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ABSTRACT

We present a spectro-photometric study of a mass-complete sample of quiescent galaxies at 1.0 < z < 1.3 with
log10(M«/Mg) > 10.3 drawn from the VANDELS survey, exploring the relationship between stellar mass, age and
star-formation history. Within our sample of 114 galaxies, we derive a stellar-mass vs stellar-age relation with a slope
of 1.20702% Gyr per decade in stellar mass. When combined with recent literature results, we find evidence that
the slope of this relation remains consistent over the redshift interval 0 < z < 4. The galaxies within the VANDELS
quiescent display a wide range of star-formation histories, with a mean star-formation timescale of 1.5+0.1 Gyr and a
mean quenching timescale of 1.4 4+0.1 Gyr. We also find a large scatter in the quenching timescales of the VANDELS
quiescent galaxies, in agreement with previous evidence that galaxies at z ~ 1 cease star formation via multiple
mechanisms. We then focus on the oldest galaxies in our sample, finding that the number density of galaxies that
quenched before z = 3 with stellar masses logyo(My/Mg) > 10.6 is 1.12;"(1):% x 10~% Mpc 3. Although uncertain, this
estimate is in good agreement with the latest observational results at 3 < z < 4, tentatively suggesting that neither
rejuvenation nor merger events are playing a major role in the evolution of the oldest massive quiescent galaxies

within the redshift interval 1 < z < 3.
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1 INTRODUCTION

It is now well established that the local galaxy population is
bi-modal in terms of colour, morphology and star-formation
rate (SFR). The colour bi-modality was first observed using
data from the Sloan Digital Sky Survey (SDSS, York et al.
2000), with galaxies falling into two categories: a star-forming
‘blue cloud’ and a quiescent ‘red sequence’ (e.g. Strateva
et al. 2001; Baldry et al. 2004). In general, more-massive
galaxies tend to be red spheroids with little ongoing star
formation, whilst less-massive galaxies are mainly blue, star-
forming discs. Over the past few decades, many studies have
aimed to quantify the mechanisms responsible for producing
the bi-modality in the galaxy population (e.g. Dekel & Birn-
boim 2006; Peng et al. 2010; Gabor & Davé 2012; Schawinski
et al. 2014). However, despite the wealth of ground-based
and space-based data available, understanding exactly how
the shutting down of star formation relates to this distinc-
tion between galaxy types remains hugely challenging.
Observations have shown that, even within the quies-
cent population, galaxies demonstrate a range of characteris-
tics. For example, more-massive galaxies are known to have
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formed earlier in cosmic time and much more rapidly, with
clear evidence for younger stellar populations in less-massive
galaxies compared to their more-massive counterparts (e.g.
Cowie et al. 1996; Thomas et al. 2005b; Fontana et al. 2000;
Fontanot et al. 2009; Pacifici et al. 2016). This phenomenon,
referred to as ‘downsizing’, is commonly used to describe the
relationship between quiescent galaxy stellar mass and age,
and indicates that quenching varies as a function of stellar
mass and redshift. Empirical spectral age indicators have
provided strong constraints on this downsizing trend, with
features such as the Dn4000 index demonstrating positive
correlations with stellar mass at redshift, z < 1 (e.g. Bruzual
1983; Balogh et al. 1999; Kauffmann et al. 2003; Brinchmann
et al. 2004; Moresco et al. 2011, 2010, 2016).

In addition to the bi-modality of the galaxy population, one
of the most important observational results of the past few
decades is the differing evolution of the star-forming and qui-
escent galaxy stellar mass functions (GSMF) across cosmic
time, with the number density of quiescent galaxies appar-
ently increasing by almost an order of magnitude since z ~ 2
(e.g. Cimatti et al. 2002; Abraham et al. 2004; Baldry et al.
2012; Muzzin et al. 2013; Davidzon et al. 2017; McLeod et al.
2021). However, recent studies also point to a substantial
population of massive quiescent galaxies out to z > 3 (e.g.
Schreiber et al. 2018; Valentino et al. 2020; Carnall et al.
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2020, 2022a). Together, these results allow us to quantify the
quiescent galaxy fraction across cosmic time, an important
observational constraint on galaxy evolution models (e.g.,
Somerville & Davé 2015).

Another key result was the discovery that the sizes of qui-
escent galaxies have evolved much more rapidly than their
star-forming counterparts since z ~ 2, and that quiescent
galaxies follow a steeper stellar mass-size relation than star-
forming galaxies at all redshifts (e.g. Shen et al. 2003; Trujillo
et al. 2006; McLure et al. 2013; van der Wel et al. 2014; Mowla
et al. 2019). The physical processes driving the size growth
of quiescent galaxies are still not fully understood, although
it is widely accepted that minor mergers play an important
role in explaining the observed growth from z ~ 2 to the lo-
cal Universe (e.g. see Hopkins et al. 2010; Trujillo et al. 2011;
Cimatti et al. 2012; Ownsworth et al. 2014).

