain the evolution of the mass
functions of star-forming and quiescent galaxies with cosmic
time (Peng et al. 2010). Besides these observations, this “grow-
and-quench” framework, together with the buildup of lower-
mass quiescent galaxies in high-density environments (some-
times referred to as satellite quenching; e.g., Peng et al. 2012),
can explain that the sites of active star formation shift from
high-mass galaxies at early times to lower-mass systems at later
epochs (“downsizing”; Cowie et al. 1996; Gallazzi et al.
2005, 2021; Bundy et al. 2006), why more massive galaxies are
older while their halos have assembled more recently (Thomas
et al. 1999; Graves et al. 2009), and the morphological
landscape of galaxies (Carollo et al. 2013; Bluck et al. 2014;
Damjanov et al. 2014, 2019; Lilly & Carollo 2016; Barro et al.
2017; Mosleh et al. 2017; Tacchella et al. 2017, 2019; Chen
et al. 2020; Osborne et al. 2020).

While the grow-and-quench framework is able to success-
fully explain a wide variety of observations, it has recently
been called into question. The fundamental problem is that we
cannot observe individual galaxies growing and then quench-
ing: as observers, we are bound to observe different galaxies at
different cosmic epochs, which allows us to do cross-sectional
studies, but not longitudinal ones (Abramson et al. 2016).
Therefore, the SFMS as a fundamental pillar of the grow-and-
quench framework may not indicate a scaling law about which
individual galaxies grow but could arise instead from a diverse
family of lognormal SFHs that look significantly different from
simply following SFMS (Abramson et al. 2016; Kelson et al.
2016). Generally, this raises the question of whether and how
galaxies evolve about the SFMS (Kelson 2014; Abramson et al.
2015; Mufioz & Peeples 2015; Caplar & Tacchella 2019;
Tacchella et al. 2020). On the other hand, the archaeological
record of the galaxies’ stellar populations ought in principle to
encode how individual galaxies evolve with cosmic time (e.g.,
Thomas et al. 1999; Renzini 2006; Graves et al. 2009; Trager &
Somerville 2009; Pacifici et al. 2016; Morishita et al. 2019;
Webb et al. 2020)—an avenue we follow in this paper. As we
also note later in the paper, this archaeological approach gives
the integrated evolution of all the stellar components in a
galaxy, which may have assembled via different evolutionary
tracks.

Tacchella et al.

Another open question related to the grow-and-quench
framework is about quenching: which physical mechanism(s)
are responsible for shutting down the star formation? Are
galaxies quenching “fast” or “slow”? From semianalytical and
cosmological models it is clear that some process is needed to
inhibit the growth of too-massive galaxies, possibly pointing to
black hole feedback (Croton et al. 2006; Bower et al. 2006; Di
Matteo et al. 2005; Hopkins et al. 2006), supernova feedback
(Springel et al. 2005; Cox et al. 2006; Dalla Vecchia &
Schaye 2012; Lagos et al. 2013), or virial shock heating of
gaseous halos (Birnboim & Dekel 2003; KereS et al. 2009).
Furthermore, different mechanisms could interact with each
other, leading to a complex interplay. For example, a hot halo
might be required for quenching but only quenches a galaxy in
cooperation with stellar or black hole feedback (e.g., Voit et al.
2015; Tacchella et al. 2016; Bower et al. 2017; Chen et al.
2020). Since different processes could act on distinct timescales
and spatial scales, observationally constraining the epoch of
quenching and the quenching timescale could help with
pinning down the quenching mechanism (e.g., Rodriguez
Montero et al. 2019; Wright et al. 2019; Park et al. 2021).

Focusing first on the epoch of quenching, observations show
that quenching is happening continuously over cosmic time,
starting back at z 2 3 (e.g., Gobat et al. 2012; Kriek et al. 2016;
Valentino et al. 2020) and continuing to today (e.g., Bell et al.
2004; Faber et al. 2007; Peng et al. 2010; Barro et al. 2013;
Ibert et al. 2013; Muzzin et al. 2013). Importantly, quiescent
galaxies retain information about the time and manner of their
quenching, as manifested in (i) structural scaling laws obeyed
by quenching galaxies back in time (e.g., van der Wel et al.
2014; Barro et al. 2017; Chen et al. 2020) and (ii) relationships
between structure and stellar population properties (i.e., ages,
metallicities) in the fundamental plane space of quiescent
galaxies today (e.g., Graves et al. 2010; Cappellari 2016). In
particular, Graves et al. (2010) predicted the duration of the
star-forming phase and the onset of quenching in different parts
of the fundamental plane from stacks of Sloan Digital Sky
Survey (SDSS) spectra of z ~ 0 quiescent galaxies. They find
that the local fundamental plane reveals a wide range of
quenching histories at a given M, back in time in the form of a
wide range of stellar ages, while these diverse histories seem to
tighten up when considering velocity dispersion instead of M,.

There has also been a large effort to constrain the quenching
timescale at low redshifts (e.g., Wetzel et al. 2013; Schawinski
et al. 2014; Yesuf et al. 2014; Peng et al. 2015; Hahn et al.
2017; Smethurst et al. 2018; Trussler et al. 2020), as well as
higher redshifts (e.g., Barro et al. 2013; Belli et al.
2015, 2019, 2021; Tacchella et al. 2015a; Fossati et al. 2017;
Wu et al. 2018a; Herrera-Camus et al. 2019; Estrada-Carpenter
et al. 2020; Wild et al. 2020). These studies employ a wide
range of different methods and quenching definitions, making it
difficult to compare them to each other and also to theoretical
predictions. Broadly speaking, at lower redshifts (z < 0.5),
massive galaxies quench on timescales of Tquench = 1—4 Gyr,
while galaxies at higher redshifts (z > 1) quench on shorter
timescales Tquench < 1 Gyr. Furthermore, at all epochs, a
population of quenched post-starburst galaxies, also known
as K+ A or E + A galaxies, exists, which recently quenched
on short timescales (Dressler & Gunn 1983; Quintero et al.
2004; Wild et al. 2009, 2020; Yesuf et al. 2014). These studies
highlight that there is a wide range of quenching timescales,
usually referred to as a “slow” and a “fast” quenching channel.
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However, it is not clear whether quenching timescales are
really following a bimodal distribution.

In this paper, we focus on constraining the SFHs of galaxies
at an epoch when the universe was half of its current age
(z ~ 0.8). Accurate measurements of SFHs rely on high-quality
data, both photometric and spectral. Even with high-quality
data, predictions of SFHs are increasingly less accurate the
farther back in time one extrapolates from the epoch of
observation. High-quality spectral data have typically been
available for local galaxies because they are bright, but
observations taken at today’s epoch mean that early epochs
remain shrouded in mystery. The present data set moves the
epoch of observation back in time, closer to key evolutionary
events, allowing us to focus on the following two questions: (1)
do galaxies grow along the SFMS during their star-forming
phase, and (2) when and how rapidly does star formation
cease?

We present deep Keck/DEIMOS rest-frame optical
spectroscopy of 161 massive galaxies at z ~ 0.8. We combine
this high spectral resolution broadband spectroscopy with
accurate photometry in the key wavelength range from ~2000
Ato 12 pm (rest-frame). With the fully Bayesian framework
Prospector (Johnson et al. 2021), we simultaneously fit
spectroscopic and photometric data in order to break the dust—
SFH-metallicity degeneracy. We measure a large diversity of
SFHs, giving rise to a wide range in star formation and
quenching timescales. Nevertheless, our results are consistent
with the grow-and-quench framework, where galaxies evolve
about the SFMS ridgeline while star-forming, followed by
quenching. We find that rejuvenation plays only a minor role.
These results have important implications for structuring future
galaxy modeling programs, both nearby and distant. In the
future, we will build on this analysis, relating SFHs from this
work to the galaxies’ morphology, structural parameters, and
metal abundance.

Throughout this work, we will use a rather broad definition
of quenching. Specifically, quenching is defined as the process
in which galaxies cease their star formation and transition from
star-forming to quiescent. In the literature, a wide range of
different criteria have been used to distinguish star-forming and
quiescent galaxies, ranging from cuts in color to specific SFR
(sSFR = SFR/M,; see, e.g., Leja et al. 2019c¢ for a comparison
of sSFR and color cuts). Here we consider a cut in sSFR
because it quantifies best whether a galaxy is still increasing its
stellar mass owing to star formation or not. In particular, one
can write

! S r d !
M) = Mo (tg) x eSO, (1)
where M,(ty) >0 is the stellar mass of the galaxy at some
earlier time 7, (i.e., fy < f). From this, one can derive the mass-
doubling number &,

9(z) = sSFR(2) X tq(2), )

which is the number of times the stellar mass doubles within
the age of the universe at redshift z, 75(z), assuming a constant
sSFR. Throughout this work, we classify galaxies as star-
forming, transitioning, and quiescent if Z(z) > 1/3,
1/20 < 9(z) < 1/3, and 2(z) < 1/20, respectively. The
motivations for these cuts are given in Section 2.3. It is
important to note that a large fraction of the “green valley” at
z=0 has & < 1/20, indicating that these galaxies can be
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considered quiescent. This is not the case at earlier cosmic
times since the population sSFRs are overall higher relative to
the age of the universe.

The outline of this paper is as follows. Section 2 describes
the galaxy sample and observational data. Sections 3 and 4
describe the physical model adopted to describe the observa-
tional data and the fitting procedure itself, respectively.
Section 5 presents the results. We discuss the results in
Section 6 and conclude in Section 7. Throughout this work, we
assume the cosmological parameters of WMAP-7 (Komatsu
et al. 2011).

2. Sample and Data

In this section we describe the spectroscopic and photometric
data used in our analysis (Sections 2.1 and 2.2). In Section 2.3,
we discuss how our sample of galaxies relates to the underlying
galaxy population at z ~ 0.8.

2.1. Spectroscopy

The spectroscopic data have been taken as part of the
HALO7D program, a survey conducted in CANDELS fields
(Grogin et al. 2011; Koekemoer et al. 2011) with the Keck I/
DEIMOS instrument (Faber et al. 2003). HALO7D is a
multisemester program with the main goal of surveying faint
halo stars with Hubble Space Telescope (HST) measured
proper motions in order to measure their line-of-sight velocities
and chemical abundances, giving 6D phase-space information
and chemical abundances for hundreds of remote Milky Way
halo stars (Cunningham et al. 2019a, 2019b). The targeted
fields, together with the deep exposures necessary to reach the
faintest stars in the Milky Way halo, are an opportunity for a
novel synergy of extragalactic and Galactic science. In addition
to the primary halo star targets—which only occupy about a
quarter of slitlets on a given DEIMOS mask—spectra for
extragalactic targets have been taken. These data have been
used to study galactic winds in z~1 (Yesuf et al. 2017;
W. Wang et al. 2021, in preparation), internal galaxy kinematics
(G. Barro et al. 2021, in preparation), and dwarf galaxies (Y. Guo
etal. 2021, in preparation). Here we focus on the highest-priority
filler sample of galaxies, i.e., massive star-forming and quiescent
galaxies at 7 ~ 0.8.

2.1.1. Sample Selection

This filler sample of massive star-forming and quiescent
z~ 0.8 galaxies has been selected from the CANDELS survey
and an extended region around EGS with IRAC imaging. The
latter, EGS IRAC-selected galaxy sample is drawn from the
Rainbow database'® (Barro et al. 2011a), which covers an area
of 1728 arcmin® centered on the EGS and provides spectral
energy distributions (SEDs) ranging from the UV to the mid-IR
(MIR) regime (Barro et al. 2011b). The highest-priority targets
are galaxies with stellar masses of M, > 10'"" M, including
both star-forming and quiescent galaxies. The second-highest
priority includes galaxies with M, = 10'* — 10'"! M., and UVJ-
quiescent colors. We emphasize that this sample is not volume
or mass complete but traces the massive galaxy population
around z~0.8. It is an unbiased sample of galaxies above
M, > 10" M, but biased toward quiescent galaxies below this
mass limit.

'8 http:/ /rainbowx.fis.ucm.es /Rainbow_navigator_public /
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Figure 1. S/N of our galaxies in the M, — zybs plane. Our sample of 161
galaxies covers a wide redshift range (zops &~ 0.4—1.2) and spans about two
orders of magnitude in stellar mass (M, ~ 10'°-10'> M.). The average (and
median) redshift of our sample is (zybs) = 0.8. The color-coding of the points
corresponds to S /N of the spectrum, measured in a wavelength wmdow of
Aobs = 7000-9200 A. We only consider galaxies with S/N > 5 A~ Galaxies
in our sample have spectra with S/N between 5.2 and 62.0 A, with an
average of 17.4 Al

2.1.2. Observations and Data Reduction

The observations and data reductions are described in detail
in Cunningham et al. (2019a). In summary, the HALO7D
observations use the 600 line mm -! grating on DEIMOS
centered around 7200 A with the GG455 order-blocking filter.
This setup gives a nominal wavelength coverage of
4600-9500 A at a resolutlon (FWHM) of ~ 3.5 A for a 1” slit
width and 0.65 A pixel™ dispersion. The slit posmon angles are
set to within £30% of the parallactic angle to minimize light
loss in the blue owing to atmospheric dispersion. In total, 232
galaxies were observed. Useful data (continuum signal-to-noise
ratio (S/N) of at least 5 A , N0 major artifacts in the data, and
no active galactic nucleus (AGN) with point sources or with
broad lines) have been collected for 161 galaxies. For the
remainder of this paper, we focus on those galaxies. The
exposure times of these galaxies range between 4.0 and 48.6 hr,
with an average of 11.1 hr. The HALO7D observations were
reduced using the automated DEEP2/DEIMOS spec2d pipe-
line developed by the DEEP2 team (Cooper et al. 2012;
Newman et al. 2013), which, among other things, performs the
sky subtraction. Wavelength regions that are heavily affected
by skylines are masked, making up about 15% of all the pixels.
Calibrations were done using a quartz lamp for flat-fielding and
red NeKrArXe lamps for wavelength calibration. We do not
perform any flux calibration of the spectra since we directly
model the spectroscopic flux calibration during fitting
(Section 4.1). The instrumental line-spread function (LSF)
has been measured from these arc lamps and the night skylines,
as described in Appendix A. Importantly, our analyses of both
photometry and spectroscopy in this work make the simplify-
ing assumption that all galaxies are spatially uniform. In future
work, we will account for and exploit spatial variations in
colors and stellar populations that do exist (e.g., Szomoru et al.
2013; Tacchella et al. 2015b; Mosleh et al. 2017; Suess et al.
2019).
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Figure 1 shows the stellar mass (M,) as a function of
observed redshift (z,ps) for our sample of 161 galaxies. The
stellar masses are obtained from our SED modeling, as
described in Section 4. The color scaling of the points indicates
the S/N of the spectra, measured in an observed-frame
wavelength window of \,,s = 7000-9200 A. Our sample spans
a wide range in redshift with z,,s~ 0.4-1.2 and about two
orders in stellar mass (M, ~ 10'°-10"> M, M.,). The core of the
sample lies in the redshift interval 0.6-1.0, with an average
redshift of (zops) =0.8. The median stellar mass is
logM, /M, = 11.0. The galaxies at z,,s < 0.6 have the highest
S/N. In the core redshift range of our sample (z,ps = 0.6-1.0),
no clear trend of redshift with S/N exists. The quality of our
spectra is comparable to that of the LEGA-C survey (van der
Wel et al. 2016), but our sample is smaller while probing a
larger redshift range. Importantly, although the redshift range
probed by our galaxies is rather large, thanks to the broad
wavelength coverage (Agps =4600-9500 A) key absorption
features are covered by all galaxies. Specifically, the core
sample of our galaxies probes the hydrogen absorption lines
from H10 (found at 3799 A) to Hﬂ (at 4863 A) the calcium H
and K lines (at 3934 and 3969 A) the CN line (at 4160 A) the
Mg 1b triplet (at 5176 A), and several other Mg (at 5530 A), Ca
(including at 4227 and 4455 A) and Fe lines (including at
4383, 4531, 4668, and 5270 A). Only galaxies probing the
highest redshifts (zops > 1) do not have coverage of the Mglb
triplet and the Hf line.

2.2. Photometry

We match the 161 HALO7D galaxies to photometric
catalogs. As described in the previous section, most of our
galaxies (82.8% of the sample) lie in the CANDELS survey
footprint. Specifically, 19.0%, 20.9%, and 42.9% of the sample
lies in COSMOS, EGS, and GOODS-N, respectively. We
match those galaxies with 3D-HST photometric catalogs
(Skelton et al. 2014). Specifically, our galaxies are covered
by between 17 (the EGS field) and 44 (the COSMOS field)
photometric bands spanning a range of 0.3-8 um in the
observed frame. The photometry is supplemented by Spitzer/
MIPS 24 ym fluxes from Whitaker et al. (2014). The MIPS
24 ym coverage is important because the rest-frame MIR
wavelengths are dominated by warm dust emission, a key
empirical proxy for obscured star formation (Kennicutt 1998).
The other 28 galaxies (17.2% of the sample) are lying not in the
3D-HST footprint but in the extended EGS region. We use the
UV-IR photometry in the Rainbow database'® published by
Barro et al. (2011a) for those objects.

The 3D-HST team self-consistently rederives zero-points for
each instrument and filter in order to bring data from different
instruments onto a common flux scale. Details are described in
Skelton et al. (2014). Since this process is imperfect, we adopt
the procedure by Leja et al. (2019b) and add the zero-point
correction for each band of photometry to the flux errors in
quadrature. This effect varies from 0% to 28% of the total flux,
depending on the photometric band. Additionally, a 5%
minimum error is enforced for each band of photometry to
allow for systematic errors in the physical models for stellar,
gas, and dust emission.

