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A B S T R A C T 

We conduct the first study of how the relative quenching probability of galaxies depends on environment o v er the redshift range 
0.5 < z < 3, using data from the UKIDSS Ultra Deep Surv e y. By constructing the stellar mass functions for quiescent and 

post-starburst (PSB) galaxies in high-, medium-, and low-density environments to z = 3, we find an excess of quenched galaxies 
in dense environments out to at least z ∼ 2. Using the growth rate in the number of quenched galaxies, combined with the 
star-forming galaxy mass function, we calculate the probability that a given star-forming galaxy is quenched per unit time. We 
find a significantly higher quenching rate in dense environments (at a given stellar mass) at all redshifts. Massive galaxies (M ∗
> 10 

10.7 M �) are on average 1.7 ± 0.2 times more likely to quench per Gyr in the densest third of environments compared to 

the sparsest third. Finally, we compare the quiescent galaxy growth rate to the rate at which galaxies pass through a PSB phase. 
Assuming a visibility time-scale of 500 Myr, we find that the PSB route can explain ∼50 per cent of the growth in the quiescent 
population at high stellar mass (M ∗ > 10 

10.7 M �) in the redshift range 0.5 < z < 3, and potentially all of the growth at lower 
stellar masses. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: high-redshift – galaxies: luminosity function, mass function. 

1

O  

t
p
s
t  

B  

2  

l  

p
 

l  

e
t
t
i
a  

T  

(  

(
 

g

�

o  

o  

t
s  

B  

e  

z  

t  

t  

t
a  

W  

(  

f  

e  

(  

t  

b

e  

P  

a
1  

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/2/2297/7120050 by guest on 27 April 2023
 I N T RO D U C T I O N  

ne of the areas of great interest in astrophysics is how galaxies
ransition from being blue, highly star-forming structures to red, 
assive systems. Recent surveys have enabled measurements of both 
tar-forming and quiescent galaxies out to high redshifts, allowing us 
o determine how the fraction of these systems evolves with time (e.g.
ell et al. 2004 ; Peng et al. 2010 ; Muzzin et al. 2013 ; P apo vich et al.
018 ; Leja et al. 2020 ). Once a galaxy lies on the red sequence, it is
ikely to remain there, leading to an o v erall build-up of the quiescent
opulation. 
There is still a gap in our understanding, ho we ver, as to what

eads to the cessation of star formation in blue galaxies, causing their
volution on to the red sequence. This process is commonly referred 
o as quenching, and comprises many possible physical mechanisms 
hat could theoretically lead to a gas-rich galaxy experiencing a drop 
n star formation. These mechanisms include external processes such 
s the removal of gas from galaxies via strangulation (e.g. Larson,
insley & Caldwell 1980 ; Bosch et al. 2008 ) or ram pressure stripping
Gunn & Gott 1972 ), and internal processes such as AGN feedback
e.g. Silk & Rees 1998 ; Hopkins et al. 2006 ). 

One way to investigate quenching is to study the evolution of the
alaxy stellar mass functions (SMFs) that define the number density 
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f galaxies of dif ferent masses. SMFs allo w us to trace the assembly
f stellar mass through cosmic time, and thus the y pro vide a useful
ool for studying quenching by quantifying the transformation of 
tar-forming galaxies into quiescent systems (e.g. Bell et al. 2003 ;
aldry, Glazebrook & Driver 2008 ; Pozzetti et al. 2010 ; Moustakas
t al. 2013 ). Star formation in massive galaxies was at its peak from
 ∼ 3 to z ∼ 1, a period often referred to as ‘cosmic noon’, and o v er
his relatively short period of time these systems formed roughly half
heir current stellar mass (see Schreiber & Wuyts 2020 ). Furthermore,
here is strong evidence that most massive quiescent galaxies were 
lready in place by z ∼ 1 (e.g. Ilbert et al. 2013 ; Muzzin et al. 2013 ;

right, Driver & Robotham 2018 ; McLeod et al. 2021 ). Ilbert et al.
 2013 ) found that the number density of quiescent galaxies increases
rom z ∼ 3 to z ∼ 1 o v er all stellar masses, with no significant
volution at the high-mass end below z ∼ 1. Similarly, McLeod et al.
 2021 ) found that while passive galaxies contributed < 10 per cent to
he total stellar mass density of the Universe at z ∼ 3, they dominate
y z ∼ 0.75. 
Quenching is often broadly grouped into mass quenching and 