Considerable effort has been devoted to understanding
which physical mechanisms are required to explain the ob-
served differences in the properties of the star-forming and
quiescent galaxy populations. Our understanding of quench-
ing mechanisms relies heavily on simulations of galaxy for-
mation. At z < 2, simulations have been able to reproduce
the observed bi-modality (see Davé et al. 2017, 2019; Nelson
et al. 2018; Akins et al. 2022). However, the situation be-
comes more complicated at higher redshifts, and it is much
more difficult to identify the key physical drivers of quench-
ing. The main mechanisms thought to cause quenching can
be categorised into two distinct pathways: ‘mass’ (or ‘inter-
nal’, see Somerville & Davé 2015) quenching, and ‘environ-
mental’ quenching. Locally, these two pathways are clearly
distinguishable, suggesting that multiple mechanisms quench
galaxies (e.g., Peng et al. 2010).

Mass quenching is often thought to be associated with feed-
back processes such as radiative- or jet-mode active galac-
tic nucleus (AGN) feedback (e.g. Croton et al. 2006; Ga-
bor et al. 2011; Choi et al. 2018). Quenching attributed to
galaxy-galaxy interactions (often referred to as ‘environmen-
tal” or ‘satellite’ quenching) is thought to be the result of
ram-pressure stripping, caused by satellite galaxies falling
into larger dark matter halos, or virial shock-heating of the
circum-galactic medium (see Dekel & Birnboim 2006, also
referred to as ‘halo’ quenching).

These mechanisms can be further categorised as ‘slow’ and
‘fast’ quenching pathways, respectively (Schawinski et al.
2014; Schreiber et al. 2016; Carnall et al. 2018; Belli et al.
2019). Shorter quenching timescales are thought to be linked
with quasar-mode AGN feedback, which is thought to be
more prevalent at high redshift (Wild et al. 2016). In contrast,
it appears that the key process responsible for quenching at
low redshift is the halting of gas accretion, taking place on
much longer timescales of several Gyr (e.g. Peng et al. 2015;
Trussler et al. 2020).

Large spectroscopic surveys have facilitated increasingly
sophisticated, statistical studies of galaxy physical properties
at high redshift, with the aim of placing tighter constraints
on the physical origins of quenching. The recently completed
LEGA-C (van der Wel et al. 2016) and VANDELS (McLure
et al. 2018) surveys provide ultra-deep spectroscopy for hun-
dreds of quiescent galaxies at 0.6 < z < 2.5. These data sets,
coupled with improved spectral energy distribution (SED)
fitting methods (e.g. Carnall et al. 2019b; Leja et al. 2019a),
have already enabled more-precise measurements of galaxy
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stellar masses, star-formation histories (SFHs) and stellar
metallicities, unveiling significant correlations between these
physical properties (e.g. Wu et al. 2018, 2021; Beverage et al.
2021; Carnall et al. 2022b).

A key emerging result is the finding that the observed stel-
lar mass vs stellar age relationship for z ~ 1 quiescent galax-
ies is steeper than is predicted by the most recent generation
of cosmological simulations (e.g. Carnall et al. 2019a; Tac-
chella et al. 2022). These new spectroscopic analyses build
upon a corpus of earlier work aiming to quantify these re-
lationships, much of which was founded upon the use of el-
emental abundances as empirical proxies for formation and
quenching timescales (e.g. Thomas et al. 2005a; Conroy et al.
2014; Kriek et al. 2019). Despite these advances in the field,
continued, in-depth investigation into the physical properties
of quiescent galaxies is still needed to build a thorough un-
derstanding of quenching and passive galaxy evolution.

In Hamadouche et al. (2022), we investigated the links be-
tween stellar mass, age, size and metallicity using quiescent-
galaxy samples from the LEGA-C (van der Wel et al. 2016)
and VANDELS (McLure et al. 2018) spectroscopic surveys
at z ~ 0.7 and z ~ 1.1, respectively. We examined stellar
mass-age trends using the D,4000 index as a proxy for the
stellar population age, finding that more-massive galaxies ex-
hibit higher D,,4000 values at both redshift ranges, consistent
with prior evidence for the downsizing scenario at lower red-
shifts. In this work, we return to the VANDELS spectroscopic
sample, building upon our previous results by employing full
spectral fitting to probe the ages and SFHs of massive quies-
cent galaxies at z 2 1 in detail.

This study makes use of the fully completed VANDELS
DR4 sample (Garilli et al. 2021), which includes more than
twice the number of quiescent galaxy spectra studied in the
initial analysis of Carnall et al. (2019a). Moreover, in this
study we implement an improved physical model, along with
additional metallicity constraints for the VANDELS sample
from Carnall et al. (2022b), to better constrain star-formation
histories, stellar masses and formation and quenching times.
Motivated by the ongoing challenges in quantifying the cor-
relations between key quiescent galaxy physical properties,
we begin by examining the relationship between stellar mass
and age in our quiescent sample at 1.0 < z < 1.3, and discuss
these results in the context of downsizing.

The structure of this paper is as follows. We introduce
the VANDELS survey in Section 2, before providing details
of our sample selection and spectral fitting technique using
the BAGPIPES code (Carnall et al. 2018) in Section 3. We
present our main results in Section 4 and discuss them in
Section 5. Finally, we present our conclusions in Section 6.
Throughout this paper, we assume a Kroupa (2001) initial
mass function and the Asplund et al. (2009) Solar abundance
of Ze = 0.0142. We assume cosmological parameters Hy =
70 km 5! Mpc™!, Qm = 0.3 and Qa4 = 0.7 throughout. All
magnitudes are quoted in the AB system.