' http: / /rainbowx. fis.ucm.es /Rainbow_navigator_public /
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Figure 2. Our sample of 161 galaxies in comparison with the whole galaxy population at z = 0.6—1.0. The panels from top left to bottom right show the planes of
SFR — M,, rest-frame UVJ colors, ¥—-M,, and R.—M,. Our galaxies are shown as circles, while the whole galaxy population from 3D-HST is shown with the
underlying hexbins (a total of ~10,000 objects at z = 0.6—1.0). The color-coding in all panels corresponds to the doubling number Z, as defined by Equation (2). The
solid blue line in the top left panel shows the SFMS from Leja et al. (2021), the solid red line in the bottom left panel indicates the ¥,—M, relation for quiescent
galaxies from Barro et al. (2017), and the solid blue and red lines show the R.—M, relations for star-forming and quiescent galaxies from van der Wel et al. (2014),
respectively. Our galaxy sample follows the typical trends of the galaxy population (i.e., more quiescent galaxies lie in the UVJ-quiescent box, have higher central
stellar mass densities X1, and have smaller sizes R.). By selection (Section 2.1.1), our sample focuses on massive, quiescent galaxies and only contains a few star-

forming galaxies.

2.3. Galaxy Sample

In this section, we compare our galaxy sample to the
underlying galaxy population at z=0.6-1.0, the core redshift
range of our sample. Figure 2 shows from top left to bottom
right the planes of SFR — M,, rest-frame UVJ colors, ¥1—M,,
and R.—M,. The circles indicate our sample, while the
background hexbins show the whole galaxy population of
CANDELS/3D-HST. Specifically, the stellar population para-
meters of the CANDELS/3D-HST comparison sample (M,,
SFR, and UVJ rest-frame colors) have been taken from Leja
et al. (2019b), while H-band half-light size R, and the central
stellar mass surface density within 1kpc X; are obtained from
van der Wel et al. (2014). In particular, we estimate >3,
(Cheung et al. 2012; Saracco et al. 2012; Fang et al. 2013; van
Dokkum et al. 2014; Tacchella et al. 2015a; Barro et al. 2017;
Tacchella et al. 2017; Woo et al. 2017) by computing the
fraction of the total luminosity in the H band within 1 kpc from
the single Sérsic fits by van der Wel et al. (2014), assuming a
constant mass-to-light ratio throughout the galaxy. The blue
line in the top left panel shows the SFMS (Leja et al. 2021), the
black line in the top right panel shows the UVJ-quiescent box
as defined in Whitaker et al. (2012a), the red line in the bottom
left panel marks the 3; — Mx relation for quiescent galaxies as
measured in Barro et al. (2017), and the blue and red lines show

the R.—M, relations for star-forming and quiescent galaxies
from van der Wel et al. (2014), respectively. The color-coding
in all panels corresponds to the doubling number &, a measure
of the number of times the stellar mass would double over the
age of the universe at the current sSFR (see Equation (2)). As
mentioned in the Introduction, we classify galaxies as star-
forming, transitioning, and quiescent if Z(z) > 1/3,
1/20 < 9(z) < 1/3, and 2(z) < 1/20, respectively. These
cuts correspond to blue, green, and red coloring in Figure 2,
verifying that these cuts are meaningful.

As shown in Figure 2, the galaxies of our sample follow the
overall trends of the massive galaxy population. At a given M,,
star-forming galaxies have lower ¥; and larger R, than
quiescent galaxies. By selection (Section 2.1.1), our sample
is unbiased above 10'! M., while below this limit it is skewed
toward quiescent galaxies (low SFRs and UVJ-quiescent
colors). Importantly, our quiescent galaxies span the whole
parameter space of X—M, and R.—M, of quiescent galaxies.
The star-forming galaxies in our sample are typically massive
with M, > 10'"" M. Several star-forming galaxies (based on
the doubling number &) in our sample lie in the UVJ-quiescent
box, consistent with the expected contamination rate of roughly
20% (Leja et al. 2019¢c). We take a more detailed look at those
objects and the UVJ color—color diagram in Appendix E.



THE ASTROPHYSICAL JOURNAL, 926:134 (36pp), 2022 February 20

2.4. Comparison to IllustrisTNG

Throughout this paper, we compare our observational
measurements with similar measurements from the cosmolo-
gical, hydrodynamical simulation IlustrisTNG (Marinacci
et al. 2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich
et al. 2018; Springel et al. 2018; Nelson et al. 2019b). A
detailed comparison between IllustrisSTNG and our observa-
tions will allow us to assess the validity of adopted subgrid
models in IustrisTNG. In particular, we will focus on
processes that are related to shaping SFHs, such as quenching,
which in IllustrisTNG is mainly driven by black hole feedback:
galaxies in IllustrisSTNG quench once the energy from black
hole kinetic winds at low accretion rates becomes larger than
the gravitational binding energy of gas within the galaxy stellar
radius (e.g., Terrazas et al. 2020). This occurs at a particular
black hole mass threshold.

Throughout this paper, we focus on the intermediate-sized
box TNG100-1 (TNGI100 for the remainder of the paper),
which combines a moderate resolution with a large volume to
allow us to track the evolution of massive quiescent galaxies at
7~ 0.5—2. The baryonic mass resolution of this box is
1.4 x 10° M., and the box size is 110.7° Mpc®. We randomly
select a sample of 1340 out of the 5703 galaxies with
M, > 10" M, from the snapshot at z = 0.7. For each galaxy in
TNG100, the stellar properties are extracted by considering all
the bound particles. About a third (475 galaxies) of those
galaxies are quiescent, consistent with observational estimates
(Donnari et al. 2019). In order to perform a fair comparison
between our observational measurements and the measure-
ments from TNG100, we “project” the theoretical quantities
into the observational space (spectra and photometry).
Specifically, we predict the DEIMOS spectra and photometry
by using the stellar particles’ ages and metallicities and by
drawing the other parameters of the galaxy SED, such as dust
attenuation, dust emission, and AGN emission, from the prior
(see Section 3). For this, we use the same stellar population
synthesis models as in the fitting (Section 3.1). We add noise to
the spectra and photometry by drawing from the noise
distribution of our observational data (see Figure 1). After
predicting realistic spectroscopic and photometric data from
TNG100 galaxies, we run the same analysis on them as on our
observations (Sections 3 and 4) and apply the same UVJ/sSFR
selection as in the observational sample when comparing to the
observations in the individual figures.

Although we perform this “apples-to-apples” comparison
between observations and IllustrisTNG, the comparison still
has its limitations. First, even though the observations and
simulations probe the same comoving volume within a factor
of 2, cosmic variance and sample selection (both observational
and simulated samples are not mass complete) can affect the
interpretation of the rarest objects. Second, because of the finite
mass resolution, the intermediate-sized box TNG100 is not able
to resolve the first-forming galaxies (e.g., Vogelsberger et al.
2020). The high-resolution box TNG50 (Nelson et al. 2019a;
Pillepich et al. 2019) has an order of magnitude higher baryonic
mass resolution, but its volume is a factor ~8 smaller. Hence,
massive quiescent galaxies are not well probed, in particular at
higher redshifts. Third, aperture effects might play a role: even
though our spectra include most of the light (at least 80% for
most of our galaxies as estimated from the slit geometry and the
HST H-band morphology), this may still be different from
including all the bound stellar particles in IllustrisTNG. This
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should be kept in mind when we interpret the comparison of the
observations with IllustrisTNG.

Additionally, these synthetic mock observations of the
NlustrisTNG galaxies allow us to assess systematic uncertain-
ties in the estimated parameters compared to the true values. A
preliminary examination reveals that our inferred mass-
weighted ages and star formation timescales are on average
overestimated by ~20% and ~10%, respectively. We do not
find any bias for the quenching epoch or quenching timescale
over the whole sample, though there are a fraction of galaxies
(about 20%) that quench rapidly in the simulation
(Tquench < 200 Myr) for which we overestimate the quenching
timescale (Tguench =~ 0.5-1.0 Gyr). These galaxies typically
quench early (more than 1 Gyr before the epoch of
observation), making it difficult for us to pick up the signal
of “fast quenching” in the data (in addition to having SFH bins
on scales of Gyr on long look-back times; see the next section).
Although these limitations do not alter our conclusions, they
are of course important to consider in more detail. We postpone
a more thorough analysis of this to an upcoming publication.

3. Physical Model for the Galaxy SED

In this section, we introduce the adopted physical model to
describe the aforementioned observational data. We generate
this physical model within Prospector (Johnson &
Leja 2017; Leja et al. 2017; Johnson et al. 2021). Prospec-
tor is a code to conduct fully Bayesian inference of stellar
population properties from photometric and/or spectroscopic
data. A strength of Prospector is the flexible spectroscopic
calibration model, which allows us to combine photometric and
spectroscopic data from the UV to IR while accounting for
spectrophotometric calibration errors. Furthermore, Pro-
spector includes flexible SFH parameterizations, which is
important for understanding the diversity of evolutionary
pathways of galaxies. A summary of the parameters and priors
of our physical model can be found in Table 1. The fitting
procedure is described in detail in Section 4. In addition to the
material presented here, key features and further details on SED
modeling with Prospector can also be found in Leja et al.
(2018, 2019a) and Leja et al. (2019b).

3.1. Stellar Population Model

For stellar population synthesis, the Flexible Stellar Popula-
tion Synthesis (FSPS) package®® is used (Conroy et al. 2009).
In this work we use the MIST stellar evolutionary tracks and
isochrones (Choi et al. 2016; Dotter 2016) with the MILES
stellar spectral library (Falcén-Barroso et al. 2011). The MIST
models are based on MESA, an open-source stellar evolution
package (Paxton et al. 2011, 2013, 2015, 2018).

We model the chemical enrichment histories of our galaxies
with a delta function, assuming that all stars within the galaxy
have the same metal content with scaled-solar abundances. This
single metallicity is varied with a prior that is uniform in
log(Z. /Z) between —1.0 and 0.19, where Z., = 0.0142. The
upper limit of the stellar metallicity prior is given by the
MILES stellar templates. This upper limit might lead to an
underestimation of the stellar metallicity in the fitting, which
itself would result in an overestimation of the stellar ages.
Although we cannot rule this out completely, we find that our

20 https://github.com/cconroy20/fsps
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Table 1
Free Parameters and Their Associated Priors for the Fiducial Physical Model within Prospector

Parameter Description Prior

Zobs Redshift Uniform: min = zgpee — 0.005, max = Zzgpec + 0.005,
where Zge. obtained from spectrum

o,/(km sh Velocity dispersion of stars Uniform: min = 40.0, max = 400.0

log(M,. /M) Total stellar mass formed Uniform: min = 9.5, max = 12

log(Z./Z) Stellar metallicity Uniform: min = —1.0, max = 0.19

SFR ratios Ratio of the SFRs in adjacent bins of the Nggy-bin nonparametric SFH (Ngpy — 1 Student’s t-distribution with 0 = 0.3 and v =2

parameters total); default choice Nsgy = 10
n Power-law modifier to shape of the Calzetti et al. (2000) attenuation curve of the Uniform: min = —1.0, max = 0.4
diffuse dust (Equation (5))

Tdust,2 Diffuse dust optical depth (Equation(5)) Clipped normal: min = 0, max = 4, u=03,0 =1

Tdust, 1 Birth-cloud dust optical depth (Equation (4)) Clipped normal in (Taus1/Taust2): min = 0, max = 2,
pn=1,0=03

Ye Mass fraction of dust in high radiation intensity Log-uniform: min = 104, max = 0.1

Unin Minimum starlight intensity to which the dust mass is exposed Clipped normal: min = 0.1, max = 15,
nw=20,0=10

qpan Percent mass fraction of PAHs in dust Uniform: min = 0.5, max = 7.0

facN AGN luminosity as a fraction of the galaxy bolometric luminosity Log-uniform: min = 107°, max = 3

TAGN Optical depth of AGN torus dust Log-uniform: min = 5, max = 150

Ogas/(km 57" Velocity dispersion of gas

Uniform: min = 30, max = 300

log(Zgas /Z) Gas-phase metallicity Uniform: min = —2.0, max = 0.5
log(U) ITonization parameter for the nebular emission Uniform: min = —4.0, max = —1
Sout Fraction of spectral pixels that are considered outliers by the mixture model Uniform: min = 1075, max = 0.5
Jspec Multiplicative noise inflation term for spectrum Uniform: min = 1.0, max = 5.0

mass-weighted ages are on average overestimated by
only ~ 20% (0.05 dex) using the mock spectra of IllustrisTNG
(Section 2.4). We intend to constrain the abundance pattern in
more detail in an upcoming publication. Finally, a Chabrier
(2003) initial mass function is assumed throughout this work.

3.2. Star Formation History

In our fiducial setup, we assume a ‘‘nonparametric,”
piecewise constant SFH (Cid Fernandes et al. 2005; Ocvirk
et al. 2006; Tojeiro et al. 2007). “Nonparametric” here means
that no particular shape for the SFH is assumed and that an
arbitrary function in SFH space can be reasonably approxi-
mated. Lower et al. (2020) showed that this flexible
nonparametric approach outperforms traditional parametric
forms (such as exponentially declining or lognormal SFHs)
in capturing variations in galaxy SFHs, leading to significantly
improved stellar masses in SED fitting. We assume that the
SFH can be described by Nggy time bins, where the SFR within
each bin is constant. We fix Nsgg = 10 for the science analysis;
we explore varying the number of time bins in Appendices C
and D. Increasing the Nggy to 14 does not affect our results (see
also Leja et al. 2019a), but the fits of 30 galaxies (19% of the
sample) do not converge within a reasonable amount of time
(i.e., 14 days on a single CPU). There are approaches that
determine the appropriate number of time bins on the fly, such
as adaptively binning in time (Tojeiro et al. 2007) or using
evidence comparison to determine the optimal number of bins
(Dye et al. 2008; Iyer et al. 2019). As discussed in Leja et al.
(2019a), we use a piecewise model with a fixed number of bins
because it is more scalable in a sampling framework.

The Ngpy time bins are specified in look-back time. Throughout
the paper, we define the look-back time to be the time prior to the
epoch of observation. Four bins are fixed at 0-30 Myr, 30-100
Myr, 100-300 Myr, and 300-1000 Myr to capture variation in the

recent SFH of galaxies. We model a maximally old population
with a fifth bin at (0.95#; — #;7), where fi; is the age of the universe
at the observed redshift. The remaining Nggy — 5 bins are spaced
equally in logarithmic time between 1 Gyr and 0.95#;.

Since we include “more bins than the data warrant” and let the
sampler fully map the interbin covariances allowed by the prior
and the data, a potential failure mode for this is overfitting, which
is caused by an excess of model flexibility and results in
overestimated uncertainties. This is in contrast to the classic
dangers of “underfitting,” whereby model parameters are overly
constrained when too little parameter space is permitted. The
danger posed by overly flexible models can be alleviated by
choosing a prior that weights for physically plausible SFH forms.
This is a complex problem that has been explored in detail in Leja
et al. (2019a; see also Carnall et al. 2019a). We follow this
analysis by adopting a continuity prior, which enforces smooth-
ness by weighting against sharp transitions in SFR(¥), similar to
the regularization schemes from Ocvirk et al. (2006) and Tojeiro
etal. (2007). The prior is tuned to allow similar transitions in SFR
to those of galaxies in the Illustris hydrodynamical simulations
(Vogelsberger et al. 2014; Diemer et al. 2017), though it is
deliberately designed to include broader behavior than seen in
these simulations since we do not want to assume these models to
be the truth. The resulting prior probability densities for SFR(?),
sSFR, mass-weighted age, star formation timescale, and quench-
ing timescale are shown in Figure 3.

In addition to this nonparametric approach, we also consider
parametric SFHs in order to be able to compare to previous
literature and to explore possible biases. In the parametric
approach, we assume that the SFH follows a delayed 7-model:

SFR(t) = (t — t,)e (~1)/7, 3)

The parameter 7 is varied with a logarithmic prior between
—1.0 < log(T) < 10.0, and the parameter ¢, is varied with a
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Figure 3. SFH prior adopted in our SED modeling. The left panel shows the prior density for SFR(7)/M, (where M, is the total stellar mass formed), with four random
draws from the prior that are quiescent (shown in red) and star-forming (shown in blue) at the epoch of observation. The solid black line shows the median, while the
light (dark) shaded regions show the 2nd—98th (16th—84th) percentiles. The middle panel shows the prior density in sSSFR (measured over the previous 100 Myr). The
right panel shows the prior in mass-weighted age (#,4.; green line), star formation timescale (7sg; blue line), and quenching timescale (7quencn; red line). The middle

and right panels assume the average redshift of our sample (zops = 0.8).

uniform prior between 0 and the age of the universe at galaxies
Zobs (tH(Zobs))- The results for the parametric SFHs are shown
and discussed in Appendices C and D. Briefly, parametric
SFHs typically lead to younger ages than nonparametric SFHs,
which biases the stellar mass low and the sSFR high.

3.3. Dust Attenuation Model

We model dust attenuation using a two-component dust
attenuation model with a flexible attenuation curve. Specifi-
cally, we use the two-component Charlot & Fall (2000) dust
attenuation model, which postulates separate birth-cloud and
diffuse dust screens. The birth-cloud component (Tgug 1(N)) in
our model attenuates nebular emission and stellar emission
only from stars formed in the past 10 Myr:

—1
A ) . @)

Tdus A :%us ey
dust, 10A) = T t,1(5500A

The diffuse component (Tqus2(A)) has a variable attenuation
curve and attenuates all stellar and nebular emission from the
galaxy. We use the prescription from Noll et al. (2009):

Tdust,2 A Y
ra () = k2 gy wf—2—). 5
Tdust,2 (A) 4.05( (N + D( ))(SSOOA) )

Taust2 controls the normalization of the diffuse dust, n is the
diffuse dust attenuation index, k() is the Calzetti et al. (2000)
attenuation curve, and D(}) is a Lorentzian-like Drude profile
describing the UV dust bump. We tie the strength of the UV
dust absorption bump to the best-fit diffuse dust attenuation
index, following the results of Kriek & Conroy (2013). The
free parameters in Equation (5) are therefore 7y, and n.
We adopt a flat prior for Tguse2 (0 < Taust2 < 4.0) and n
(—1.0 <n < 0.4). The upper limit on n is chosen to disallow a
flat attenuation curve, which would cause 7,4 > to be nearly
fully degenerate with the normalization of the SED.