nvironment quenching (e.g Peng et al. 2010 ; Muzzin et al. 2012 ;
 apo vich et al. 2018 ). Peng et al. ( 2010 ) found that the effects of mass
nd environment on quenching were completely separable out to z ∼
 and were able to reproduce the evolution of the SMFs of blue and red
alaxy populations with this quenching formalism. They found that 
he efficiency of mass quenching is proportional to the star formation
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ate (SFR), and that the efficiency of environment quenching depends
n the galaxy density field, with galaxies in the highest density
nvironments having a higher likelihood of being quenched (see also
ovac et al. 2014 ; Knobel et al. 2015 ). In contrast, some studies
f groups and clusters find that the same formalism used by Peng
t al. may not hold past z ∼ 0.7 (e.g. Balogh et al. 2016 ; McNab
t al. 2021 ). Studies at higher redshifts suggest either a declining
nfluence from environmental quenching (e.g. Nantais et al. 2016 )
r potentially no additional quenching due to environment (Darvish
t al. 2016 ). Furthermore, De Lucia et al. ( 2012 ) propose that in the
eal Universe, it is unexpected that mass and environment separability
olds at any redshift, as the two are physically connected (see also
intos-Castro et al. 2019 ). Observ ationally, ho we ver, the role played
y environment in quenching galaxies remains unclear at z > 1,
hich provides moti v ation for this study. 
Studying galaxies in transitionary stages may provide the key

o understanding the processes responsible for terminating star
ormation. One such class is post-starburst galaxies (PSBs, e.g.
ressler & Gunn 1983 ; Tran et al. 2004 ; Wild et al. 2009 ; French
021 ), which are thought to be systems that have undergone a
ecent, major burst of star formation (or an extended period of high
tar formation) followed by rapid quenching. PSBs are typically
dentified by their spectra showing both strong Balmer absorption
ines typical of young A/F stars and weak or absent emission lines.

ild et al. ( 2016 ) found that they are rare at all epochs: less than 1
er cent of local massive galaxies are PSBs, with this number rising to
5 per cent at z ∼ 2. Studies have found that PSBs could potentially

volve to produce up to ∼50 per cent of the massive red sequence,
epending on the assumptions made about their visibility time-scales
nd star formation histories (e.g Wild et al. 2016 ; Belli, Newman &
llis 2019 ; Wild et al. 2020 ). Various authors have found that PSBs
re more abundant in denser environments to z ∼ 1, suggesting a
trong link to environmental quenching (e.g. Vergani et al. 2010 ;
uzzin et al. 2012 ; Socolo vsk y et al. 2018 ; P accagnella et al. 2019 ).

o date, ho we v er, there hav e been no studies of the link between
SBs and environment at higher redshifts ( z > 1.5), when massive
M ∗ > 10 10 M �) PSBs were much more common (Wild et al. 2016 ).
tudies of this nature could provide insight into the mechanisms
esponsible for quenching massive galaxies at this crucial epoch. 

In this paper, we investigate the influence of stellar mass and
nvironment on the build-up of the quiescent population since z = 3.
e revisit the evolution of PSBs and the galaxy mass functions, but

ow (for the first time) separated by environment. We then calculate
oth the growth rate of the quiescent population and the quenching
ate in separate redshift, mass, and environment bins to analyse
hether these factors are indeed separable out to high redshift. The
eep imaging from the Ultra Deep Surv e y (UDS) is ideal for this
tudy, allowing us to probe typical galaxies ( ∼ 10 10 M �) to z ∼ 3,
ith sufficient volume to enable samples to be split by stellar mass,

edshift, and environment. 
The structure of this paper is as follows: In Section 2 , we present

ur data, the galaxy classification method, and the environment mea-
urements. In Section 3 , we present our results on the quenching rates
n different environments, before performing a series of robustness
ests in Section 4 . In Section 5 , we explore the contribution of PSBs
o the build-up of the passive galaxy population. We end with our
onclusions and a brief summary in Section 6 . Throughout this paper,
e adopt the AB magnitude system and a flat � CDM cosmology with
M 

= 0.3, �� 

= 0.7, and H 0 = 100 h km s −1 Mpc −1 where h = 0.7.
NRAS 522, 2297–2306 (2023) 
 DATA  A N D  M E T H O D  

.1 The UDS 

he UDS is the deepest NIR surv e y conducted o v er ∼0.8 de g 2 , and
he deepest component of the United Kingdom Infrared Telescope
UKIRT) Infrared Deep Sky Survey (UKIDSS; Lawrence et al.
007 ). We use the UDS Data Release 11 (DR11) catalogue, which
eaches a 5 σ limiting depth of J = 25.6, H = 25.1, and K = 25.3 in
-arcsec diameter apertures. Further details can be found in Almaini
t al. ( 2017 ) and Wilkinson et al. ( 2021 ). Full details of the DR11
atalogue and photometric redshifts will be presented in Almaini
t al. (in prep). 

To complement the UKIDSS imaging, we use additional deep
hotometric data in 9 other bands: B -, V -, R -, i’ -, and z’ -band optical
bservations from the Subaru XMM–Newton Deep Surv e y (Furu-
awa et al. 2008 ), U’ -band photometry from the CFHT megacam,
id-infrared photometry (3.6 and 4.5 μm) from the Spitzer UDS
e gac y Programme (PI:Dunlop), and deep Y -band data from the
ISTA VIDEO surv e y (Jarvis et al. 2013 ). The area of the UDS

o v ered by all 12 bands is 0.62 deg 2 . 
We use photometric redshifts computed using the method outlined

n Simpson et al. ( 2013 ), using the EAZY code (Brammer, van
okkum & Coppi 2008 ) to fit a linear combination of template