2 THE VANDELS SURVEY

VANDELS is a large ESO Public Spectroscopy Survey
(McLure et al. 2018; Pentericci et al. 2018; Garilli et al. 2021)
targeting the CDF'S and UDS fields, and covering a total area
of 0.2 deg®. The survey data were obtained using the Visible



Multi-Object Spectrograph (VIMOS, Le Févre et al. 2004)
on the ESO VLT. The final data release (DR4; Garilli et al.
2021) provides spectra for a sample of 2087 galaxies, the vast
majority of which (87 per cent) are star-forming galaxies in
the redshift range 2.4 < z < 6.2. However, in this study, we
focus on the remaining 281 targets (13 per cent) selected as
quiescent galaxies in the redshift range 1.0 < z < 2.5.

2.1 VANDELS sample selection

The VANDELS spectroscopic sample was originally drawn
from a combination of four separate photometric catalogues.
Two of these are the CANDELS GOODS South and UDS
catalogues (Guo et al. 2013; Galametz et al. 2013), whilst
the other two are custom ground-based catalogues (described
in McLure et al. 2018), covering the wider VANDELS area
outside of the CANDELS footprints.

The parent quiescent sample was selected from these pho-
tometric catalogues as follows. Objects were required to have
H-band magnitudes of H < 22.5, corresponding to stel-
lar masses of logio(M./Mg) 2 10 over the redshift range
of 1.0 < zgpec < 1.3 we focus on in this work (approxi-
mately 98 per cent of the full VANDELS quiescent sample
has zspec < 1.5), as well as i-band magnitudes of i < 25. To
separate star-forming and quiescent galaxies, rest-frame UV.J
criteria were applied following Williams et al. (2009). These
criteria result in a sample of 812 galaxies, which we refer to
as the VANDELS photometric parent sample.

2.2 VANDELS spectroscopy

Here we briefly summarise the VANDELS spectroscopic ob-
servations, while referring the reader to Pentericci et al.
(2018) for a full description. From the parent sample of 812
quiescent galaxies described in the previous section, 281 were
randomly assigned slits and observed as part of the VAN-
DELS survey. Objects were observed for 20, 40 or 80 hours de-
pending on their ¢-band magnitudes. The observations were
obtained using the MR grism, providing a median resolution
of R ~ 600 across a wavelength range from A = 4800—9800 A.
The VANDELS team manually measured spectroscopic red-
shifts, assigning redshift quality flags according to Le Févre
et al. (2013). In this paper we only use those galaxies with
spectroscopic redshift flag 3 or 4, which has subsequently
been shown to correspond to a ~ 99 per cent probability
of being correct (Garilli et al. 2021).

3 METHODOLOGY AND SAMPLE SELECTION

The VANDELS observations described in Section 2 produce
an initial sample of 269 quiescent galaxies with robust spec-
troscopic redshifts, of which 87 per cent have 1 < zgpec < 1.5.
In this section, we describe the selection of the final quiescent
sample that we use for our analysis.

3.1 Spectro-photometric fitting

We use BagPIPES (Carnall et al. 2018) to simultaneously fit
the available spectroscopic and photometric data for our ini-
tial sample of 269 quiescent galaxies. We incorporate several
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improvements to the model used to fit the VANDELS pho-
tometric catalogues in Hamadouche et al. (2022) (based on
Carnall et al. 2019a), which we briefly describe below.

We use a double-power-law star-formation history model,
employing the updated 2016 versions of the BC03 stellar pop-
ulation synthesis models (Bruzual & Charlot 2003; Cheval-
lard & Charlot 2016). We also vary the stellar metallicity
from Z. = 0.2 — 2.5Z¢ using a logarithmic prior. We use the
Salim et al. (2018) dust attenuation law, which parameterises
the dust-curve shape through a power-law deviation, J, from
the Calzetti et al. (2000) law. Nebular continuum and emis-
sion lines are modelled using the CLOUDY photoionization
code (Ferland et al. 2017), using a method based on that of
Byler et al. (2017). We assume a fixed ionization parameter of
log10(U) = —3. Full details of the free parameters and priors
used in our fitting are provided in Table 1.

We take into account systematic uncertainties in the ob-
served spectra of our galaxies by applying additive noise and
multiplicative calibration models (e.g., van der Wel et al.
2016; Cappellari 2017; Johnson et al. 2021). We follow the
approach outlined in Section 4 of Carnall et al. (2019a), by
fitting a second-order multiplicative Chebyshev polynomial
to account for problems with flux calibration, and an additive
Gaussian process model with an exponential squared kernel
to model correlated additive noise between spectral pixels in
our data.

3.2 A mass-complete sample

To ensure that our final sample is mass complete, we restrict
the sample to logio(M./Mgp) > 10.3 and 1.0 < zgpec < 1.3
(see Carnall et al. 2019a). In addition, we require members of
the sample to have U —V > 0.88 x (V — J) 4+ 0.69, in order
to remove green-valley galaxies. This has been shown to be
broadly equivalent to a specific SFR cut of sSFR < 0.2/tu,
where ¢y is the age of the Universe at the relevant redshift
(Carnall et al. 2018). These criteria produce a sample of 139
quiescent galaxies.