Although 74u.1 and 7gus2 have a similar effect on the SED
and are often degenerate, it is important to distinguish between
these parameters to properly predict emission lines, in
particular the line equivalent widths. The total optical depth
toward nebular emission lines is roughly twice that of the
stellar continuum (Calzetti et al. 1994; Kashino et al. 2013;
Price et al. 2014). In our dust attenuation model, this means
Taust,1 ~ Tdust.2, since Tquer2 1S applied to the entire emission

from the galaxy. We adopt a joint prior on the ratio of the two
in order to allow for some reasonable variation around the
fiducial results in the literature: a clipped normal centered on 1
with a width of 0.3 in the range of 0 < Tyuse 1/ Taust2 < 2.0.

3.4. Dust Emission Model

We assume energy balance, i.e., all the energy attenuated by
dust is reemitted in the IR (da Cunha et al. 2008). Thanks to
this assumption, the MIR photometry delivers additional
constraints on the total amount of dust attenuation and on the
dust-free stellar SED. However, in order to apply energy
balance and to compute Lig from the UV-MIR SED, we need
to make some assumptions about the shape of the IR SED.

We use the Draine & Li (2007) dust emission templates to
describe the shape of the IR SED, which are based on the
silicate-graphite-PAH model of interstellar dust (Mathis et al.
1977; Draine & Lee 1984). These templates have three free
parameters controlling the shape of the IR SED: Uiy, 7., and
gpan- Unin and vy, together control the shape and location of the
thermal dust emission bump in the IR SED, while gpay
describes the fraction of total dust mass that is in PAHs. This
last parameter is particularly important because a substantial
fraction, or even a majority, of the MIR emission comes from
strong PAH emission features. Since our photometry only
includes bands up to MIPS 24 ym, we use informative priors
for Upi, and 7., while assuming a flat prior for gpay (see
Table 1). The adopted priors are consistent with both the
SINGS sample (Draine et al. 2007) and the Brown et al. (2014)
galaxies with Herschel photometry and lead to a minimal
amount of bias in Lig, SFR, and dust attenuation in galaxies
without far-IR photometry. This is discussed in detail in
Appendix C of Leja et al. (2017).

3.5. AGN Model

Building on Leja et al. (2018), we adopt the AGN templates
from Nenkova et al. (2008a) and Nenkova et al. (2008b). The
CLUMPY AGN templates are incorporated in FSPS (Conroy
et al. 2009), and a detailed description is given in the FSPS
documentation. Only the dust emission from the central torus is
included in this model; it is assumed that the UV and optical
emission from the central engine is fully obscured by the AGN
dust torus. This is a viable assumption since we discarded
AGNs with point sources or with broad lines. Our AGN model
has two free parameters: fagn, the ratio of the bolometric
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luminosity between the galaxy and the AGN, and Tagn, the
optical depth of an individual dust clump at 5500 A. A log-
uniform prior is adopted for fagn, With an allowed range of
107° < fagn < 3. A log-uniform prior describes the observed
power-law distribution of black hole accretion rates (Aird et al.
2017; Georgakakis et al. 2017; Caplar et al. 2018). A log-
uniform prior on Togn is adopted between 5 < Togn < 150, as
the SED response to logarithmic changes in 7Tagn 1S
approximately linear (see Figure 1 in Leja et al. 2018).

3.6. Nebular Emission Model

We adopt the standard approach to generating nebular
emission in FSPS, whereby the ionizing continuum from the
model stellar populations is assumed to be fully absorbed by
the gas and emitted as both line and continuum emission. The
nebular line and continuum emission is generated using a
CLOUDY (Ferland et al. 1998, 2013) grid within FSPS, as
described in Byler et al. (2017). We assume for the gas-phase
metallicity a uniform prior between —2.0 < log(Z,ss/Zc ) <
0.5 and for the ionization parameter U a uniform prior between
—4.0 < log(U) < —1.0. Furthermore, we assume a flat prior
for the gas-phase velocity dispersion (30 < 0g,s/(km s <
300). In addition, motivated by the complexity of the physics
that produce nebular emission lines (Kewley et al. 2019 and
references therein), we take a flexible approach to model the
nebular line amplitudes (Section 4.3).

4. Measuring Galaxy Properties from Spectroscopy and
Photometry

We have described the physical model for the galaxy SEDs,
including all parameters and priors, in the previous section. In this
section, we describe the details of the fitting procedure. We use
Prospector to perform the fitting, since it allows a rigorous
combination of the photometric and spectroscopic data by
including a spectroscopic calibration model (Section 4.1), a noise
and outlier model (Section 4.2), and an emission-line margin-
alization routine (Section 4.3). After describing the joint fitting of
photometric and spectroscopic data (Section 4.4), we present the
fitting results (Section 4.5) and discuss the gain in fitting both
photometry and spectroscopy together (Appendix B).

4.1. Spectroscopic Calibration Model

As described in Section 2.1.2, the spectra are not flux-
calibrated. At each likelihood call, we match the model
spectrum to the normalization of the spectroscopic data by
fitting a polynomial in wavelength to their ratio. Our
approach implements the Chebyshev polynomial calibration
model, computed at each likelihood call from a simple least-
squares maximum likelihood fit to the ratio of the data to the
calibrated model spectrum, excluding the regions where
emission lines may be present. The order of the polynomial m
is determined by m = (Apax — Amin)/ 100A within each
wavelength interval (see also Kelson et al. 2000 and Conroy
et al. 2018), with typically m = 20. This order is chosen to
account for broad continuum mismatch issues but is not so
flexible that it could overfit broad absorption features. We
have experimented with this approach by changing the order
of the polynomial and find that the results are generally
insensitive to this choice.

Using the maximum likelihood fit for the calibration has the
advantage of computational speed. However, ideally one would
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marginalize the likelihood of the data over all possible
calibration polynomials for each model call. Naively, this can
be done at the cost of introducing m additional model
parameters describing the polynomial coefficients, but this is
computationally prohibitive at present. It is possible to
analytically marginalize the likelihood over all possible
coefficient values, but this has not yet been implemented (but
see Carnall et al. 2019b).

The net effect of our approach is that the large-scale
continuum shape and normalization of the model are set by the
photometry. By fitting a moderate-order polynomial to the ratio
between the observed and physical model spectrum at each
likelihood call, the spectroscopic calibration model basically
removes all information content from the continuum shape of
the spectroscopic data. This means that the continuum shape of
the observed spectrum does not inform any of the galaxy’s
physical parameters. Instead, information about physical
parameters that affect the continuum shape derives from the
photometry, which does not include any multiplicative
calibration model. Therefore, there is no degeneracy between
the spectroscopic calibration model and the galaxy’s para-
meters, such as the dust content or the SFH.

4.2. Noise and Outlier Model

We find that the standard fitting procedure is sensitive to
outliers, that is, spectroscopic data points that are not well
described by our model, because of inaccurate uncertainties or
limitations of the model itself. We mitigate this problem by
becoming insensitive to “bad” spectral data points. Specifically,
we use a mixture model to describe outliers, following the
approach described in Hogg et al. (2010; see also Sharma 2017;
Press 1997, pp. 49-60). These outlier pixels do not include the
masked pixels (Section 2.1.2).

This model alters the likelihood by assuming some
possibility that any given spectral pixel is an outlier, f,,. The
likelihood is calculated by marginalizing over f, for each
pixel; thus, no individual pixels are uniquely identified as
outliers (see Equation (7) below). It is assumed that outlier
pixels have their uncertainties inflated by a factor of 50. f,, is a
free parameter in the model, and typically 0.1% of pixels in
each fit are outliers.

In addition, to account for possible under- or overestimates
of the spectroscopic uncertainties, we introduce a parameter
that multiplies the spectroscopic uncertainties by some constant
factor (jspec) before calculating the likelihood. This is a free
parameter in the model; in general, we find values very close to
1, indicating that the spectroscopic noise is not broadly under-
or overestimated.

4.3. Emission-line Marginalization

As mentioned in Section 3.6, nebular emission lines are
included in the model spectrum. Each emission line is modeled
as a Gaussian with a variable width and amplitude. We fit for
the velocity dispersion of the gas (o,), while the emission-line
amplitudes are marginalized over in each fitting step, as
described in Johnson et al. (2021). In our fiducial fitting, we use
the maximum likelihood amplitude for each emission line,
which means that we totally decouple the emission lines from
the SFH since the emission lines for most of our quiescent
galaxies are believed to be emitted from low-ionization
emission-line regions, shocks, and/or AGNs.
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weak). The gray regions show the masked region in the sgectra where sky emission dominates. The smaller panels associated with the top left and bottom panels show
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4.4. Joint Fitting of Photometric and Spectroscopic Data

We describe here the fitting methodology. We fit the
physical model described in Section 3 to the observational
data (spectroscopy with photometry) presented in Section 2,
together with the models for systematic effects described in
Sections 4.1 and 4.2. We denote the parameters of the model
with ©.

We assume that the uncertainties on the photometric fluxes
o; are Gaussian and independent. In this case, the scatter of
observed fluxes f; about their true values follows a >
distribution. The log-likelihood function for the photometry
then follows:

1n(£phot) -

Nyand
053" ( ©)

where m,(0) is the model prediction for the observed flux f; and
Npang 18 the number of photometric bands.

—m (@))

Oi

10

for the photometry and spectroscopy are 0.5 and 0.7, respectively.

We make the same assumptions about the distribution of
uncertainties when fitting the spectrum. However, the like-
lihood equation is modified by the outlier model such that

Lopee = (I = fou) LS, m, 0) + fou LUy m, 00w, (T)

where £ is calculated following Equation (6) (instead of
summing over the photometric bands, we sum over spectral
pixels in wavelength) and o,,=500 as described in
Section 4.2.

The total likelihood is thus

In Ligr = In £phol + In £spec + In Letine, (8)

where L., represents a penalty term that takes into account
the prior on emission-line amplitudes. We set this term to O in
our fidicual analysis.

Our fiducial model assumes 10 SFHs bins, leading to a total
of 27 free parameters (Table 1). Sampling our posterior
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Figure 5. Joint posterior plot of the posteriors of key quantities from the galaxy fit shown in Figure 4. The plotted quantities include stellar mass (M,), sSFR, dust
opacity of the diffuse dust component in the V band (74us2), stellar age (fage)» and stellar metallicity (Z,). The inset in the upper right corner shows the SFH posterior.
The posteriors are well converged. We are overall able to break the dust—age—metallicity and get meaningful constraints on those quantities.

distribution with the dynamic nested sampling algorithm
dynesty (Speagle 2020) therefore requires several million
evaluations of our log-likelihood function. Each likelihood call
takes about 50 ms. Fitting each galaxy therefore requires
roughly 100 CPU hours.

4.5. Fitting Results

We verified the fits to the photometry and spectroscopy for
each individual galaxy. We checked that none of the posteriors
pile up at the edges of the priors. This is particularly true for
the stellar metallicity, which alleviates the concern that our
stellar age estimates are biased high. The median reduced x>
calculated with the model drawn from the posteriors for

the photometry and for the spectroscopy are 1.081’(11(5)% and

0.8370%2, respectively. The x* for the spectroscopy is slightly
below 1, which is consistent with our obtained jitter terms jgpec
to be clustered at 1 (we do not allow for jg,e. < 1.0). We have
also inspected the stacked residuals of the photometry, finding
that the model does reproduce the data well. We found a weak
but significant trend related to the K-band and IRAC
photometry. Specifically, the average K band has a x of about
1 (i.e., model underestimated the K-band flux), while the IRAC
bands show a gradient so that the model K-to-IRAC colors are
too red with respect to observations. A possible cause for this

11

trend could be thermally pulsing AGB (TP-AGB) stars. In
principle, FSPS allows us to choose the normalization of the
TP-AGB stars, though it is currently unfeasible to marginalize
over this within Prospector. Nevertheless, this feature
should be investigated in the future. We also investigated the
stacked residual of the observed- and rest-frame spectra,
finding no significant trend, which shows that the removing of
skylines and modeling of emission lines overall worked well.

We show the observational data of an example galaxy along
with the fitted model in Figure 4. The galaxy has a redshift of
Zobs = 0.852. The spectroscopic data have S/N = 23.8 A~! with
an exposure time of 9.3 hr. The model fits the photometric and
spectroscopic data well. The residuals are distributed around O.
The reduced y? for the photometry and spectroscopy are 0.5
and 0.7, respectively.

The resulting posteriors of some key quantities of this fit are
shown in Figure 5. This joint posterior plot shows the stellar
mass (M,), sSFR, dust opacity in the V band (Fyus2), stellar
age (tye), and stellar metallicity (Z,). We find for this galaxy
a stellar mass of logM, /M, = 10.87%3%3, a low sSFR with
logsSFR/yr—! = —11.597038, a dust opacity of Ao =
0.167001, an age of g /Gyr = 2.517043, and roughly solar
metallicity with log Z, /Z. = 0.0470:55. Here and throughout
the paper the age #,,. corresponds to the mass-weighted age.



4!

Table 2
Definitions of the Key Timescales
Symbol Description
Lage Mass-weighted age”
2z Formation redshift: redshift of look-back time t,g, i.€., 2(ty — fage) = 2r
TSE Star formation timescale: time between when 20% and 80% of the stellar mass formed
Tquench Quenching timescale: time to transition through the “green valley” (1/[2014(z)] < sSFR < 1/[3tu(2)])
Zquench Epoch of quenching: redshift when the galaxy transitions through the “green valley,” i.e., redshift of the average cosmic time between entering (sSFR = 1/[314(2)])
and leaving (sSFR = 1/[20#4(2)]) the transition region
Note.

 The mass-weighted age (a weighted average) is similar to 5o, which is the look-back time when 50% of the stellar mass has been formed and therefore the median age. We adopt the former throughout this work, but
note that the difference between f,,. and tsq is small (at most 16%).
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Figure 6. SFHs of all galaxies in our sample. The panels show increasing observed redshifts from left to right, while stellar mass increases from top to bottom. For
each galaxy, we plot sSFR(?) as a function of look-back time from the epoch of observations, i.e., the SFR at each epoch is normalized by the stellar mass formed by
that epoch. The SFHs are color-coded by whether galaxies are star-forming (blue), transitioning (green), quiescent (red), or rejuvenating (orange) at the epoch of
observation. In each panel, we show the boundary between the star-forming and transition regime as a dashed line and the boundary between the transition and
quiescent regime as a solid line, which are defined by comparing the sSFR to the age of the universe (Equation (2)). The transition region itself is highlighted in green.
At a given stellar mass and observed redshift (i.e., in a given panel), we find a large diversity of SFHs. Even focusing on quiescent galaxies only, we find a large
diversity of pathways: some galaxies cease their star formation early, some galaxies late, some galaxies cease their star formation quickly, some galaxies on long
timescales (see also Figure 8). Despite this diversity, the SFHs can be divided into three phases: a star-forming, a transition, and a quiescent phase (see also Figure 9).

From this fit, we find that this galaxy is quiescent with a
doubling number of & = 0.02, i.e., it takes this galaxy about
50 Hubble times (age of the universe at z,p,) to double its mass
with its current sSFR. Although this galaxy is not actively
forming stars, the galaxy is overall young, consistent with an
SFH that rose through most of cosmic time and only declined
in the past ~1 Gyr.

In addition, we discuss in Appendix B the gain in fitting both
photometry and spectroscopy. In summary, the spectroscopy
constrains the metallicity, while the photometry constrains the
dust attenuation. However, both the photometry and the
spectroscopy are needed to break the dust—age-metallicity
degeneracy and derive SFHs.

5. Results

We present the main results in this section. We start by
showing the reconstructed SFHs in Section 5.1. Sections 5.2,
5.3, and 5.4 focus on interesting aspects of the SFHs,
specifically the mass-weighted age (f,.), star formation
timescale (7sp), quenching timescale (Tquench), and epoch of
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quenching (Zquench)- The definitions of these key quantities are
summarized in Table 2.

5.1. Reconstructed Star Formation Histories

Figure 6 presents the SFH of all galaxies in our sample as a
function of observed redshift (z,ps; from left to right) and of
stellar mass (M,; from top to bottom). We plot the SFHs as
sSFR versus look-back time (SFR vs. look-back time is shown
in Figure 7). The solid lines show individual galaxies, while the
shaded region shows the 16th—84th percentiles. The coloring
of the lines corresponds to whether galaxies at the time of
observations (Zops) are star-forming (blue), transitioning
(green), or quiescent (red). Rejuvenating galaxies, i.e., galaxies
that were quiescent in the past and at the epoch of observation
in the transition or star-forming region, are shown as orange
lines. Plotting in sSFR(#) gives the advantage of being able to
directly read off from the figure whether a galaxy is still
actively growing owing to star formation. In order to help guide
the eye, the dashed and solid black lines indicate the boundary
between the star-forming and transition regions (sSFR =
1/[3t4(2)]) and between the transition and quiescent regions
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Figure 7. SFHs of all galaxies in our sample, plotted as SFR vs. look-back time. The figure follows the same schema as Figure 6. This figure highlights that star-
forming galaxies’ SFHs peak more recently than quiescent ones. Furthermore, despite the similar sSFR tracks at early times in Figure 6, we show here that the SFRs

actually span a wide range.

(sSFR = 1/[2011(z)]), meaning that galaxies that at least double
their mass within three times the age of the universe are
considered star-forming, while galaxies that do not double their
mass within 20 times the age of the universe are considered
quiescent (see Equation (2)). The green shaded region marks
the transition region.