To clean the quiescent sample of potential X-ray contam-
inants, we remove five objects with matches in either the
Chandra Seven Mega-second catalogue (Luo et al. 2017) or
the X-UDS catalogue (Kocevski et al. 2018) that cover the
CDFS and UDS fields, respectively. All five galaxies with X-
ray matches also display strong [O11] emission in their rest-
frame UV spectra. We also search for potential radio-loud
AGN using the Very Large Array (VLA) 1.4 GHz data avail-
able for both fields (Simpson et al. 2006; Bonzini et al. 2013),
finding one additional AGN candidate. This object was not
removed from the quiescent sample because it does not dis-
play strong [O11] emission.

Finally, we remove one galaxy whose spectrum is highly
contaminated (due to a nearby object), leaving a final,
cleaned sample of 114 quiescent VANDELS galaxies. This fi-
nal sample is shown on the UVJ plane in Fig. 1, colour-coded
by mass-weighted age, D,4000 and stellar metallicity.

3.3 Stacked spectra

In the sections of our analysis where we make use of stacked
spectra, we use the following standard procedure to produce
our stacks. We first de-redshift and then re-sample each indi-
vidual spectrum onto a uniform 2.5 A wavelength grid using

MNRAS 000, 1-11 (2022)
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Table 1. Details of the parameter ranges and priors adopted for the Bacpripgs fitting of the VANDELS photometry and spectroscopy
(see Section 3.1). Priors listed as logarithmic are uniform in log-base-ten of the parameter.

Component Parameter Symbol / Unit Range Prior Hyperparameters
Global Redshift Zspec Zspect 0.015  Gaussian g = zspec 0 = 0.005
Stellar mass formed M, /Mg (1, 1013) log
Metallicity Zy|Ze (0.2, 2.5) log
SFH Falling slope «a (0.1, 103) log
Rising slope B (0.1, 103) log
Peak time 7/ Gyr (0.1, tobs) uniform
Attenuation at 5500 A Ay /mag (0, 4) uniform
Dust Deviation from Calzetti et al. (2000) slope ) (—0.3,0.3) Gaussian —00. 0=01
Strength of 2175 A bump B (0, 5) uniform p=8La=5
Zeroth order Py (0.5, 1.5) Gaussian nw=1006=025
Calibration First order Py (—0.5,0.5) Gaussian ©n=0.0,0=0.25
Second order Py (—0.5,0.5) Gaussian n=20.0,0=0.25
White-noise scaling a (0.1, 10) log
Noise Correlated noise amplitude b/ fmax (0.0001, 1) log
Correlation length I/AX (0.01, 1) log

V—-J

08 10 12 14 16 08 10
V_J

12 14 16 08 10 12 14 16

V—J

Figure 1. The distribution of the final mass-complete sample of 114 quiescent VANDELS galaxies on the UVJ plane, highlighting trends
between the rest-frame UV.J colours and (left to right) D,4000, mass-weighted age and stellar metallicity. The first two panels show that
redder rest-frame UVJ colours correlate with higher D,4000 values and older mass-weighted ages, consistent with literature results (e.g.,
Belli et al. 2019; Carnall et al. 2019a). The last panel, colour-coded by metallicity, does not demonstrate any significant trend.

the spectral re-sampling module SPECTRES (Carnall 2017).
Prior to stacking, we normalise by the median flux across the
wavelength range 3500 — 3700 A. The median flux across all
spectra in each pixel is then calculated. Uncertainties in the
stacked spectra are calculated using the standard error on
the median.

For stacked spectra where we wish to show correlations
with D,4000, the spectrum is then normalised by the me-
dian flux in the blue continuum band of the D,4000 index,
such that the median flux density in the red continuum band
corresponds to the D,4000 index of the stacked spectrum.
We calculate D,4000 using the same prescription outlined in
Section 3.4 of Hamadouche et al. (2022).

MNRAS 000, 1-11 (2022)

3.4 Size measurements

We use the GALFIT (Peng et al. 2002) size measurements from
Hamadouche et al. (2022) for 110/114 galaxies in the final
sample. For the remaining galaxies we adopted an identical
procedure to Hamadouche et al. (2022), using HST F160W
images for the three galaxies within the CANDELS footprint
and HST ACS F850LP imaging in CDF'S for the single galaxy
lying outside the CANDELS footprint.

4 RESULTS

In this section, we present the results obtained from full-
spectral fitting of our final quiescent galaxy sample.
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Figure 2. Left: Stellar mass versus formation redshift for our final mass-complete VANDELS DR4 quiescent galaxy sample. The sample
is colour-coded by D,4000, demonstrating a clear preference for higher D,4000 values at earlier formation times. The relationship we fit in
Section 4.2 is shown in purple, with the 1o confidence interval shaded. The relation derived for a smaller sample from VANDELS DR2 by
Carnall et al. (2019a) is shown in blue. Right: Median formation redshifts for our sample in 0.3-dex bins. The error bars are the standard
errors for tgorm/ Gyr and log; (M, /Mp) in each stellar-mass bin. A clear negative correlation is observed. The final bin contains only ten
objects above log;o(M«/M@) > 11.2, meaning that the apparent flattening of the relationship is challenging to assess.

4.1 Trends with rest-frame UVJ colour

In Fig. 1, we show the distribution of the final mass-complete
sample of VANDELS quiescent galaxies (see Section 3.2) on
the rest-frame UVJ diagram, coloured by mass-weighted age,
Dn4000, and stellar metallicity. In the first panel, we see that
the galaxies with redder U-V and V-J colours, also tend to
have higher mass-weighted ages, consistent with recent lit-
erature results (e.g., Belli et al. 2019; Carnall et al. 2019a).
In the next panel, the trend with D,4000 is similar; lighter-
coloured points indicate higher D,4000 values, which is con-
sistent with the trend seen in other samples at similar red-
shifts (e.g. Whitaker et al. 2013). The final panel of Fig. 1
shows the sample coloured by metallicity. There is no obvious
trend between metallicity and UVJ colour. The individual
metallicities we measure are however consistent with scatter-
ing around the median value of log19(Z./Z¢) = —0.13+0.08
determined from an optical4+NIR stack at z ~ 1.15 by Car-
nall et al. (2022b).

4.2 The relationship between stellar mass and age

We present our results for the stellar-mass vs age relation in
Fig. 2. We plot redshift of formation, zform, against stellar
mass. The right-hand axis shows the corresponding forma-
tion time, tform, measured forwards from the Big Bang. In
this paper, we take tform and zfrm to be the age of the Uni-
verse and redshift corresponding to the mass-weighted age
of the galaxy. We see a clear negative correlation, albeit with
considerable scatter. A trend is also visible between tform and

D,4000 in Fig. 2, with galaxies that have earlier formation
times exhibiting higher values of D,4000, as would be ex-
pected.

We fit a linear relationship between tfo;m and
logio(M./Mg), including an intrinsic scatter term, us-
ing the nested sampling Monte Carlo algorithm MLFriends
(Buchner 2016, 2019) using the UltraNest! package (Buchner
2021). We derive a best-fitting relation of:

(ttorm / Gyr) = 2.8510:05—1.2010:5% log10 (M, /10" Mg). (1)

We also find an intrinsic scatter of (tform / Gyr) =
0.5175:09. We show the fit to our data in Fig. 2 (purple line)
with the shaded region showing the 1o confidence interval.

We also show the result derived by Carnall et al. (2019a),
using the VANDELS DR2 sample of 53 galaxies, which is a
subset of our new 114-galaxy final VANDELS sample. The
slope of our new relation is in good agreement with this pre-
vious result, however we recover a ~ 300 Myr offset towards
younger ages.

To explore the origin of this offset, we re-fit our linear
model to the sub-sample of 53 galaxies used by Carnall et al.
(2019a), obtaining a result consistent with theirs. We there-
fore conclude that this offset is a result of our expanded sta-
tistical VANDELS DR4 sample, which contains more galaxies
that have high stellar masses and lower formation redshifts
with respect to the DR2 subset.

We also explore the median relationship between stellar

I https://johannesbuchner.github.io/UltraNest/
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Figure 3. Stellar mass versus formation redshift for massive quiescent galaxies, taken from a range of studies across a wide range in
observed redshift. Our sample of VANDELS DR4 quiescent galaxies are shown as circles, and our best-fit line is over-plotted. For some
studies that do not report best-fitting relationships between stellar mass and age, we have fitted their results for individual galaxies using
the methodology described in Section 4.2. These studies broadly agree on the slope of the relationship, which is found to be consistent
at ~ 1.5 Gyr per decade in mass across cosmic history. The normalisation of these relationships does not follow the expected smooth
evolution with observed redshift, likely due to methodological differences (see Section 5.1.2).

mass and age in our sample by binning our galaxies into
equal-width stellar-mass bins of 0.3 dex. This is shown in the
right-hand panel of Fig. 2, where the relationship is clear up
to stellar masses of logi0(M, /Mg ) ~ 11.2. We discuss this re-
lationship in more detail in Section 5.1, making comparisons
to relevant literature, which are shown in Fig. 3.

4.3 The oldest galaxy at z ~ 1

From inspection of Fig. 2, it is clear that there is a single
galaxy (ID: 111129) which falls significantly below the main
stellar mass vs age distribution, with a formation time of
tiorm = 0.75f8é§ Gyr (Zform = 7.02'_"318(;), and a quenching
time (fquench is defined as the age of the Universe at which
the normalised star-formation rate, nSFR, as defined in Car-
nall et al. 2018, first falls below 0.1) of tquench = 1.94'_"8:22
Gyr (Zquench = 3.237%a3) after the Big Bang, respectively.
Given recent reports, based on the first data from JWST, of
the assembly of significant numbers of massive galaxies dur-
ing the first billion years (e.g., Labbe et al. 2022), and their
subsequent quenching during the second billion years (e.g.,
Carnall et al. 2022a), this is clearly an object of significant
interest.
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5 DISCUSSION

In Section 4, we report the relationship between stellar mass
and age from full spectral fitting of our mass-complete VAN-
DELS quiescent sample. In this section, we discuss our re-
sults, focusing on relationships between age, UVJ position,
Dn4000 and metallicity evident within our sample.