The key result presented in Figure 6 is the diversity of SFHs
in our sample. At a given observed redshift and stellar mass, we
find a large diversity of pathways through the sSFR—time
space. This is consistent with other studies that find that
massive galaxies form a highly diverse population at z 2> 1
(e.g., van Dokkum et al. 2011). By definition, galaxies start
with high sSFRs at early times with sSSFR ~ 10~ ® — 10~° yr ',
which means that these galaxies double their mass every few
hundred million years. This phase of star formation lasts only a
few hundred Myr in some galaxies, while it lasts for several
Gyr in other galaxies. There is a large diversity in both when
galaxies start transitioning to the quiescent region (i.e., when
they start quenching) and how long this transition takes
(quenching timescale). We quantify both the duration of the
star-forming phase (i.e., star formation timescale) and the
quenching timescale in more detail in the upcoming sections.

Similarly, Figure 7 shows the SFR versus look-back time
tracks for our sample, again highlighting the diversity of
pathways. In particular, this figure highlights the range of
different SFRs at early cosmic times. Although there is the
overall trend that star-forming galaxies form later than
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Figure 8. Large diversity of SFHs of massive quiescent galaxies at
Zobs = 0.6-1.0. Following Figure 6, we plot the tracks of sSFR vs. look-back
time for individual massive (log(M, /M) > 11.0) and quiescent galaxies at
Zobs = 0.6—1.0. This figure highlights the large diversity: galaxies quench fast,
slow, early, and late.

quiescent galaxies (i.e., they peak at later cosmic times), there
are several outliers that do not follow this trend. Furthermore,
even at fixed M, and z,s, quiescent galaxies themselves show a
large diversity in early SFRs and the peak times, consistent
with many pathways to quiescence. This is also highlighted
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Figure 9. Median SFHs for star-forming (blue) and quiescent (red) galaxies.
The dotted and solid lines indicate lower-mass (log M, /M., = 10.5-11.0) and
higher-mass (log M, /M., = 11.0-11.5) galaxies. The blue, green, and red
shaded regions mark the star-forming, transition, and quiescent regime as
defined by comparing the sSFR to the age of the universe (Equation (2)). At
early times (z =3 — 6), star-forming and quiescent galaxies in both mass bins
have similar sSFRs, consistent with direct high-z observations by Salmon et al.
(2016) and Leja et al. (2021). The star-forming galaxies follow roughly the
specific accretion rate of dark matter halos (M /My, o (1 + z)25). Massive
quiescent galaxies cease their star formation on average earlier, but not faster
than lower-mass quiescent galaxies.

separately in Figure 8, which shows the sSFR tracks for
massive (log(M, /My) > 11.0) quiescent galaxies with
Zobs = 0.6—-1.0. Quiescent galaxies quench fast, slow, early,
and late—and not all galaxies that quench early quench fast,
nor do all galaxies that quench late quench slowly.

Despite this diversity, there is some overall coherence, in
particular regarding the sSFR tracks in the star-forming phase.
Therefore, it is worth studying the median SFHs for different
samples. Figure 9 shows the median SFH (sSFR vs. cosmic
time) for our sample, focusing now on galaxies with
Zobs = 0.6-1.0. We show the median SFH for quiescent
galaxies in the mass bins log(M,/M;) = 10.5-11.0 and
log(M, /M) = 11.0-11.5 as dotted and solid lines, respec-
tively. The median SFH of star-forming galaxies with
log(M,. /M) = 11.0-11.5 is shown as a blue line. We do not
show the low-mass star-forming galaxies because only a few
galaxies are in this bin (see Figure 2). The gray band indicates
the rescaled specific dark matter accretion rate with
M, /M, < (1 +z)>° (Wechsler et al. 2002; Neistein &
Dekel 2008; Dekel et al. 2013).

Figure 9 shows that during this early phase of star formation
(within 2 Gyr of the big bang, i.e., z>3) star-forming and
quiescent galaxies have similar sSFRs and are consistent with
direct measurements of SFR and M, (i.e., SEFMS) at high z by
Salmon et al. (2015). This shows that one can in principle use
this archaeological approach to estimate the SFR and M, of the
galaxy population in observationally inaccessible parameter
space (i.e., high z and low M,; e.g., Iyer et al. 2018), though
caution must be exercised since these SFHs include all stellar
mass ever accreted, i.e., it is difficult to correct for the effects of
merging (see Section 6.2). The median sSFR track of star-
forming galaxies follows the independent estimates of the
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SEMS also at lower redshifts (Leja et al. 2021), which is an
important consistency and validation check of our obtained
SFHs. Furthermore, the median SFH of star-forming galaxies
lies within the gray band at all times, indicating that the sSFR
evolution is consistent with the evolution of the specific mass
accretion rate of dark matter halos.

Following this early phase, the median SFH of star-forming
galaxies (blue line) tracks well the simple relation of the dark
matter accretion rate, and it is also consistent with lower-z SFR
and M, measurements by Leja et al. (2021). We find that the
quiescent galaxies at zops &~ 0.8 decouple from the SFH of star-
forming galaxies at z ~ 2-3 and the average quenching timescale
is roughly 1.5-2.0 Gyr. Interestingly, higher-mass galaxies
(log(M, /M) = 11.0-11.5) transition on average slightly earlier
than the lower-mass galaxies (log(M, /My) = 10.5-11.0),
though the average quenching timescale seems not to depend
strongly on stellar mass. We discuss this further in Section 5.4.

5.2. Stellar Age and Formation Redshift

The SFHs of the galaxies in our sample show a large
diversity. Nevertheless, there are some common features. SFHs
can be described in three parts: a star-forming phase, a
transition phase, and the quiescent phase. We now use a few
simple parameters to describe the overall shape, including the
mass-weighted age, the formation time, the star formation
timescale, and the quenching timescale (Table 2).

First, we focus on the mass-weighted age f,z., Which can be
directly computed from our SFHs. Importantly, #,g. is defined
as look-back time from the epoch of observation. Therefore,
f.ge depends on the epoch of observation (zohs); Figure 10
shows t,,. as a function of z,,s for massive galaxies
(logM, /M, > 10.5). We confirm the large diversity of SFHs:
at a given z,ps, We find a large variety of mass-weighted ages.
At zops = 0.8, some galaxies have relatively young ages (1 —2
Gyr), while other galaxies are rather old with ages of >6 Gyr.
The colors of the points correspond to the mass doubling &
(Equation (2)), indicating that the quiescent galaxies (red
points) are typically older than star-forming galaxies (blue
points). However, there is a large overlap between these two
kinds of galaxies, indicating that the star formation activity at
the epoch of observation cannot tell the full story about the
past SFH.

The thin gray to thick black lines show the passive
evolutionary paths of simple stellar populations (SSPs) with
different formation redshifts, ranging from zgp,=1 to
Ztorm = 10. Since our SFHs are typically not well described
with SSPs, this is only meant to guide the eye, highlighting that
our sample spans a wide range of formation redshifts (see the
next figure). We find that several of our galaxies are close to
being maximally old (zform 2 10), i.e., a few galaxies are close
to the upper boundary of allowed ages given by the age of the
universe.

Figure 10 also compares our measurements of the mass-
weighted age with other estimates in the recent literature. At
redshift 0, we indicate with the red shaded region the current
age constraints of massive quiescent galaxies from a range of
literature (Gallazzi et al. 2005, 2021; Spolaor et al. 2010;
Trussler et al. 2020). Carnall et al. (2019b), Belli et al. (2019),
Estrada-Carpenter et al. (2020), and Stockmann et al. (2020)
use a similar approach to that presented here, where extended
(parametric and nonparametric) SFHs are fit to individual
spectra. Choi et al. (2014) use full-spectrum stellar population
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, and are compared to a wide range of

literature data of massive, quiescent galaxies (Choi et al. 2014; Belli et al. 2019; Carnall et al. 2019b; Estrada-Carpenter et al. 2020; Gallazzi et al. 2005, 2014, 2021;
Kriek et al. 2016; Onodera et al. 2015; Spolaor et al. 2010; Stockmann et al. 2020). In agreement with previous studies, we find that massive, quiescent galaxies have a

wide range of formation redshifts, ranging from z¢opm, =

synthesis modeling on a stack of quiescent galaxies quoting
SSP-equivalent ages, while Onodera et al. (2015) use the Lick
absorption-line indices to infer the light-weighted age on a
stack of 24 massive quiescent galaxies. Similarly, Gallazzi
et al. (2014) inferred light-weighted ages of individual galaxies
at z~ 0.7 via Lick indices (we only plot the median of the
10'" M, bin). Finally, Kriek et al. (2016) perform full-spectrum
fitting on an individual quiescent galaxy at z=2.1. Although
this literature list is extensive, it is not complete, i.e., there are
several other studies that constrain the ages of massive galaxies
at intermediate redshifts that we have not plotted here (e.g.,
Ferreras et al. 2017; Jgrgensen et al. 2017). In summary, our
measurements are overall consistent with those measurements,
which also indicate a large variety of formation redshifts.
However, we acknowledge that the definition of “age” adopted
in the different studies also leads to some spread and that ages
—in particular, SSP-equivalent ages—are not straightforwardly
translated in formation redshifts.

The difficulty with interpreting Figure 10 is that 7,,. at two
different epochs cannot directly be compared with each other
since 7,4 €volves with epoch for a quiescently evolving system.
It is therefore more informative to compute the epoch that
corresponds to that age: the formation redshift z. We plot zas
a function of M, in Figure 11. The left panel shows all of the
galaxies in our sample, while the middle and right panels only
plot the UVJ-quiescent objects. The points are colored
according to their star formation timescale 7gr, which is
defined by the time between t,, and fgo (time when 20% and
80% of the stellar mass was formed, respectively).

Figure 11 shows that galaxies span a wide range of zyat fixed
M,. As expected, star-forming galaxies have typically more

10 down to Zgorm = 1.5.
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recent formation redshifts. The most massive, quiescent galaxies
(log(M, /M) 2 11.5) formed early with z,2 4.0, with some
having a formatlon of zy~10. We find only a weak trend
with stellar mass: more massive galaxies have formed slightly
earlier. Fitting galaxies with (log(M,/Ms) > 10.5) leads to
ttorm/Gyr = (2.1 & 0.1) — (1.3 & 0.4) - log(M,. /(10" M_,)),
where fsorm, is the cosmic time that corresponds to z. Beyond this
trend, our low-mass sample of quiescent galaxies shows that
several of those objects interestingly formed as early as the high-
mass galaxies. Finally, Figure 11 also shows a trend with the star
formation timescale 7sg: galaxies that formed early formed their
stars in a shorter amount of time than galaxies that formed later.
We discuss this further in the next section.

We compare the formation redshift of our sample with
literature values in the middle panel of Figure 11, focusing only
on UVJ-quiescent galaxies. The measurements of Estrada-
Carpenter et al. (2020) span a similar range in z¢to ours, though
they are probing a narrower mass range (i.e., miss the highest-
and lowest-mass galaxies). Belli et al. (2019) span a smaller
range in zs reporting no objects with z,>6 but finding a
stronger trend with stellar mass. Carnall et al. (2019b) describe
a similar mass trend to that found in our sample (see below),
but their formation redshifts are systematically lower (see also
Siudek et al. 2017). The Stockmann et al. (2020) measure-
ments, probing the most massive galaxies, lie between our
measurements and the measurements of Carnall et al. (2019b).

The blue line in the right panel of Figure 11 shows the
best-fit relation for our sample: tror,/Gyr =2.6 — 1.5 -
log(M, /(10" M_)). As also reported in Carnall et al. (2019b),
z=0.7 galaxies in [lustrisTNG (TNG100; Nelson et al. 2018;
Pillepich et al. 2018) seem to be inconsistent with this mass trend:
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Figure 11. Formation redshift z- (redshift at which half of the stellar mass is formed) as a function of mass. The left panel shows all galaxies in our sample, the middle
panel shows only UVJ-quiescent galaxies in comparison with literature measurements (Choi et al. 2014; Gallazzi et al. 2014; Belli et al. 2019; Carnall et al. 2019b;
Onodera et al. 2015; Kriek et al. 2016; Estrada-Carpenter et al. 2020; Stockmann et al. 2020), and the right panel compares our UVJ-quiescent galaxies with the ones
from IlustrisTNG (TNG100). The color-coding corresponds to the star formation timescale 7, which is the time between when 20% and 80% of the mass is formed.
The most massive galaxies in our sample (M, > 2 X 10" M) form early (z; > 4) and on short timescales (7sp S 1 Gyr). At intermediate masses, we find a large
diversity of formation redshifts. Galaxies that formed more recently typically have a long star formation timescale. At low stellar masses, we find a few objects with
surprisingly early formation redshifts. Overall, our formation times are consistent with Estrada-Carpenter et al. (2020) but earlier than those of Carnall et al. (2019b).
The TustrisTNG (TNG100) galaxies, processed in the same way as our observations, are shown as gray crosses, pointing toward no trend with M, but a similar
distribution to our observations. The blue line shows the best fit to our observational measurements.

in TNG100, the formation redshifts of quiescent galaxies seem
not to depend on stellar mass. As described in Section 2.4, we go
one step further than Carnall et al. (2019b) by projecting the
TNG100 quantities into the observational space and perform the
same measurements on the predicted spectra and photometry as
in our observations (Section 2.4). The TNG100 results are shown
in the right panel of Figure 11 as gray crosses. We confirm the
negligible dependence of z; on stellar mass: quiescent TNG
galaxies at z=0.7 seem to have a formation redshift of
7y~ 2 — 4, independent of M,. Furthermore, TNG100 produces
a similar wide distribution of z,to that of our observations, but it
seems to underproduce the earliest-forming galaxies with z,2 6.
This also holds when looking at the true SFHs and ages, i.e.,
without processing the simulated galaxies through the observa-
tional pipeline. This could point to missing physics in the
NlustrisTNG model. However, the lack of early-forming galaxies
could also be explained by resolution effects, i.e., the TNG100
box might not resolve the generation of the first galaxies. The
higher-resolution TNG50 box could (at least partially) alleviate
this problem, but the volume probed is limited (TNGS50 is
roughly an order of magnitude smaller than TNG100), making
cosmic variance effects more severe.

5.3. Star formation Timescale

We focus further on the relation between the star formation
timescale Tg, the formation redshift z; and the stellar mass M,.
Figure 12 plots 7sg as a function of M*, colored by z5 focusing
on UVJ-quiescent galaxies. At M, ~ 10" MQ, Tsr ranges from
a few hundred Myr to 4 Gyr, highlighting again the diversity of
pathways that achieve the same final stellar mass. As already
indicated in Figure 11, there is a clear trend that early-forming
galaxies have shorter star formation timescales. While this is
consistent with observational studies at z =0 that are based on
the average ages and element abundance ratios of elliptical
galaxies (e.g., Thomas et al. 2005; Graves et al. 2010), our
model assumptions (i.e., our SFH prior) allow for a different
outcome (see also Appendix D); this means that the data
unequivocally prefer a correlation between early formation and
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Figure 12. Star formation timescale (7sg) as a function of stellar mass, color-
coded by the formation redshift z. We plot only UVJ-quiescent galaxies. The
solid lines indicate the best fit of the 3D plane M, — 7sg — zr (Equation (9)).
We find that galaxies that formed early formed more rapidly.

shorter SFH timescales. As shown in Figure 19 and verified on
the whole data set, the degeneracy in the fitting is along “older
age (higher z)—larger 7gp.” This can be understood by the
following. The SFH is typically more constrained at recent
times than at early times, implying that if one reduces the age,
one needs to reduce the SFH at early times. This then leads to
a shortening of 7gg. This is the opposite trend shown in
Figure 13, where older galaxies (with larger z,) have typically a
shorter Tsg.

Furthermore, our measurements show that galaxies with
recent formation redshifts (zz<3) all have rather long star
formation timescales (7sg > 2 Gyr), highlighting that galaxies
that formed most of their mass in just 2 Gyr are uncommon
at lower redshifts (“late bloomers”; Section 6.3). Addition-
ally, there is a weak trend that more massive galaxies have a
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Figure 13. The quenching timescale Tquencn as a function of the epoch of quenching zguench. The left panel shows our measurements, while the right panel shows the
TustrisTNG (TNG100) data measured with the same approach as our observations (Section 2.4). Both panels include all galaxies that quenched at some point in their
past. The color-coding corresponds to stellar mass. The black solid line indicates the age of the universe, and the gray shaded region is the forbidden region (i.e., when
the quenching timescale is longer than the age of the universe). The key message is that galaxies show a wide range of quenching epochs and quenching timescales:
they basically fill the allowed parameter space with Zguench >3 and Tguench > 3 Gyr. On the other hand, the 475 TNGI100 galaxies are more confined to

Tquench = 0.1-3 Gyr and zguencn ~ 0.8-2.

shorter 7gg. In summary, this 3D plane can be described by

M.
Gyr= (4.1 £0.2) — (03 £0.2) - log| —=—
755/ Gyr = ( )~ ( ) g(lO“M®)

—(3.1+£0.2) log1 +z,), )

confirming that the mass dependence is rather weak (ocM, ),

while the scaling with epoch of formation is strong
(oc(1 4 zp)~31). This fit is shown as solid lines in Figure 12 for
zr=2, 4, 6, and 10, suggesting that this fit reproduces our
measurements well.

5.4. Quenching Timescale

Having described when and over which timescales star
formation occurred in galaxies, we now move on to
characterizing over which timescales galaxies cease their star
formation. The analysis and figures in this section include all
galaxies that quenched at some point in their past, i.e., mostly
UVJ-quiescent galaxies, but also galaxies that went through a
rejuvenation event recently. We quantify this by the quenching
timescale Tguench, Which measures the time spent in the
transition region between 1/[20t4(z)] < sSFR < 1/[3u(2)]
(between the dashed and solid black lines in Figure 6).
Furthermore, we measure the quenching epoch zguench
(Table 2), which represents when the galaxy is halfway
through the transition region. Typically, the epoch of quench-
ing is more tightly constrained than the quenching timescale
(Appendix D). Changing the definition of zquench to the epoch
when quenching starts has a negligible impact on our results in
this section and the conclusion of this work.