5.1 The formation times of quiescent galaxies

Over the past decade, extensive research has been conducted
into the star-formation histories and ages of quiescent galax-
ies. This has revealed a sub-population of extremely old
galaxies, which formed very early in cosmic history (e.g.,
Glazebrook et al. 2017; Schreiber et al. 2018; Valentino et al.
2020). These galaxies tend to have higher stellar masses and
more compact morphologies than is typical for the quiescent
population. In order to constrain the build-up of the quies-
cent population across cosmic time, and reveal the fate of
these oldest, most extreme systems, detailed knowledge of
the stellar mass vs stellar age relationship as a function of
observed redshift is required. The stellar mass vs stellar age
relation presented in Section 4.2 is based on the robust, mass-
complete VANDELS spectroscopic sample. In this section, we
compare these results with similar studies in the literature,
across a broad redshift range.
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Figure 4. Stellar mass versus formation redshift and quenching
redshift (in the top and bottom panels respectively) for our final
sample of VANDELS quiescent galaxies. The galaxies are colour-
coded by Dp4000, highlighting that higher values of D,4000 are
observed for galaxies with earlier formation times.

Our results are placed into the context of recent literature
in Fig. 3, which shows results derived by Gallazzi et al. (2005,
2014); Choi et al. (2014); Onodera et al. (2015); Schreiber
et al. (2018); Belli et al. (2019); Carnall et al. (2019a); Merlin
et al. (2019); Estrada-Carpenter et al. (2020) and Tacchella
et al. (2022), with the stellar mass vs age relations derived
in various observed redshift ranges over-plotted. For several
data-sets shown in the figure, no average relationship between
stellar mass and age is calculated by the authors. In these
cases, we perform a fit to the individual galaxy masses and
ages, using the same method outlined in Section 4.2.

5.1.1 Slopes of the observed relationships

The slope of the stellar mass vs age relationship is intimately
connected to the physics of quenching in massive galaxies. We

The SFHs of quiescent galaxies at z ~1 7

derive a slope for the VANDELS DR4 sample of 1.20f8j3§ Gyr
per decade in mass. As can be seen from Fig. 3, this is in good
agreement with the other literature relationships shown. At
the highest redshifts, the sample of Schreiber et al. (2018)
at 3.0 < z < 4.0 displays a slope consistent with our result
at z ~ 1.1 to within 20. In the local Universe, the results of
Gallazzi et al. (2005) also display a very similar slope. This
suggests the slope of the stellar mass vs age relationship for
massive quiescent galaxies remains broadly constant across
cosmic history.

As can be seen from Fig. 3, the results of Belli et al. (2019),
who study a sample of 23 massive quiescent galaxies at 1.5 <
z < 2.5 using data from the Keck-MOSFIRE spectrograph,
suggest a steeper relation between stellar mass and age. We
perform a fit to their galaxies on the stellar mass-age plane,
finding a slope of 1.737549 Gyr per decade in mass. Whilst
this is a steeper slope than our result, it is not strongly in
tension, owing to the relatively small samples involved.

In Carnall et al. (2019a) and Tacchella et al. (2022), the
authors compare the observed stellar mass vs age relation-
ship with the predictions of cosmological simulations. Car-
nall et al. (2019a) derive this relationship from snapshots of
the 100 A~! Mpc box runs of SimBa (Davé et al. 2019) and
ILLUSTRISTNG (Nelson et al. 2018) at z = 0.1 and z = 1.0.
They find that these simulations predict slopes of ~1.5 Gyr
per decade in mass in the local Universe, but much shallower
slopes at z ~ 1, with Tacchella et al. (2022) reporting similar
findings for HlustrisTNG at z ~ 0.7.

Our results are consistent with the predicted slopes of ~1.5
Gyr per decade in mass from these two simulations in the
local Universe (z ~ 0.1). However, our results again suggest
that simulations should seek to reproduce the same, steeper
stellar mass vs age relationship for massive quiescent galaxies
throughout cosmic history.

5.1.2 Normalisations of the observed relationships

The redshift evolution of the average age of quiescent galaxies
at fixed stellar mass is influenced primarily by the quenching
of new galaxies that join the quiescent population over time
(e.g. McLeod et al. 2021). This effect is sometimes known as
progenitor bias. The expected evolution of the relationships
shown in Fig. 3 due to progenitor bias would be a steady in-
crease in normalisation from high to low redshift. The rate of
this decrease in formation redshift with decreasing observed
redshift is also highly sensitive to the effects of merger and
rejuvenation events.

Unfortunately, this idealised smooth upward evolution with
decreasing redshift is not observed in Fig. 3. Whilst studies
of galaxy samples at the highest observed redshifts typically
return the highest formation redshifts, and the local-Universe
study of Gallazzi et al. (2005) returns the lowest, there is con-
fusion between these extremes. We report later average for-
mation times than all studies targeting higher-redshift galaxy
samples; however, both Gallazzi et al. (2014) and Tacchella
et al. (2022) also report earlier average formation times than
our study, despite analysing samples at lower observed red-
shifts (z ~ 0.7, as opposed to z ~ 1.1 for our sample).

As has been discussed in several recent works (Tacchella
et al. 2022; Carnall et al. 2022b), these differences are likely
the result of methodological differences between studies. The
two most important of these are different definitions of age
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(mass-weighted vs light-weighted), and differences between
parametric and non-parametric SFH models, the latter of
which typically return older stellar ages (Carnall et al. 2019b;
Leja et al. 2019a,b). For this reason, a clear understanding of
the redshift evolution of the normalisation of this relationship
requires a study applying the same methodology to observed
samples at a wide range of redshifts.

5.1.8 Number density of the oldest galaxies at z ~ 1

Fig. 4 shows the formation and quenching redshifts of our
VANDELS quiescent sample versus stellar mass, in the top
and bottom panels, respectively. A significant number of
galaxies have formation redshifts of zform > 3, all of which
have stellar masses of log1o (M. /Mg) > 10.6. Only one galaxy
has a formation redshift of zform > 5 (see Section 4.3).

Only two galaxies in our sample have quenching redshifts
Zquench > 3. These objects are of particular interest, given
that current simulations seem to under-predict the num-
bers of galaxies that quenched at these very early times (see
Schreiber et al. 2018; Cecchi et al. 2019; Tacchella et al. 2022),
possibly due to an additional mechanism capable of causing
a rapid early shutdown of star formation, not yet included
in simulations. We calculate the number density of galaxies
in our VANDELS sample that have zquench > 3, recovering a
value of 1.127347 x 107> Mpc~2 (with Poisson uncertainties
calculated using the confidence intervals presented in Gehrels
1986). This is consistent with the results of Schreiber et al.
(2018), who calculate a number density for quiescent galax-
ies observed at 3 < z < 4 of (1.4 4+ 0.3) x 107° Mpc~3. This
preliminary agreement is encouraging, though our sample of
such old quiescent galaxies is very small. Our result is consis-
tent with neither rejuvenation or mergers having a significant
impact on this population from 1 < z < 3. For example, if we
had found no quiescent galaxies with zZquench > 3 in our sam-
ple, this would suggest that the majority of z > 3 quiescent
galaxies experience mergers and/or rejuvenation by z ~ 1.
However, much larger samples will be necessary to conduct
detailed comparisons of this nature.

5.2 The relationship between colour and age

Next we consider the relationship between galaxy stellar age
and position on the UVJ diagram, performing a stacking
analysis of our sample using two bins in rest-frame colour.
Following the approach of Whitaker et al. (2013), we divide
the sample into two bins on the UVJ diagram, separated
using the criteria:

(U—-V)=—-1.14x (V = J) + 3.10, (2)

as illustrated in the inset panel of Fig. 5 by the dot-dashed
line. In order to minimise the impact of the correlation be-
tween stellar mass and age, we additionally restrict both UV.J
bins to only include galaxies with logio(M,./Mg) > 10.6.
Adopting these criteria produces bins containing similar
numbers of objects and comparable median stellar masses;
log10(Mmea/Mgp) = 10.86+0.03 and 11.00£0.04 for the blue
and red UVJ bins, respectively.

In the main panel of Fig. 5 we show stacked spectra con-
structed from the objects in each UVJ bin and in Table 2
we present D,4000 values calculated from the stacked spec-
tra, together with the median D,4000 values and stellar ages
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Table 2. The D,4000 values calculated from the stacked spectra
shown in Fig. 5. We also report median values in each of the three
bins for D,4000 and mass-weighted age, where N represents the
number of galaxies in each bin.

UVJ position N  Dp4000g¢a0ck  Dn4000p,6q age / Gyr
Blue UVJ 45 1.57+0.01 1.58+£0.03 245+0.14
Red UVJ 47 1.66 + 0.02 1.63+0.04 2.80+0.12

of the objects in each bin. It is clear from these results that
galaxies within the red UVJ bin display larger D,4000 val-
ues and older stellar ages than their counterparts within the
blue UVJ bin. This is consistent with the expected correla-
tion between age and UVJ colour (e.g., Whitaker et al. 2013;
Belli et al. 2019), and with the trends observed in the centre
panel UVJ diagram in Fig. 1, which is colour-coded by mass-
weighted age from the Bacpipes fits. This stacking exper-
iment independently confirms and quantifies the age-colour
trend, given the offset in median D,4000 values calculated for
the red and blue UVJ colour bins. We note that Whitaker
et al. (2013) find ages of 0.9707 Gyr and 1.67075 Gyr for
their blue and red UVJ sub-samples, based on stacked grism
spectra of quiescent galaxies at 1.4 < z < 2.2. Within the
large uncertainties, this difference of 0.7 £ 0.5 Gyr is fully
consistent with the difference of 0.4 £ 0.2 Gyr we find from
our analysis.