Figure 13 shows Tquench as a function of zZguench, color-
coded by M,. The forbidden region, where galaxies quench
on longer timescales than the age of the universe, is marked
in gray. The left panel of Figure 13 shows our measurements,
while the right panel shows the data from IllustrisTNG
(TNG100). We find that the observed galaxies span a wide
range of Tquench and Zquench: consistent with Figure 8, some
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galaxies transition early (Zquench >3), while some galaxies
quench recently (Zquench =~ 0.8 —1.0). Furthermore, Tquench
spans basically the full allowed range at all zquench. We find a
median quenching timescale of Tyuench = 1.153% Gyr and

Tquench / TH (Zquench) = 0.2370:1¢ when normalized by the age of
the universe.

Our observational measurements are compared to our
measurements from IllustrisTNG, processed in the same way
(Section 2.4). The quiescent galaxies from TNG100 have a
median Tguench = 0.7f8;Z Gyr and typically quench recently
with Zquench &~ 1-2—consistent with the typical measurements
of our observations. However, TNG100 galaxies span a
narrower range in both Tquench and Zquench. There are no
galaxies that quenched early (i.e., Zguench > 3), consistent with
the absence of early-forming galaxies (z/>6) shown in
Figure 11. This may indicate that the quenching pathways in
TNG100 are too monotonic and more diversity is needed. On
the other hand, although the volumes probed by our
observations and simulations are comparable, cosmic variance
could still play a role concerning the abundance of rare objects.
For example, Merlin et al. (2019) and Valentino et al. (2020)
find quiescent objects at z >3 in the larger TNG300 box.
However, those studies directly probe these high-redshift
snapshots, while we perform (consistent with our observations)
an archaeological stellar population approach (we expect that
mergers lower Zquench)-

A median quenching timescale in TNGI100 of
Tquench = 0.7J_r8;71 Gyr for galaxies at z=0.7 is consistent with
the timescales quoted in Nelson et al. (2018), who find that the
transition timescale through the green valley for massive z ~ 0
galaxies is roughly 1 Gyr. They find that lower-mass z~0
galaxies transition on longer timescales (~2 Gyr). In our
analysis at z=0.7, this trend is weaker, i.e., galaxies at all
masses have similar quenching timescales: in our observations,
we find Tyuench = 1255 Gyr and Tyuench = 1.0°0 Gyr for
galaxies with log(M, /M) = 10.5 and log(M, /M.) = 11.5,
respectively. This could point toward a difference due to epoch
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Figure 14. Quenching timescale (Tquencn) V8. stellar mass (M,; left panel) and halo mass (M,,; right panel). Both Tgyencn and M, are obtained with our analysis, while
M), is estimated from the environmental density (Fossati et al. 2017). The color-coding of the points corresponds to formation redshift z. Similar to the M, — zyplane
(Figure 11), the left panel shows no significant trend of Tquench With M,. In the right panel, although the uncertainties in both quantities are large, galaxies in massive
halos (log(My, /M) > 13.0) have short quenching timescales and high formation redshifts.

of observations (environmental quenching setting in at lower
redshifts; e.g., Webb et al. 2020) or due to method (following
the SFH evolution of the progenitor vs. an archaeological
stellar population approach)—something to look into in more
detail in the future.

We investigate in Figure 14 how Tquench depends on stellar
mass (M,; left panel) and halo mass (M,,; right panel). The halo
masses are obtained for a subsample (only those that are plotted
in Figure 14) of our galaxies from Fossati et al. (2017), who
leverage the spectroscopic and grism redshifts from the 3D-HST
survey to derive densities in fixed apertures to characterize the
environment of galaxies brighter than JH 4y <24 mag in the
redshift range 0.5 <z < 3.0. The uncertainties on these halo
masses are large. We compared these halo masses with the central
stellar mass density (X;)—a proxy for the central velocity
dispersion, which has been suggested to be correlated with the
halo mass (Schechter 2015; Zahid et al. 2016; Utsumi et al.
2020). We find indeed a correlation between >2; and M, and that
galaxies follow the relation by Zahid et al. (2016), although with
a large scatter in M), of about 0.5 dex at fixed 3. The ¥ — M),
connection has been extensively discussed in Chen et al. (2020):
smaller galaxies have smaller halos and lower-density centers,
but there is a large scatter for star-forming galaxies. The scatter of
the >; — M, relation gets even larger after quenching, when
additional, post-quenching physical processes set in. This is
something we will explore more in the future when studying the
connection between the SFHs and the morphologies of the
galaxies.

Although the uncertainties are large, Figure 14 shows that
galaxies in massive halos with log(M;, /M) > 13.0 all have
short quenching timescales (Tquench < 1 Gyr), i.e., there is an
absence of galaxies with long quenching timescales. The points
in Figure 14 are color-coded by z; highlighting that these
massive halos also host galaxies that formed early (z;> 5). At
lower halo masses (log(M,/Mg) ~ 12.0 — 13.0), Tquench is
also correlated with z;>35, which is not surprising, since
quiescent galaxies that formed recently need also to quench
quickly, as described above. A similar, but weaker, trend can
be found for Tquench — M,
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6. Discussion

We discuss here the implications of our key results. Our
detailed fitting of both the spectroscopy and the photometry of
161 massive galaxies at z~ 0.8 indicates a large diversity of
SFHs. Nevertheless, as we discuss below, our analysis supports
the picture of “grow-and-quench,” where galaxies’ early phase
is dominated by star formation along the SFMS, followed by a
transition phase to quiescence. We will end the discussion by
highlighting some limitations of our work presented here and a
short outlook.

6.1. Diversity of Star Formation Histories

One of the key results of our analysis is the large diversity of
SFHs. Specifically, galaxies at a given epoch and stellar mass
show a broad range of different paths in the sSFR versus look-
back time plane (Figure 6). In all bins, even in the most
massive bin, we find galaxies of all types: star-forming,
transitioning, quiescent, and rejuvenating. Furthermore,
galaxies transition from the star-forming to the quiescent
region at different epochs and over a range of timescales
(Figures 8 and 13). Consequently, there is a wide range of
formation redshifts (Figure 11) and star formation timescales
(Figure 12) at fixed stellar mass.

Despite this diversity, there are general trends. Unsurpris-
ingly, there is a relation between the formation redshift z, and
the star formation timescale Tsg: early-forming galaxies form
their stars on shorter timescales (Figure 12 and Equation (9)).
This relation only depends weakly on stellar mass. Looking at
the median evolution of the sSFR with cosmic time (Figure 9),
we find that the sSFRs of star-forming galaxies follow
o(1 + z)>3, consistent with the specific accretion rate of dark
matter halos and the SFMS measured independently at different
epochs. This is already a first indication that the galaxies’
SFMS describes an evolutionary track along which individual
galaxies evolve on average.

The similarity between the sSFRs of star-forming galaxies
and the specific accretion rate of dark matter halos is expected
from theoretical studies. Based on numerical simulations,
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Dekel et al. (2013) show that specific gas inflow rate and sSFR
of galaxies scale with the specific dark matter accretion rate of
their halos, as expected from analytical considerations using the
extended Press—Schechter approximation (Bond et al. 1991).
Furthermore, simple empirical models that link the growth of
galaxies to their dark matter halos are able to successfully
describe galaxies at low and high z (Behroozi et al. 2013;
Moster et al. 2013; Rodriguez-Puebla et al. 2017; Tacchella
et al. 2018). Importantly, this rule for star-forming galaxies
(sSFR o< (1 + z)*°) does not directly translate into a simple
stellar-to-halo mass relation at earlier cosmic time because the
star formation efficiency (i.e., the slope of the stellar-to-halo
mass relation) possibly depends itself on halo mass and
redshifts (see, e.g., Figure 3 in Rodriguez-Puebla et al. 2016).

Focusing on quiescent galaxies, we find that they decouple
on average from the SFMS early on (z > 3) and quench around
Zquench ~ 1-2 (Figure 9). This is consistent with recent findings
of a quiescent galaxy population at z >3 (Gobat et al. 2012;
Hill et al. 2017; Kubo et al. 2018; Schreiber et al. 2018; Girelli
et al. 2019; Tanaka et al. 2019; Carnall et al. 2020; D’Eugenio
et al. 2020; Forrest et al. 2020a, 2020b; Saracco et al. 2020;
Shahidi et al. 2020; Valentino et al. 2020; Santini et al. 2021).
In particular, Saracco et al. (2020) report a star formation
timescale of a few hundred Myr and a short quenching
timescale (<150 Myr) for a quiescent galaxy at z=3.352,
which is consistent with our estimates. We find that the
majority of those objects evolve passively to lower redshifts,
but there are a few cases where rejuvenation plays a role
(Section 6.5). Consistently, we find that some galaxies are
maximally old, meaning that they have formation redshifts of
zr~ 10 (Figure 11). These superold systems are the most
massive galaxies in our sample (log(M, /M) > 11.2) and also
live in the highest-mass halos (log(M; /M) > 13.0)—pro-
genitors of today’s slow rotators in the centers of clusters (e.g.,
Cappellari 2016). Clearly, these early formation redshifts are,
of course, exciting news for the James Webb Space Telescope
(JWST), which will be able to shed new light on the formation
of those objects. These objects should be easily detected and
characterized in detail, because we estimate them to have SFRs
between 10 and 1000 M. yr~' (Figure 7). However, it is also
possible that these early-forming galaxies were still in pieces at
these high redshifts, making it harder for JWST and other high-
z surveys to discover them.

We find that the formation redshift depends on stellar mass,
but only weakly (Figure 11), which is consistent with previous
results for galaxies at this and earlier epochs (Wu et al. 2018b;
Carnall et al. 2019b; Estrada-Carpenter et al. 2019; Ferreras
et al. 2019; Morishita et al. 2019). As mentioned in the
Introduction, local galaxies show a tighter relation between the
stellar age and the stellar velocity dispersion than between the
stellar age and stellar mass (Graves et al. 2010). As previously
noted by Carnall et al. (2019b), TNG100 is not consistent with
the stellar mass trend and, overall, predicts lower formation
redshifts (younger ages) than seen. It seems that TNG100 is
missing early-forming quiescent objects. This is of interest
since it could point toward diverse pathways to quiescence—
more diverse than what currently is implemented in TNG100,
where the black hole mass is the main determinant of whether a
galaxy quenches (e.g., Terrazas et al. 2020). On the other hand,
as outlined in Section 2.4, effects of cosmic variance, sample
selection, and resolution could also contribute to this absence
of such galaxies.
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Although all the high-mass systems have formed early,
the diversity increases toward lower masses. Interestingly,
several of our low-mass, quiescent galaxies (log(M, /M) =
10.0 — 10.5), which have not been probed by the literature
previously, have formation redshifts of z;~3—8, similar to
what we find in TNG100.

6.2. Evolution about the Star-forming Main Sequence

As highlighted in the Introduction, a fundamental question
concerning the SFMS is how galaxies evolve about this scaling
relation. Are galaxies moving about this relation on short or on
long timescales relative to the age of the universe? In the most
extreme case, where galaxies actually do not evolve about the
SFMS but follow independent (lognormal) SFH trajectories,
the SFMS itself has no deeper implication and equal-mass
galaxies on the SFMS need not form an evolutionary cohort
(Gladders et al. 2013; Abramson et al. 2016). In such a
scenario, we would expect that the scatter of the SFMS shows a
strong age gradient (see Figures 9 and 10 in Abramson et al.
2016), because galaxies at the upper envelope of the SFMS can
only have formed recently. On the other hand, if galaxies
fluctuate about the SFMS ridgeline on short timescales,
similarly massed galaxies have similar SFHs and the evolution
of the SFMS can be used to track the SFH of galaxies.

We first focus on tracking how galaxies evolve in the
SFR — M, plane. Figure 15 plots SFH tracks in the space of
SFR — M, (top panels) and Ayis — M,. Ay is the log-distance
from the SFMS, ie., Anms = log(sSFR/sSFRys), where
sSFRys is the sSFR of the SFMS at a given look-back time/
redshift and stellar mass of the galaxy’ history. We use the
SFMS prescription of Leja et al. (2021), which is based on the
3D-HST photometry and stellar population analysis presented
in Leja et al. (2019b), meaning that the SFMS is estimated
from direct measurements of SFR and M, of galaxies at
7=0.5 — 3.0. The left, middle, and right panels show the tracks
of quiescent, star-forming, and rejuvenating galaxies, respec-
tively. The classification is based on Equation (2). Rejuvenat-
ing galaxies are galaxies that were quiescent in the past and
have & > 1/20 at the epoch of observation. Each track
consists of a range of look-back times fy,, ranging back to
i, =4.5 Gyr, which corresponds to z~ 3. It is important to
keep in mind when interpreting these tracks that they do not
necessarily reflect the SFH of a single galaxy, since galaxies
can merge and the resulting stellar population mixes in situ and
ex situ formed stars. We discuss this further in Section 6.6.

Figure 15 shows that quiescent galaxies have similar tracks.
This is not too surprising since when galaxies significantly
reduce their SFR they will not move further to the right in this
figure. Obviously, mergers can increase M, of quiescent
galaxies, but our SFH measurements are insensitive to this:
we are only able to infer the combined SFH of the main
progenitor and all of its previously merged subcomponents. We
find that by z~ 3 most of the quiescent galaxies are on the
SEMS, consistent with what we found in Figure 9. We will
discuss these tracks and quenching more generally in
Section 6.4. Similarly, we will follow up on the rejuvenating
galaxies in Section 6.5.

We now focus on star-forming galaxies (middle panel of
Figure 15), which unfortunately only includes a limited number
of galaxies in our sample (31 galaxies, out of which 25 are at
Zobs = 0.6—1.0 and are displayed in the figure). The key point to
notice is that the star-forming galaxies show significant
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Figure 15. Evolutionary paths of galaxies in the M, — SFR plane (top panels) and relative to the SFMS (Ays = log(sSFR/sSFRys), where sSFR s is the sSFR of the
SEMS at a given look-back time /redshift and stellar mass of the galaxy considered; bottom panels). We plot the M, — SFR and M, — Ay tracks as inferred from our
SFHs for quiescent galaxies (left panel), star-forming galaxies (middle panel), and rejuvenating galaxies (right panel), classified according to Equation (2). We only
plot galaxies at zons = 0.6—1.0. The points show a look-back time from the epoch of observations of #, = 0.0, 0.1, 1.0, 2.0, and 4.0 Gyr. To guide the eye, the solid
light-blue (dashed dark-blue) line shows the SEMS at z = 0.8 (z = 3.0) (Leja et al. 2021). Most quiescent galaxies move back onto the SFMS by a look-back time
of ~2 — 4 Gyr, i.e., z ~ 3. Star-forming galaxies show significant variations in the past 100 Myr of their lives, indicating variable star formation and evolution about
the SFMS. Rejuvenation is significant in only 9 out of 161 galaxies of our sample, and it can take place at all stellar masses, but it seems to prefer massive dark matter

halos.

movement relative to the SFMS in recent times. Some galaxies
moved more than 1 dex in the past 100 Myr. Galaxies on
average cross the SFMS twice, while only one galaxy never
crosses the SFMS and three galaxies cross the SFMS four
times. This also holds when considering the uncertainties
on the inferred SFHs. Galaxies move from above to below
the SFMS on a timescale of f. o = ().3331,_';;‘ Gyr, while
they move from below to above on a timescale of fco5s =
402712 Gyr. This only considers the first crossing after the
observations. Later oscillations are more difficult to estimate
because of our time bins, which leads to oscillation timescales
of 1-2 Gyr. We also notice that galaxies slightly lie above the
SEMS at large look-back times (see also quiescent galaxy
panels on the left), which could be related to a systematic
difference between the SFMS prescription and this work, or the
accretion of smaller galaxies with time, leading to a bias high in
SFR relative to the SEMS.”!

2! The inferred SFHs might place galaxies systematically above the SEMS in
the past if mergers are frequent. Assume that the SFMS can be parameterized as
SFR = C - M (e.g., Speagle et al. 2016). Consider two galaxies (galaxy 1
with M, ; and SFR, and galaxy 2 with M, , and SFR,) merging into one galaxy
at time #’. We then infer SFH of the galaxy. At time ¢/, we infer an SFR from
SED modeling of SFRgey = SFR; + SFRy, = C - (M| + M,). On the
other hand, the SFR on the SFMS at time ¢ for M,;+M,, is
SFRys = C - (M1 + M, »)*. This leads to the ratio of

_ SFRSFH o (Mfl =+ M:2)
SFRus M, + M, )™
An SFMS slope in the range of 0.5 < o < 1.0 leads to aratio 1.0 < R < 1.4,
i.e., the SFR inferred from the SFH is larger than the one from the SFMS.

Additionally, this could be further complicated by the different light weight of
the two galaxies on the combined SED.

10)
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To further study this, we look explicitly for an age gradient
across the SFMS to understand whether there is some long-
term correlation of whether galaxies are above or below the
SFMS ridgeline. Figure 16 shows the formation redshift z; (top
panel), the mass-weighted age f,,. (middle panel), and the ratio
of the SFR measured over the previous 10 Myr and 1 Gyr
(bottom panel) as a function of the distance from the SFMS
Aws. The vertical black line marks the SFMS, while the gray
band indicates its scatter of ~0.3 dex. We plot star-forming
(blue circles), transitioning (green triangles), quiescent (red
squares), and rejuvenating (orange stars) galaxies, classified by
our mass-doubling criterion specified in Equation (2).

The top panel of Figure 16 shows that there is no significant
gradient in z with Ay, We notice that the galaxies above the
SFMS (Aps > 0.5dex) have all formed recently (zy< 1.5),
which can be naturally explained by a burst of star formation
adding significantly stellar mass, leading to a decrease of zz
However, recent formation redshifts z, are also not uncommon
on the SFMS, which shows a large diversity of z5 This is also
true when we study this trend at fixed stellar mass.

The middle panel of Figure 16 indicates a weak, not
significant trend of #,,c with Ayg. This holds also when
studying this trend at fixed stellar mass. Again, galaxies above
the SFMS are the youngest galaxies in our sample, indicating
that this recent burst of star formation significantly adds stellar
mass. These results point toward galaxy oscillations about the
SFMS on timescales significantly shorter than the age of the
universe.

The bottom panel of Figure 16 shows the logarithm of the
ratio of the SFR measured over short (10 Myr) and over long
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Figure 16. Formation redshift z; (top panel), mass-weighted age #,,. (middle
panel), and ratio of the SFR measured over 10 Myr and 1 Gyr (SFRIOMyr/
SFR| Gyr; bottom panel) as a function of the distance from the SFMS Ay,
which is based on the SFR measured over 100 Myr. The blue circles, red
squares, green triangles, and orange stars indicate star-forming, quiescent,
transitioning, and rejuvenating galaxies, respectively, classified according to
Equation (2). We only plot galaxies at zops = 0.6—1.0. The vertical black line
marks the SEMS (Ays = 0.0), while the gray band shows the SFMS’s scatter
(roughly 0.3 dex). There is no significant gradient for z; and f,4. across the
SEMS. Only galaxies above the SFMS have all young ages, indicating that they
have formed most of their mass recently. This is overall consistent with a
picture where galaxies evolve about the SFMS on timescales significantly
shorter than the age of the universe. We find a correlation between SFRIOMyr/
SFR;Gyr and Ays = 0.0, implying that transitioning and quiescent galaxies
have a declining SFH.

(1 Gyr) timescales, i.e., a positive number indicates that the
SFR has increased, while a negative number indicates that the
SFR has decreased over the past 1 Gyr. There is no significant
trend across the SFMS for star-forming galaxies; only galaxies
above the SFMS have recently increased their SFRs signifi-
cantly. As expected, transition and rejuvenating galaxies—
roughly at the same distance from the SFMS—have
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significantly different ratios, consistent with the idea that
transition galaxies are reducing the SFRs, while rejuvenating
galaxies are increasing their SFRs. Quiescent galaxies typically
have a negative ratio, indicating decreasing SFHs.

In summary, Figure 15 (together with Figure 9) indicates that
galaxies naturally move along the SFMS. Importantly, we find
clear indications of short-term variations in the SFH of star-
forming galaxies, indicating that at least some of these galaxies
move on rather short timescales (few hundred Myr) about the
SEMS. Figure 16 shows no strong trends of the formation
redshift or galaxy age across the SFMS; only “star-bursting”
galaxies show younger ages. It is important to stress that we
focus here on z ~ 0.8. We expect that these gradients in z; and
f,ge across the SFMS are expected to increase in strength
toward lower redshifts, because environmental processes will
play a larger role in regulating star formation (e.g., Poggianti
et al. 2006; Sdnchez-Blazquez et al. 2009; Jablonka et al. 2013;
Cantale et al. 2016; Webb et al. 2020; van der Burg et al.
2020). An indication for this is, for example, the dependence of
the clustering strength on the distance from the SFMS (Berti
et al. 2021).

These results are consistent with numerical simulations,
which show that galaxies oscillate about the SFMS (Tacchella
et al. 2016; Matthee & Schaye 2019). On which timescales
galaxies oscillate is still uncertain observationally, but a fruitful
avenue to characterize this is the use of the temporal power
spectrum density (Caplar & Tacchella 2019). This framework
allows us to assess the importance of SFR fluctuations on a
wide range of timescales, and it can tell us about different
physical processes regulating star formation that act on
different timescales, ranging from molecular clouds to gas
accretion (Tacchella et al. 2020). Interestingly, the predictions
for the power spectrum density from galaxy formation models
(numerical as well as semianalytical models) vary widely,
highlighting that this is an interesting space to constrain those
models (Iyer et al. 2020). Future, more detailed measurements
of the power spectrum density via different SFR and stellar age
indicators will be important to assess how galaxies evolve
about the SFMS (e.g., Guo et al. 2016; Broussard et al. 2019;
Caplar & Tacchella 2019; Emami et al. 2019; Faisst et al. 2019;
Wang & Lilly 2020).

6.3. Late Bloomers

It is challenging for the “grow-and-quench” framework to
explain a large population of galaxies that are extremely young.
To this end, Dressler et al. (2016, 2018) searched for “late
bloomers,” which are massive (log(M, /M) > 10.0) galaxies
at z < 1 that formed the majority of their stars within ~2 Gyr of
the epoch of observation. Dressler et al. (2018) found that late
bloomers account for ~ 20% of z ~ 0.6 galaxies with masses of
the modern (z ~ 0) Milky Way, with a moderate dependence on
mass. They conclude that this strongly contradicts paradigms in
which galaxies are thought to simply grow along the SFMS and
quench. Mamon et al. (2020), using SDSS spectra, have also
looked for such late-bloomer galaxies in the local universe (but
called them very young galaxies (VYGs)), finding that they are
common (~50%) at log(M, /M) ~ 8.0 but rare at high stellar
masses (~0.1% at log(M, /M) ~ 11.5).

Figure 17 shows the fraction of stellar mass formed in the
previous 2Gyr as a function of M,. We focus on
log(M, /M) > 11 since this is the mass range where our
sample is unbiased (see Section 2.1.1). Our measurements are



THE ASTROPHYSICAL JOURNAL, 926:134 (36pp), 2022 February 20

1-0 T Ll T I T T T I T 1 T I T T T I 1 T T

IllustrisTNG .

4 HALO7D (this work) |

— -

6 Lal‘e 8 _

~ /Oo,n -0.6-0.30.0 0.3 0.6 T

w0 ef’s AMS [dex] T

9 ]

RS -

> |
)
—_

Q- 4(# -

i i _

- ]

© 1

+ -

Y ©
Z : —o, —© §
p rel @ o 10 i
11.4 11.6 11.8 12.0
log M. [Mg]

Figure 17. Fraction of mass formed in the previous 2 Gyr (look-back time) as a
function of stellar mass M,. We focus on galaxies with log(M, /M) > 11.0
since this subsample is unbiased with respect to SFR. Our sample is color-
coded by the distance from the SFMS (Ays). The green crosses mark the
MlustrisTNG (TNG100) galaxies at z=0.7. The horizontal dashed line
indicates 50%, i.e., galaxies above this line formed the majority of their stars
in the previous 2 Gyr and are classified as “late bloomers.” Only a few of our
galaxies are late bloomers, consistent with our ages estimates of 7,5, > 2Gyr.

indicated with circles (color-coded by Ays), while the green
crosses show the TNG100 data processed in the same way as
our data. We find the expected correlation: galaxies above the
SFMS have a higher fraction of stellar mass formed in the
previous 2 Gyr.

Only a few of our galaxies are late bloomers (are above the
horizontal dashed black line), which is consistent with our
mass-weighted age estimates (Figure 10). We find an observed
late-bloomer fraction of f; 5 = 3.6759% in the mass range of
log(M, /M) = 11.0 — 11.5. In order to understand the nature
of these late bloomers, we correlate 7, (look-back time by
when 20% of the stellar mass was formed) and 7gg with the
fraction of mass formed in the previous 2 Gyr (y-axis of
Figure 17). We find that #,, smoothly decreases with this mass
fraction, which indicates that late bloomers seem to have
started their star formation more recently than nonlate
bloomers. Interestingly, late bloomers seem to show some
diversity in Tgf, i.e., there are objects with 7gg~ 1.5 Gyr as
well as objects with 7gg >3 Gyr. This indicates that late
bloomers can form through both a recent burst of star formation
and a more continuously increasing SFH. This is also
confirmed when looking at the SFHs themselves (i.e., SFR
vs. time; Figure 7).

In comparison with TNG100, we do not find a significantly
different distribution in Figure 17, but there are no late
bloomers at all in TNG. The fraction is consistent with O, i.e.,
fig = 0.07)3%. Dressler et al. (2018) quote at (z) =0.6
fie ~ 5%—10% for galaxies with log(M, /M) = 11.0, which
is slightly higher than what we find in our observations and
TNG100. The weak disagreement between Dressler et al.
(2018) and our measurement could point toward an over-
estimate of the late-bloomer fraction in Dressler et al. (2018)—
in particular toward lower M,—caused by the assumed prior
in their work. They fit for the mass formed in N fixed
time bins, which is not agnostic about the shape of SFR(?)
but instead prefers rising SFHs and high instantaneous sSFRs
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(Leja et al. 2019a). This can be understood intuitively by
imagining a series of random draws for each of the N time bins
that add up to a fixed total mass by construction (typically, this
total mass is loosely constrained by the normalization of the
SED). Most of the SFHs thus constructed will have significant
mass in only one or two time bins, which naturally results in
“bursty” SFHs and in SFHs for star-forming galaxies that are
rising. These effects could lead to an overestimation of the late-
bloomer fraction. A separate issue is the uncertainty in the
assumed dust attenuation law. In order to estimate the stellar
mass formed in the previous 2 Gyr (in particular, the age range
of 0.5—2.0 Gyr), accurate estimates of the far-UV and near-UV
luminosities are needed (see discussion in Appendix B). This
means performing an accurate dust correction. We know that
the dust attenuation law varies from galaxy to galaxy (Kriek &
Conroy 2013; Reddy et al. 2015; Salim & Narayanan 2020;
Shivaei et al. 2020), as expected from theoretical models
(Smith et al. 2015; Narayanan et al. 2018), and there is a need
for a flexible attenuation law when reproducing the physical
properties of a large variety of objects (Lo Faro et al. 2017). We
marginalize over different slopes of the dust attenuation law,
while Dressler et al. (2018) assume a fixed Calzetti et al. (2000)
law but allow for different dust amounts in each SFH time bin.
These different approaches could also lead to a difference in

fis

6.4. How Are Galaxies Quenching? Fast or Slow?

Quiescent galaxies decouple from the median SFH of star-
forming galaxies and the typical accretion rate of dark matter
(Figure 9), thereby falling significantly below the SFMS
(>2 dex). We show that galaxies transition over a wide range
of timescales, from a few tens of Myr to a few Gyr (Figure 13).
The typical quenching timescale in our sample is 1.17)2 Gyr.
About 25% of our galaxies quench on short timescales with
Tquench <300 Myr. This is consistent with complementary
studies of post-starburst galaxies, which infer that such fast-
quenching galaxies are responsible for about 20%-50% at
0.5 <z< 1.5 (Belli et al. 2019; Wild et al. 2020).

Focusing on the left panel of Figure 15, we find that galaxies
quench over a wide range of stellar masses. The lowest-mass
systems quench at log(M, /M) = 10.3, while the highest-mass
systems have log(M, /M) =~ 11.6. As mentioned before, there
is a high probability, in particular for the most massive systems,
that these galaxies have merged and consist of multiple
progenitors. This means that the quenching mass range in reality
might be narrower. For example, in TNG100, galaxies typically
quench in the range log(M, /M) = 10.5-11.0. Above this mass
range, the ex situ mass fraction increases (Tacchella et al. 2019).
Furthermore, these tracks are nearly vertical, indicating little
mass growth during quenching. Specifically, we measure a
relative stellar mass growth (in comparison with final stellar
mass) in the “green valley” of fy,, = 7.973%%, which, by
definition, is correlated with the quenching timescale.

In the literature, several studies highlight the need for two
quenching paths—slow and fast—in both observations (e.g.,
Yesuf et al. 2014; Barro et al. 2016; Wu et al. 2018a; Belli et al.
2019; Carnall et al. 2019b) and simulations (e.g., Rodriguez
Montero et al. 2019). We do not find a bimodal distribution of
quenching timescales in Figure 13, which could be related to
the rather large uncertainties of Tgyench. At face value, our
quenching timescale distribution and the wide quenching mass
range can be explained by a combination of a quenching
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mechanism with a “gate keeper” (Tacchella et al. 2016): while
the galaxy grows in stellar mass on the SFMS, the galaxy tries
to quench and depart the SFMS via stellar and black hole
feedback, which itself can be activated through mergers and
violent gas instabilities (Hernquist 1989; Zolotov et al. 2015).
However, as long as the replenishment time of fresh gas is short
enough, i.e., there is enough fuel available for sustaining star
formation, the galaxy is forced to keep forming stars and stay
on the SFMS. Only when the halo is hot enough (the halo mass
plays the role of the aforementioned “gate keeper”) can fresh
gas not be supplied after another quenching attempt, and the
galaxy is able to quench. A result of this combination of a
quenching mechanism with a “gate keeper” is a wide range of
quenching timescales and quenching masses since the exact
timing of when the quenching mechanism is activated (e.g., a
merger takes place) and the timing of when the critical halo
mass is reached differ from galaxy to galaxy. This is also
consistent with Figure 14, where the most massive halos
(presumably the halos with the most shock-heated gas) host
galaxies that were able to quench rapidly.

Consistently, Chen et al. (2020) argue that the wide
quenching mass range can be explained by varying black halo
masses that beat against halo masses that also vary across this
mass range. This picture accounts nicely for the width and
stable mean mass of the quenching mass range, and it naturally
accommodates a “fast” quenching channel precipitated by gas-
rich mergers. However, this work has only little to say about
how long it takes to quench, since it focuses mainly on
preventive feedback, which has a natural timescale of the order
of the halo dynamical timescale. Quenching timescales should
be shorter at early times since halos are denser, but we do not
find a such trend here. Ejective feedback might lead to more
variation in the quenching timescale.

An additional observational avenue to constrain the quench-
ing mechanism(s) is to study the spatial progression of
quenching within galaxies. The first steps in this direction
have been done in high-redshift galaxies, both for star-forming
galaxies by studying the distribution of star formation (Wuyts
et al. 2013; Tacchella et al. 2015a; Nelson et al. 2016;
Abdurro’uf 2018; Morselli et al. 2019) and for quiescent
galaxies by studying the stellar populations on spatially
resolved scales (Akhshik et al. 2020; Jafariyazani et al. 2020).

6.5. Rejuvenation Is Uncommon

As mentioned above, rejuvenation in our sample is
uncommon. We use a rather stringent criterion, where galaxies
are rejuvenating if they were quiescent in the past and are either
in the star-forming or the transition region at the time of
observation (based on the criterion in Equation (2)). Specifi-
cally, only two galaxies in our sample of 161 galaxies
rejuvenate back to be star-forming, corresponding to 1.2%.
There are seven other galaxies (4.3%) that rejuvenate, but only
to the transition region. Interestingly, as highlighted in
Figure 16, these rejuvenating galaxies all have high formation
redshifts (zy~5-8) and are rather old (half-mass age of
fage > 5 Gyr), which indicates that only little mass has formed
in these recent rejuvenation events (<10%). Also, we do not
see any indication of AGNs in these systems (fagn < 1%).

Consistent with high formation redshift and old age,
we find that rejuvenated galaxies prefer to lie in massive
halos. In particular, we find that the fraction of rejuvenating
galaxies at log(My/My) < 13.0 is only f~4%, while at
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log(My, /M) > 13.0 it is f~30%. This could signal a cooling
flow failure as seen in local massive ellipticals such as Perseus A
(NGC 1275; e.g., Canning et al. 2014) and Abell 1795 (e.g.,
Ehlert et al. 2015), which are massive central cluster galaxies but
are hosting star formation. Galaxy—galaxy merger, which can
bring in new fuel for star formation, might also play a role, but
because of the high relative velocity of galaxies in these high-
density environments (i.e., (proto)clusters), mergers should be
less common.

The rarity of rejuvenating galaxies is consistent with
theoretical expectations (Trayford et al. 2016; Pandya et al.
2017) and other observational measurements (Belli et al. 2017,
Chauke et al. 2019; Akhshik et al. 2021). TNG100 predicts a
rejuvenation fraction above log(M, /M) > 10.5 of 1.6%. In
Chauke et al. (2019), the authors infer that 16% of the z ~ 0.8
quiescent population has experienced rejuvenation events in the
redshift range 0.7 < z < 1.5 after reaching quiescence at some
earlier time. This is a different criterion than the one we are
using. With their criterion, a double-peaked SFH (separated by
an SFR ~ 0) is considered rejuvenated (see Figure 4 of their
work). This raises, of course, the interesting question of the
exact definition of rejuvenation. Since it is challenging to
recover a short burst of star formation several Gyr back in time
and our prior weights against such a behavior (Leja et al.
2019a), our definition of rejuvenation is a conservative one and
focuses on the current epoch only.

Furthermore, we believe that the quoted 16% in Chauke
et al. (2019) is an overestimation of rejuvenation events. First, a
double-peaked SFH (with quiescence in between) does not
imply rejuvenation. It could also be that two galaxies, each
with a different formation redshift, have merged. The resulting
merger remnant will have a double-peaked SFH, but no actual
rejuvenation took place. Second, Chauke et al. (2019) fit for the
mass formed in N fixed time bins, which leads to a prior in
SFHs that tends to form the majority of the mass in one or two
time bins (see Section 6.3). Nevertheless, we agree on their
main conclusion that these rejuvenation events only contribute
little to the total stellar mass and that they are not an important
evolutionary channel when considering the growth of the
quiescent galaxy population.

Clearly, it would be of great interest to study the morphology
of these rejuvenating galaxies, which we will do in the future.
These galaxies might be consistent with objects such as
presented in Mancini et al. (2019), where the SFHs have been
measured for bulge and disk components separately for 10
galaxies at 0.45 <z < 1. These authors have argued that the
bending of the SFMS is due significantly to quiescent galaxies
acquiring star-forming disks, which rejuvenate the systems.