5.3 Quenching timescales

As discussed in the introduction, recent studies of the star-
formation histories of quiescent galaxies point to the existence
of multiple quenching channels (e.g., Belli et al. 2019; Car-
nall et al. 2019a; Tacchella et al. 2022). In general, the star-
formation histories we derive for the VANDELS quiescent
sample are consistent with this picture, displaying a range
of formation and quenching times. However, to investigate
this issue in more detail it is interesting to define a quench-
ing timescale parameter: Atquench. In this work, tquench is
defined as the age of the Universe at which the normalised
star-formation rate (nSFR; see Carnall et al. 2018) falls below
0.1, corresponding to the time after the Big Bang at which
a galaxy is labelled as quiescent by our selection criteria.
Therefore, the quenching timescale is naturally defined as:

Atquench - t(unenCh) - t(zform)~ (3)

In Fig. 6, we plot quenching timescale versus stellar
mass for the VANDELS quiescent galaxies. It is clear that
within our sample there is not a significant correlation be-
tween quenching timescale and stellar mass, with some of
the highest mass galaxies having quenching timescales of
2 — 3 Gyr, while others quench in significantly less than 1
Gyr. The mean quenching timescale for our full sample is
Atguench = 1.4 £ 0.1 Gyr.

Although the large scatter observed within our VANDELS
sample in Fig. 6 may be a result of intrinsic galaxy-to-galaxy
variations, it is still important to note the fact that properties
such as star-formation histories, ages and quenching times
can be affected by the fitting method (see e.g. Pforr et al.
2012; Carnall et al. 2019b; Leja et al. 2019a).

Throughout this paper we have used a double-power law
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Figure 6. Quenching timescale (Atquench) versus stellar mass
for the full VANDELS quiescent galaxy sample. The value of the
Dn4000 index is shown by the colour bar.

parametric SFH, which is more flexible than other paramet-
ric SFHs (due to it allowing independent rising and falling
phases) and is also a better estimator of stellar masses and
ages (Carnall et al. 2018). Although parametric SFHs (such

for example, parametric SFHs fail to model sharp transitions
in SFR as accurately as non-parametric SFHs (Leja et al.
2019a).

For non-parametric models, SFR and ages have been shown
to be more dependent on the priors used, than e.g. stellar
masses (Leja et al. 2019a), however, the errors on these pa-
rameters are larger and thus more realistic than the smaller
errors produced by parametric SFHs. In Fig. 6, the quenching
timescales of our galaxies appear to be well-constrained, how-
ever these error bars may not be truly representative of the
uncertainty on this parameter due to these SFH modelling
effects. In future work, we will extend our methodology to
extract quenching timescales from quiescent galaxy samples
using non-parametric SFHs, in order to explore the effects
of different approaches to modelling star-formation histories.
This will allow for a more quantitative understanding of the
mechanisms by which these galaxies have quenched, and give
further insight into their evolution since quenching.

6 CONCLUSIONS

In this paper, we have explored the relationships between
stellar mass, age, star-formation history and quenching
timescales for a robust spectroscopic sample of quiescent
galaxies at 1.0 < z < 1.3. Our main results and conclusions
can be summarised as follows:

(i) We derive significantly improved constraints on the relation-

ship between stellar population age and stellar mass for qui-
escent galaxies at z ~ 1.1. From our full VANDELS sample
we derive an age-mass relation which has a slope of 1.2075-2%
Gyr per decade in stellar mass.

as the double-power law) appear to describe the majority of (ii) Comparing to previous studies in the literature, we find good

simulated galaxy populations well, they are not without fault;

agreement on the slope of the age-mass relation for quiescent

MNRAS 000, 1-11 (2022)
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galaxies from the local Universe out to z ~ 4. The observed
slope is in good agreement with the prediction from simu-
lations at z =~ 0, but significantly steeper than simulations
predict at z > 1.

(iii) The results of our spectro-photometric fitting predict that

the number density of already quenched galaxies at z > 3
with stellar masses logio(M,/Mg) > 10.6 is 1.1275%7 x
1075 Mpc~3. Although subject to large uncertainties due to
small-number statistics, this estimate is in good agreement
with the latest measurements at 3 < z < 4. The implication
is that rejuvenation or merger events are not playing a major
role in modulating the number density of the oldest massive
quiescent galaxies within the redshift interval 1 < z < 3,
although they cannot be ruled out entirely.

(iv) We confirm previously reported results that quiescent galax-

ies with redder UV.J colours are systematically older than
their bluer counterparts, finding an off-set of 0.4 +0.2 Gyr in
the median age of mass-matched samples.

(v) The VANDELS sample of z =~ 1.1 quiescent galaxies

displays a wide range of formation and quenching redshifts.
We find that the mean quenching timescale is 1.4 £+ 0.1
Gyr, where Atquench = t(Zquench) — t(Zform). The oldest
galaxy within the VANDELS sample (ID: 111129) has
Zform = 7.0275°0% and zquencn = 3.2373735.

Future studies using data from surveys such as PRIMER
(Dunlop et al. 2021) and the JWST Advanced Deep Extra-
galactic Survey (JADES), as well as near-infrared ground-
based spectroscopy from the MOONS spectrograph on the
VLT will provide higher SNR and larger samples of quiescent
galaxies out to z ~ 2.5. Combining these data with more
sophisticated galaxy fitting methods (e.g. non-parametric
SFHs) will enable a better understanding of quiescent galaxy
properties and quenching mechanisms out to higher redshift.
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