6.6. Limitations and Outlook

A limitation in our study is the sample size of 161 galaxies,
which makes it difficult to split the sample by physical
properties, such as mass, star formation, or formation redshift.
Large samples of both star-forming and quiescent galaxies will
allow us, for example, to shed more light on the correlation
between quenching timescale and other galaxy properties.
Furthermore, our sample only includes a few star-forming
galaxies; increasing the sample size of star-forming galaxies
will help us to understand how galaxies evolve about the SFMS
in more detail.

In the future we are planning to expand the sample size by
including galaxies from other spectroscopic surveys, such as
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LEGA-C (van der Wel et al. 2016) and VANDELS (McLure
et al. 2018; Pentericci et al. 2018). In addition, for increasing
the number of objects, the inclusion of these surveys will help
to span a wider range of epochs of observation. This will be
particularly useful for understanding how galaxies evolve post-
quenching, including both major and minor mergers. As
highlighted above, a major limitation when studying SFHs is
the uncertainty related to mixing several galaxies into a single
galaxy and misinterpreting the measured SFH as the evolu-
tionary path of one single object. Comparing the SFH of in situ
and ex situ stars in TNG100 does not actually show a
significant difference, which might alleviate some of these
concerns. It seems that galaxies, which will later be accreted by
the main progenitor, have similar SFHs to the main progenitor
itself, i.e., there is some overarching coherence scale for the star
formation in galaxies in a certain environment. Nevertheless, a
more detailed investigation is needed.

Understanding how representative a measured SFH is in
comparison to the evolutionary path of the main progenitor is
an open question. Probing galaxies at different epochs could
help with this (but see Abramson et al. 2016). Furthermore,
connecting the measured SFHs to the morphology of the
galaxies is also of great interest (Belli et al. 2015; Fagioli et al.
2016; Almaini et al. 2017; Faisst et al. 2017; Williams et al.
2017; Maltby et al. 2018; Wu et al. 2018a; Estrada-Carpenter
et al. 2020; Suess et al. 2020)—something we will focus on in
an upcoming publication. This is of interest not only for
understanding the evolution of galaxy morphology with epoch
but also because the morphology of galaxies can give us clues
about the occurrence of mergers.

7. Conclusions

We present a detailed stellar population analysis of 161
massive galaxies at a redshift zyps=~ 0.8 from the Keck/
DEIMOS survey HALO7D. We use Prospector (Johnson
et al. 2021) to fit a 27-parameter model to both UV-IR
photometry and rest-frame optical spectroscopy from Keck/
DEIMOS. The model parameters (Table 1) describe a wide
range of different physical components, including a 10-bin
nonparametric SFH, a flexible dust attenuation law, and
emission by an AGN component, emission lines, and dust.
Since the Prospector framework is fully Bayesian and
forward-models many aspects of spectroscopic data analysis
and calibration, we are able to capture parameter degeneracies
and to marginalize over them, providing us with realistic
uncertainties. We show that fitting both photometry and
spectroscopy with a flexible dust attenuation law is necessary
to fully break the dust-age—metallicity and constrain the SFH
of galaxies on short (few tens of Myr), intermediate (few
hundreds of Myr), and long (few Gyr) timescales.

The key result of our analysis is the diversity of SFHs: at a
given epoch and stellar mass, galaxies of all types are present
(star-forming, transitioning, and quiescent), and we find a large
range of star formation timescales, quenching timescales, and
quenching epochs (Figures 6 and 11). Quiescent galaxies, even
at fixed stellar mass and redshift, quench fast and slow, early
and late. Nevertheless, there are some intriguing, uniform
trends in our data: galaxies that form early formed their stellar
mass on shorter timescales, while galaxies that form late
formed their stars on longer timescales (Figure 12). Star-
forming galaxies’ SFHs follow on average the expected trend
from dark matter accretion histories (Figure 9): the sSFRs of
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star-forming galaxies tracks the specific accretion rate of their
dark matter halos (sSSFR o< (1 4 z)*?), which is expected from
numerical and analytical models. Individual SFHs of star-
forming galaxies show variability, thereby crossing the SFMS
ridgeline several times (Figure 15). We do not find a correlation
between the distance from the SFMS and formation redshift
(Figure 16), implying that the SFMS oscillations take place on
shorter timescales than the age of the universe.

Quiescent galaxies decouple from the SFMS and quench on
short and long timescales: about 25% of our sample quenches
on timescales Tguench < 500 Myr that are short relative to the
dynamical timescale of their dark matter halos (Figure 13). The
large range of Tguencn in our sample points toward a
combination of galaxy-internal (such as stellar and black hole
feedback) and galaxy-external (such as a hot dark matter halo)
mechanisms to quench galaxies. Furthermore, green valley
(transitioning) galaxies grow only little in stellar mass: the
relative mass growth (in comparison with final stellar mass)
amounts to fy,, = 7.977:°% (Figure 15).

We presented several comparisons with the galaxy formation
model IllustrisTNG (specifically, medium-sized box TNG100).
TNG100 overall produces similar formation redshifts to our
observations but seems to miss the earliest-forming galaxies
(zy> 6), which is expected because of the finite resolution of
the simulation, but effects related to cosmic variance and
sample selection can also contribute. The typical timescale for
quenching is in agreement with our observations, though the
overall distribution is narrower than what we measure
(Figure 13), which could point to less diversity in quenching
pathways compared to the real universe.

Overall, our analysis supports a “grow-and-quench” frame-
work where galaxies grow along the SFMS and then quench on
a wide range of timescales. We find a wide and continuously
populated diversity of quenching timescales. Our observations
show that rejuvenation of star formation in quiescent galaxies is
rare. However, we find that galaxies do not simply grow
exactly on the SFMS ridgeline but rather oscillate about it, and
understanding the exact timescales of these oscillations is of
great interest to constrain the regulation of star formation in
galaxies (Tacchella et al. 2020). In the future, we will connect
the derived SFHs in this work with galaxies’ morphology and
metal abundances to further constrain their formation and
evolution. Another avenue to explore these HALO7D spectra is
to investigate spatial gradients in colors and stellar populations
within galaxies. Finally, as shown in this work, we expect
quiescent galaxies to be present at early cosmic time, which
opens the door for JWST to unravel the physics of quenching
of these first quiescent galaxies.
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Appendix A
Instrumental LSF

A.l. Measurement of the LSF

As described in Section 3, the high-resolution empirical
stellar library MILES has a comparable resolution to our
observed galaxy spectra. In particular, the observed spectra of
our low-z galaxies have a lower resolution than the MILES
templates. Therefore, the MILES templates need to be matched
to the LSF of our observations by convolving them with a
kernel. This instrumental LSF of the observation describes the
observed shape of an intrinsically very narrow spectral line at
the wavelength )\, due to purely instrumental broadening,
including the effect of integrating over the detector pixels.

We construct the LSF for each HALO7D/CANDELS field
separately. Specifically, we measure the Gaussian width o as a
function of wavelength from fitting Gaussians to arc lamps and
night skylines for all the slits that fell in each field. We then fit a
quadratic function to all the width measurements as a function
of wavelength. These LSFs are shown in Figure 18. The solid
lines show the quadratic LSFs for each individual field. We
measure a typical width of o)~ 1.5-2.0 A and find little
difference from field to field.

Since we assume that the LSF is Gaussian, the kernel with
which the templates need to be convolved is also Gaussian with
a width oy Specifically, we determine the broadening o4;¢ of
the rest-frame MILES library spectra required to match the
observed LSF by

a %,MILES7 (A1)

g ﬁiff =0 \2/ -
where oy =c X 05/ Aops and oy migs = ¢ X FWHMmygs/
2.355/ Mest With FWHMyy gs = 2.54 A. As noted in the main
text, oqir becomes negligibly small for high-redshift galaxies in
our sample. This means that the observed LSF is dominated by
the physical stellar velocity dispersion—which is fitted—and
the “uncorrectable” difference between the MILES and
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Figure 18. Instrumental LSF adopted in this work. We assume that the LSF can
be described as a Gaussian with oj,mpaa- The solid lines show the quadratic LSF
for each individual field. We find only little field-to-field variations.

instrumental LSF is not important to the final total LSF.
Finally, the effects of the LSF on the inferred stellar population
parameters are negligible.

Appendix B
Gain in Fitting UV-IR Photometry and Optical
Spectroscopy Together

Assessing in detail the gain in fitting both photometry and
spectroscopy together is beyond the scope of this paper.
Nevertheless, we would like to stress that detailed constraints
on the SFHs are only possible when fitting both photometry
and spectroscopy. Focusing on photometry alone, Pforr et al.
(2012; see also Wuyts et al. 2009) study in detail the recovery
of galaxy properties from SED fitting. They show that coverage
from the rest-frame ultraviolet to the rest-frame near-infrared
appears to be optimal in recovering age, stellar mass, and dust
reddening. Similarly, Leja et al. (2017) discuss how different
SED parameters shape the overall SED, specifically showing
that the UV wavelength range is sensitive to the SFH, but also
that they are degenerate with dust attenuation and metallicity.
Johnson et al. (2021) provide a more rigorous analysis on
combining spectra with photometry by performing a full mock
simulation. The present analysis shows that combining
photometry and spectroscopy significantly improves derivation
of parameters.

This analysis focuses on the spectroscopic data available in
this work. Although the redshift range probed by our galaxies
is rather large (zops = 0.4-1.2), thanks to the broad wavelength
coverage (Aops =4600-9500 A) key absorption features are
covered by all galaxies (see Section 2.1.2): the hydrogen
absorption lines from H10 (found at 3799 A) to H3 (at 4863 A)
the calcium H and K lines (at 3934 and 3969 A) the CN line (at
4160 A), the Mg I b triplet (at 5176 A), and several other Mg
(at 5530 A) Ca (including at 4227 and 4455 A) and Fe lines
(including at 4383, 4531, 4668, and 5270 A). Only galaxies
probing the highest redshifts (zops > 1) do not have coverage of
the Mg 1 b triplet and the Hf line.

We now show how our results change when fitting only
photometry, only spectroscopy, and both photometry and
spectroscopy together. For all those fits, we assume the same
model. Figure 19 compares the posterior distributions from
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Figure 19. The need for spectroscopy and photometry. This joint posterior figure for the galaxy (ID 16490; same as shown in Figure 5) shows the posteriors of M,,
sSFR (measured over the past 100 Myr), %ust,2, fage» Tsr> and Z, for fitting our standard data (spectroscopy + photometry; in red), only spectroscopy (blue), and only
photometry (red). The spectroscopy constrains the stellar age and metallicity, while the photometry constrains the dust attenuation. The photometry, together with the

spectroscopy, is able to break the dust—age—metallicity degeneracy.

fitting photometry only (green), from fitting spectroscopy only
(blue), and from combining photometry and spectroscopy (red).
We again consider the galaxy with ID 16490 (same as shown in
Figures 4 and 5). In the “spectroscopy-only” case, we actually
include the observed / band to normalize for the otherwise
unconstrained stellar mass. We confirm the expected trends
(e.g., Gallazzi et al. 2005; Conroy 2013): the dust attenuation
and the stellar mass are mainly constrained by the photometry,
while the age and metallicity are mainly driven by the
spectroscopy. Figure 20 confirms that the trends for galaxy
ID 16490 also hold throughout our sample. Specifically,
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Figure 20 compares the spectroscopy-only with the photometry
+spectroscopy run (top panels) and the photometry-only with
the photometry+spectroscopy run (bottom panels). The
specific SSFR (second panels from the left) is averaged over
100 Myr, and both photometry and spectroscopy contribute
about equally to its determination. The second panels from the
left highlight that the star formation timescale 7gr is mainly
constrained by the spectroscopy. Figure 21, following the same
layout as Figure 20, compares the inferred uncertainties using
only spectroscopy, only photometry, and the combination of
spectroscopy and photometry. For each galaxy, we estimate



THE ASTROPHYSICAL JOURNAL, 926:134 (36pp), 2022 February 20

Tacchella et al.

124 T T T T T T 257 T T T T T T T T T T T T T T T T T T
* )/ 0.2f 4
s . 8 - o
_ oL = . ¢ 20fF ¢ q o + af Y. B -‘*'
o 1151 . . — ';—10- B —_ —_ - . o 0.0F Qow s
= T 5
2 R o = «2 g ! &b 4 15 vk N L3 {38
9 g ® o 15k 4 = o e =23k = 3 v _02F ¢ > 3
g . 2 @ % o o ¢ o : g . »
2 11.0F —:—12» - %o 1 = sl e |y . 2.0 ot it 1 g }‘ / 3 pap?, (i =i
s & SRl A8 o 1 % 195, il bk . ¢ In = o]
o n 1 I-{. - 5 t o 5o =) \d o
S 105f B g.-m— * B 05 i3 ] Sk = § ] = .'.J _9—05— a3 4
=2 s . i / o
Y ZO0 | la%e S ! s -08p ]
10 ) A . _ . h . o it TR A . 1 \ | S ST e
10.0 10.5 11.0 115 12.0 =16 -14 -12 -10 -8 0.0 0.5 1.0 15 2.0 25 2 4 6 8 1 4 -08 -06 -04 -02 00 0.2
log M. phot + spec [Mo] log sSFR phot + spec [yr~1] Taust.2 phot + spec tage phot +spec [Gyr] Tsk phot + spec [Gyr] log Z. phot + spec [Zo]
124 T T T T T T 2. T T T T T T T T T T T T T T T T T T
0.2 -
8 + 7 - -
S T i b 3 29 ] Tt 1 ‘r "b A 0.0 1 .'ii“
o 1151 4 L -10p B —_ —_ . b3 r » 1
= . B 8 > 4 » 4 S of e AR selbi A 0 1N s
o o = " 21s . i 2 o« + O sf 15 02F - )| .f Lri SR
2 < % o 4 = = Soe e 2 (3 o
S 11.0F i 4 & -12F r3 . 1 =~ 1l ° afjpe ! L8 <] D i = Sy "
B 4 o ok ¢ 7 ] So[ e elits iR 1 &,F Q‘ 5% 1. -0aF % iy, S
= 3 % S s * M ol 5] > gyl N . N
o ’ 4 « s ST H s i K # ’ o 1 g5 e 4 M
S 105 4 o-14F 4 Fp vk sz Ll L= | ] N Z( i S o6k st s nil(ng 3
7 o 05 s 4 1f 4 3
. -o08f * 4
10 )y L _ L L o Poiiis L L L L L L L L L L f TR
10.0 10.5 11.0 115 12.0 =16 -14 =12 -10 -8 80 0.5 1.0 15 2.0 25 2 4 6 8 1 2 3 4 -0.8 -0.6 -04 -0.2 0.0 0.2
log M. phot + spec [Mo] log sSFR phot + spec [yr~!] Tqust,2 Phot + spec tage Phot +spec [Gyr] Tse phot + spec [Gyr] log Z. phot + spec [Zo]

Figure 20. The combination of photometry and spectroscopy is able to break the dust—age—metallicity degeneracy. The top panels compare results for fits to our
standard data (spectrum + photometry) with fits to spectroscopy only, while the bottom panels compare our standard results with the ones to photometry only. The top
panels show that spectroscopy alone (with observed I-band flux) is able to accurately determine the sSFR, age, star formation timescale 7gsg, and metallicity, while
there are large uncertainties concerning stellar mass and dust opacity (see also Figure 21). The bottom panels show that the photometry alone (assuming a fixed
spectroscopy redshift) is able to put stringent constraints on the stellar mass, sSFR, and dust opacity, while the age and particularly the star formation timescale remain

largely unconstrained.
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Figure 21. Comparison of the inferred uncertainties using only spectroscopy, only photometry, and the combination of spectroscopy and photometry. This figure
follows the same layout as Figure 20. The points typically lie above the 1-to-1 line, indicating that the uncertainties inferred using a combination of spectroscopy and
photometry are smaller than those using photometry or spectroscopy alone. There are large uncertainties concerning stellar mass and dust opacity when using
spectroscopy alone, while age, star formation timescale 7sg, and metallicity are well constrained and have comparable errors to the spectroscopy-+photometry fits.
Using photometry alone, we find that the stellar mass and dust opacity have small uncertainties, while the age and particularly the metallicity have larger uncertainties

than the spectroscopy-+photometry fits.

(and plot) the uncertainty by computing both the difference
between the 16th and 50th percentiles and the difference
between the 50th and 84th percentiles. There are large
uncertainties concerning stellar mass and dust opacity when
using spectroscopy alone, while age, star formation timescale
Tsr, and metallicity are well constrained and have comparable
errors to the spectroscopy-+photometry fits. Using photometry
alone, we find that the stellar mass and dust opacity have small
uncertainties, while the age and particularly the metallicity
have larger uncertainties than the spectroscopy+photome-
try fits.

A closer look, however, shows an interesting detail when
focusing on the age posterior in Figure 19: we find that the age
posterior of the spectroscopy+photometry lies in between the
photometry-only and spectroscopy-only cases, while the
individual photometry-only and spectroscopy-only constraints
are not formally very consistent with each other. There is
important age information in the photometry as well. This is
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confirmed when looking at the SFH (top right inset in
Figure 19), which shows that the SFH lies actually closer to
the photometry-only posterior than the spectroscopy-only
posterior in the intermediate age range of ~0.5—3 Gyr. This
is not too surprising since we know that the rest-frame UV is
sensitive to a wide range of ages (e.g., Conroy 2013), but it
highlights the importance of being able to model the UV
accurately. This means that we need to fully marginalize over
possible variations in the dust attenuation law (see Section 3.3).

Appendix C
Variations of the Model

We briefly present here variations to our physical model
(Section 3), in particular focusing on the number of time bins
describing the SFH and the effect of assuming a parametric and
a nonparametric SFH.
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which is typically shorter when more time bins are used.

C.1. Increasing the Number of Time Bins of the SFH

As mentioned in the main text, we assume a nonparametric
SFH for fitting the photometric and spectroscopic data. We call
it nonparametric, because we do not assume any particular
parametric form for the shape of the SFH. Nevertheless, the
number of time bins (Nsgy) describing the SFH is a parameter
in our prescription. Our fiducial assumption is Nggy = 10. We
have explored fewer and more bins. Obviously, more bins
increase the time resolution, which is important for determin-
ing, among other quantities, the star formation and quenching
timescales.

Figure 22 compares the result of some of our key quantities
(stellar mass, sSFR, dust attenuation, age, and star formation
timescale 7gg) for our fiducial Nggpy =10 run with our
Ngpy = 14 run. The 1-to-1 line is indicated as a solid black
line. This figure shows that these two runs deliver consistent
results, which is comforting. Furthermore, this is consistent
with the analysis by Leja et al. (2019a), who explored varying
the number of time bins between Nggg = 4 and 14 and showed
that the results of the mock analysis are largely insensitive to
the number of bins as long as Nggy =, 4. We choose our fiducial
number of time bins to be 10 because the Nggy = 14 run leads
to nonconvergence of 30 galaxies within a reasonable amount
of time (i.e., 14 CPU days).

C.2. Parametric versus Nonparametric SFH

We highlight here some of the differences that arise when
assuming a parametric SFH instead of our fiducial nonpara-
metric SFH. We assume a delayed-tau model for the parametric
SFH as defined in Equation (3). As shown in Appendix D,
assuming a parametric SFH imposes strong priors on several
key quantities, including age (formation redshift), star forma-
tion timescale, and quenching timescale (Figures 25 and 26).
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Figure 23 shows the posteriors for key quantities (M,,
SSFR, Tuust,2 fage> and Tgsp) assuming a nonparametric (red)
and a parametric (blue) SFH. These are the posteriors of the
same galaxy (ID 16490) as shown in Figure 5. The posterior
SFHs are significantly different in two cases: while the
nonparametric and parametric SFHs are similar in the last
~1.5Gyr (where the S/N is the highest), they diverge at
earlier times. In particular, the parametric SFH results in a
much higher peak SFR of >80 M, yr ' than the nonpara-
metric one (peak SFR of ~30M,yr '). Given by its
parametric form, the parametric SFH declines rapidly at
earlier times and is consistent with 0 at a look-back time
beyond 2 Gyr. This leads to a short star formation timescale,
consistent with Figure 25, which shows that long star
formation timescales are omitted by this prior. On the other
hand, the nonparametric SFH peaks and declines more slowly
toward earlier cosmic times. This results in older ages, larger
M,, and lower sSFR in the nonparametric SFH case than in
the parametric SFH case.

Figure 24 compares the key quantities of the nonparametric
SFH run (x-axis) with the ones of the parametric SFH run (y-
axis). Consistent with Figure 23, we find a significant
difference for M,, sSFR, and #,,.. There are no significant
differences for the dust opacity 7y, 2. This is overall consistent
with Carnall et al. (2019a), who showed that parametric SFH
models (including delayed-tau models) bias measurements
such as SFR and stellar masses by imposing a strong prior
preference for young stellar populations. They conclude—and
we support it with our analysis here—that this makes it
challenging for parametric SFH models to understand mass
assembly in galaxies. Nonparametric SFH models are better
suited because they are less biased and return more accurate
errors than parametric SFHs (Leja et al. 2019a).
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Figure 23. Joint posterior plot of key quantities (M., SSFR, 7us(,2, fage» and Tsg) assuming a nonparametric (red) and a parametric (blue) SFH. This is the same galaxy
(ID 16490) as shown in Figure 5. The parametric SFH is a delayed-tau model (Equation (3)). The parametric SFH is only consistent with the nonparametric SFH in the
last ~1.5 Gyr; at earlier times, the parametric SFH is O as given by the functional form, while the nonparametric SFH is significantly above 0. This results in an older
age for the nonparametric SFH (f,ge = 2.54754% Gyr) than for the parametric SFH (tage = 1.62313 Gyr), which leads to a larger stellar mass and lower sSFR for the

nonparametric SFH than for the parametric SFH. Similarly, the star formation timescale 7gr is smaller for the parametric SFH than for the nonparametric SFH.

Importantly, due to its parametric shape, the uncertainty of 7gg is probably underestimated in the parametric SFH case.
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Figure 24. Comparison of M,, sSFR, 7ust,2, Zage> and Tsg (from left to right) for fits assuming a nonparametric SFH (x-axis) and a parametric SFH (i.e., delayed-tau
model; y-axis). Each point is a galaxy from our sample. Nonparametric SFHs result in older ages (f,g), larger M,, and higher sSFR than parametric SFHs. The
nonparametric sSFRs plateau around log sSFR ~ —12, while the parametric sSFRs can fall to much smaller values. There is a large scatter in 7sg between the
parametric and nonparametric approach, which indicates that the parametric prior is too narrow (see Figure 25). The dust opacity 7us,2 is consistent for the two
different SFH assumptions.

Appendix D
Prior Imprint on Results

An important step in the analysis is defining the priors of
the different parameters and also understanding what their
effect is on our results. Crucially, we want to give the
parameters enough flexibility so that a wide range of
different, physically plausible outcomes are allowed and
probed.

In addition to the exquisite photometric and spectroscopic
data, our analysis relies on utilizing the sophisticated Bayesian
inference framework Prospector (Johnson et al. 2021).
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Figure 25. Comparison of priors and posteriors in the 7sg — 7, plane. We investigate how adopting different priors on the SFH impacts our results. The top panels
show the prior distributions for both star-forming and quiescent galaxies at the epoch of observations, while the bottom panels add the resulting posteriors (each galaxy
is represented by a red point with the associated uncertainty). The black points with error bars show the median and 16th-84th percentiles of 7gp in bins of z; of the
prior. The adopted priors include, from left to right, the continuity prior with 10 time bins (our standard prior), the continuity prior with 14 time bins, the Dirichlet prior
with 10 time bins, and the parametric delayed-tau prior. The continuity prior covers the Tsg — z; plane more homogeneously than do the Dirichlet and delayed-tau
priors and is also preferred according to the Bayes factor. Importantly, although the inferred trend in the posterior of shorter Tgg toward larger z; is similar in the
continuity prior distribution, this trend is also present in the inference where Dirichlet prior is assumed, which itself does not invoke any trend of g with z5.

We focus this on the priors for the SFH, since our key results
on the star formation timescale 7gr and quenching timescale
(Tquench) are closely related to it. In Figure 3 we show, in the
space of these two quantities, or fiducial SFH prior, which is
the continuity prior that fits directly for Alog(SFR) between
adjacent time bins. This prior explicitly weights against sharp
transitions in SFR(?) (see Table 1).

We now investigate two additional SFH priors: the
nonparametric Dirichlet prior and the parametric delayed-tau
prior. The Dirichlet nonparametric prior specifies that the
fractional sSFR for each time bin follows a Dirichlet
distribution (Leja et al. 2017). The Dirichlet distribution
additionally requires a concentration parameter (ap), which
controls the preference to put all of the weight in one bin
(ap < 1, i.e., bursty SFH) versus distributing the weight evenly
between all bins (ap > 1, i.e., smooth SFH). We set ap = 1.0.
The parametric delayed-tau prior is the well-known delayed-tau
model for the SFH (see Equation (3)), with a log-uniform prior
between 0.1 and 10 Gyr for 7 and a uniform prior between
1 Myr and the age of the universe at the epoch of observations
for t,.

Each panel in Figure 25 shows the star formation timescale
Tsp versus formation redshift z. Different priors are shown
from left to right: continuity prior with 10 time bins, continuity
prior with 14 time bins, Dirichlet prior with 10 time bins, and
the parametric delayed-tau prior. The gray hexagons show the
prior distribution obtained from randomly sampling the prior
(assuming a fixed redshift z,,s =0.8). The top panels show
solely the prior, while the bottom panels overlay our
measurements in red (each point represent a galaxy). The
black points with error bars show the median and 16th—84th
percentiles of 7gp in bins of z of the prior. Figure 26 follows
the same layout but plots the quenching timescale Tquench
versus formation redshift z; focusing only on quiescent
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galaxies (i.e., after randomly sampling from the prior, we only
keep the samples that represent a quiescent galaxy at the time
of observation).

Ideally, we want to have a prior that spans homogeneously
the widest possible range in the planes of 7sr—zf and
Tquench — 2 There are physical boundaries, namely, the age
of the universe (i.e., zr<oo) and the quenching timescale
cannot be too large in comparison with the stellar age (no prior
volume in the upper left regions of the panels in Figure 26).
Figures 25 and 26 show that the continuity prior spans quite
homogeneously the largest volume in the considered spaces.
The Dirichlet prior overall prefers lower formation redshifts
(younger ages) and slightly longer star formation timescales
than found by the continuity prior. Our measurements (red
points) reflect this: we find smaller formation redshifts and
longer 7sg. It is, however, reassuring that the overall
distribution of the measurements in both the Tgp —z; and
Tquench — Z Planes is similar.

The inferred trend in the posterior of shorter 7sg toward
larger zs (see Figure 12) is also present in the continuity prior
distribution (black points), though the inferred trend lies at
slightly smaller 7g at fixed z; than what is given by the prior.
More importantly, the Dirichlet prior does not show such a
trend, i.e., the median 7gp as a function of z¢is constant for this
prior. Nevertheless, the observational data clearly prefer a
shorter 7sr at larger z5 giving rise to a similar 7gp — z¢ trend
despite the different priors. Therefore, we conclude that the
Tsk — 27 trend is robustly detected in our data.

The parametric delayed-tau prior probes a much smaller
region in both the Tsg — zrand Tquench — 2 planes: this prior, by
construction, does not allow for long star formation and
quenching timescales. Furthermore, galaxies that formed early
need to have short star formation timescales and quenching
timescales. Our measurements basically “fill” the full prior
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recently since such objects are nonphysical.

volume, which raises the worry that this prior might be too
restrictive.

Focusing on the continuity prior, we find that the prior also
does not allow short 7gg, but this prior is still broader than the
Dirichlet prior. This is a fundamental problem when assuming
time bins of finite width. We are basically limited by the width
of the time bins, which can be as wide as 1 Gyr when assuming
10 SFH bins. This problem is significantly alleviated when
increasing this to 14 bins, but a more flexible approach might
be needed to fully solve this problem (Iyer & Gawiser 2017,
Iyer et al. 2019). Therefore, assuming 10 time bins, one has to
worry that we only infer upper limits for 7gg, in particular at
zr> 4. However, it is reassuring to find that, when increasing to
14 time bins, the measurements do not change, in particular, in
the intermediate range of zy~ 4—6. Therefore, we conclude that
the Tgr measurements out to zy~s 6 are robust. Beyond this
redshift, 7gr should be interpreted with care and shorter 7sg
cannot be ruled out by our measurements.

Do our observations prefer any prior? For this, we look
at the ratio of the evidences, i.e., the Bayes factor. We find
an,14/znp,10: 1.3, an,dir/znp,w: 6 x 1074’ and Zdelayedftau/
Znp,10 = 0.14. This shows that the nonparametric SFH model
with a continuity prior is significantly preferred over the one with a
Dirichlet prior and is substantially preferred over the parametric
delayed-tau model. We find that—unsurprisingly—more SFH
bins (N = 14) are slightly preferred over fewer SFH bins (N = 10),
but fitting more than 10 bins makes the analysis more expensive to
run. In summary, our fiducial SFH prior seems to be preferred from
the data and provides enough flexibility to the quantities of key
interest in this study.

Appendix E
Trends in the UVJ Color-Color Diagram

The UVJ color—color diagram has been popular for
separating star-forming and quiescent galaxies (e.g., Williams
et al. 2009; Muzzin et al. 2013; Whitaker et al. 2013) and also,
in recent times, for informing galaxy evolutionary pathways
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(e.g., Belli et al. 2019; Carnall et al. 2019b). Leja et al. (2019c¢)
show that the actual U—V and V —J colors alone only
marginally constrain the stellar populations (small difference
between the prior and the posterior), but the underlying scaling
relations between age, dust, and metallicity give rise to strong
trends in the UVJ space.

We confirm these general trends with our measurements.
Figure 27 shows our sample in the UVJ space color-coded by
dust opacity, dust index, sSFR, age, and metallicity from left to
right. The top panels show the individual galaxies, while the
bottom panels show the average trends inferred with the
LOESSS method. We find that the galaxies in the UVJ-
quiescent box have typically less dust, have lower sSFRs, and
are older. There is only a weak trend with metallicity and dust
index; the reddest quiescent galaxies seem to have the steepest
attenuation law.

We find that 19.8% of UVJ-quiescent galaxies show signs of
star formation with &2 > 1/20, i.e., belong to the transition or
star-forming population. This contamination fraction is con-
sistent with recent studies using using spectroscopic informa-
tion (e.g., Belli et al. 2017; Schreiber et al. 2018) or SED fitting
(e.g., Moresco et al. 2013; Fang et al. 2018), which find that
UVJ-quiescent selection includes ~10%-30% contamination
from star-forming galaxies. We find that the main reason for
this contamination stems from the dust attenuation law:
nonquiescent galaxies (high-sSFR objects) are in the UVJ-
quiescent region because they have a steep attenuation law
(n~ —1 in Equation (5)) with nonnegligible amounts of dust
and star formation.

Figure 27 also shows an age trend within the quiescent box:
UVJ-quiescent galaxies toward the upper right tend to be older.
This is consistent with the direction of slow aging after
quenching and with earlier findings (Whitaker et al. 2013; Leja
et al. 2019c; Belli et al. 2019). In particular, Belli et al. (2019)
present a calibration between the mass-weighted age and Sq, at
z=1.5-2.5, where So=0.75(V—-J)+0.66(U—V) is the
color along the UVJ-quiescent box.



THE ASTROPHYSICAL JOURNAL, 926:134 (36pp), 2022 February 20

Tacchella et al.

Tust, dust index n log sSFR [Gyr~!] l0g tage [Gyrl] log Z [Zo]
00 02 04 06 08 1.0-1.0-0.8-0.6-04-0.2 0.0 02-3.0-25-2.0-15-1.0-05 0.0 0.2 03 04 05 06 0.7 0.8-05-0.4-0.3-0.2-0.10.0 0.1 0.2
| — — T ] I T e QN —— — ]

2.5 T T e
N 1 ® 1 [ 1 ® 1 ]

[ 1t " 1t ‘ 1t .| % 1t ]

L [ 41 41 [ 41 [2 41 4
o ‘3 « *1f : H{F &". : H{F )‘- o JtF p . *]
® 20F e+ aF p + 1r + ar oate + ar S R
e |} (XFiads 4 1t [l AR 4 1t Roo " ¢ 1t §%Rod* 4 1t & 1
= BZ1 1 w70 I < I w4 It <2 ]
>, .f 27 . 1 v 1t ‘—_ . 1 ?f“ . 1t ]
SE S ee e I | P o 7 ]

| ‘T‘ A T A ’*‘ A ]‘T‘ A ]‘#‘ A
o - 1t - 1F - 1F - 1t - g
1.0f —HF —HF —HF —HF E
L L B | IS BRI RRFINEN MR | BTN BN SR S | ]
j: it il ® 1t j

Els Els ® 1F Els 7]

] ] ] s ] 1

1 i @ e o 1 1

PEFENEN STENEN EEEEN MR | SR SR SIS SR | SR R RS R | RN SN BT SN | SN SR A R

1.5 2.0 1.5 2.0 1.0 . 2.0 1.5 2.0 1.5 2.0

V =] [mag] V — ] [mag] V — ] [mag] V =] [mag] V — ] [mag]

Figure 27. Median stellar population properties in the UVJ diagram of our sample. From left to right: dust optical depth, dust index (relative to Calzetti et al. 2000),
sSFR averaged over the most recent 100 Myr, average stellar age, and stellar metallicity. The top panels show the individual data points, while the bottom panels show
the average trends using the LOESS method. We recover the well-known trends that UV/J-quiescent galaxies are less dusty, have lower sSFR, and are older. We find a
weak trend of increasing age toward the upper right corner in the UVJ-quiescent box. However, we miss galaxies in the lower left of the UVJ-quiescent box (i.e., post-

starburst galaxies).
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Figure 28. Projection within the UVJ-quiescent box. Focusing now solely on UVJ-quiescent galaxies, we plot the average age (f,qe) as a function of S, which is a
projection along the UVJ-quiescent sequence. The black solid line is the correlation found by Belli et al. (2019), who studied galaxies at 1.5 < zops < 2.5. We do not
find a relation between age and Sg. In particular, the relation is flat for galaxies with low Zyps.

Figure 28 shows our galaxies in the plane of age versus S,
colored by the stellar metallicity (left panel) and observed
redshift (right panel). The black solid line is the relation found
by Belli et al. (2019). Figure 28 shows that galaxies do not
follow the trend found by Belli et al. (2019). We suspect two
reasons for this. First, related to the methodology, Belli et al.
(2019) assume a rather tight prior for the stellar metallicity
(Gaussian prior with mean of solar metallicity and o = 0.005),
while we allow a much wider range (flat prior in the range
—1.0 < log(Z/Z < 0.2; Table 1). The left panel of Figure 28
shows that most deviant galaxies from the Belli et al. (2019)
relation are the ones with rather low metallicities, which hints
that this effect could play a role. Another reason for this dis-
agreement might be evolutionary processes within the quie-
scent galaxy population itself: the sample of Belli et al. (2019)
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includes galaxies at z> 1.5, while we focus on galaxies at
7~ 0.8. The right panel of Figure 28 indeed shows that
galaxies with z,,s > 0.8 are more consistent with the relation by
Belli et al. (2019) than galaxies with z,ps < 0.8. In summary,
this shows that one needs to be careful to apply this relation
which itself might evolve with cosmic epoch—to infer
evolutionary paths of galaxies.
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