pectral energy distributions (SEDs) to our photometry at each
edshift grid point. Our set-up broadly follows the default EAZY

onfiguration for the 12 flexible stellar population synthesis (FSPS)
ED components (Conroy & Gunn 2010 ), with the addition of three
imple stellar population (SSP) templates. This combination gave the
est results in terms of the scatter and outlier fraction when compared
o the available spectroscopic redshifts. The three SSP models have
ges of 20, 50, and 150 Myr, using a Chabrier IMF and sub-solar
etallicity (0.2 solar), and represent recent bursts of star formation

o complement the complex and continuous star-formation histories
f the FSPS templates. We found that varying the metallicities of
hese bursts was unimportant to the results. The UDS contains ∼8000
ources with secure spectroscopic redshifts, and comparison of the
hotometric redshifts yields a mean absolute dispersion in ( z phot −
 spec )/(1 + z ) of σ NMAD = 0.019 with an outlier fraction ( | � z | /(1
 z ) > 0.15) of ∼3 per cent. Further detail on the determination

f photometric redshifts can be found in Simpson et al. ( 2013 ) and
artley et al. (in prep.). 
Stellar masses are calculated using a Bayesian analysis, following

he method outlined in Wild et al. ( 2016 ). Tens of thousands of
ruzual & Charlot ( 2003 ) population synthesis models are con-

tructed with a range of star-formation histories, and then fitted to our
upercolours (SCs) (see Section 2.2 ). The resulting internal errors in
he stellar masses are typically ± 0.1 dex at fixed redshift, allowing
or the de generac y between fitted parameters (see Wild et al. 2016 ).
urther discussion of systematic stellar mass uncertainties can be
ound within Almaini et al. ( 2017 ). The 90 per cent stellar mass
ompleteness limits are calculated using the method of Pozzetti et al.
 2010 ) and are given for the different galaxy populations in Table 1 .

e note that these limits are conserv ati v e, as the y are e v aluated at
he upper end of each redshift interval, as this allows the samples
o be volume complete. SFRs are generated by comparison of the
bserved galaxy SCs (discussed below, see Section 2.2 ) with those
f the Bruzual & Charlot models (Wild et al. 2016 ; Wilkinson et al.
021 ). 
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Table 1. 90 per cent stellar mass completeness limits in units log(M ∗/M �) 
for the star-forming, quiescent, and PSB populations in each redshift bin. 
Mass completeness limits are calculated following the method of Pozzetti 
et al. ( 2010 ). 

0.5 < z < 1 1 < z < 1.5 1.5 < z < 2 2 < z < 3 

Star-forming 8.85 9.22 9.53 9.95 
Quiescent 9.2 9.74 10.17 10.72 
PSB 9.06 9.48 9.81 10.22 
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Figure 1. Histograms of environmental density ρ250 in our four redshift 
intervals, displayed separately for the star-forming (blue), quiescent (red), 
and PSB (yellow) galaxy populations. Our ρ250 values are calculated as 
described in Section 2.3 . Solid black vertical lines in each panel represent the 
ρ250 values at which we split the total (combined) population to provide three 
density bins containing equal numbers of galaxies with M ∗ > 10 9.91 M �. The 
total number of galaxies in each population is indicated. 
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.2 Galaxy classification 

o separate star-forming g alaxies, passive g alaxies, and PSBs, we 
se the principal component analysis (PCA) technique established 
y Wild et al. ( 2014 , 2016 ) (with further spectroscopic confirmation
y Maltby et al. 2016 ). In brief, the aim of the PCA method is to
escribe the broad range of galaxy SEDs using the linear combination
f a small number of components. It is found that three components
re needed to sufficiently account for the variance in SEDs, with 
he amplitude of each component being termed a ‘SC’. The first
wo SCs, SC1 and SC2, are the most useful in determining whether
 galaxy is a good PSB candidate. SC1 correlates with sSFR and
ean stellar age, and SC2 correlates with the fraction of a galaxy’s

tellar mass formed within the last billion years. Galaxies can be 
lassified based on their position in a SC1–SC2 diagram, where the 
opulation boundaries are determined by comparison to model SEDs 
nd spectroscopy. PSBs are identified as galaxies with a lo w v alue of
C1 (low sSFR) and a high value of SC2 ( > 10 per cent stellar mass
uilt up in the last Gyr). The ‘dusty’ star-forming class identified by
ild et al. ( 2014 ) is combined with other star-forming galaxies for

ur analysis. For a more detailed explanation of the SC analysis, see
ild et al. ( 2014 ). 
This technique was originally established using the UDS DR8 

atalogue, but here we use an updated SC analysis applied to the full
R11 catalogue, explained in more detail in Wilkinson et al. ( 2021 ).
he main modification made for the DR11 catalogue is to extend the

edshift range (adding in analysis for 2 < z < 3), which required
 slight modification to the rest-frame wavelength range analysed. 
he DR11 catalogue is also deeper, with more accurate photometric 

edshifts (see Section 2.1 ). 

.3 Envir onment measur ements 

e measure the galaxy environments in a statistical manner, follow- 
ng a similar method to Lani et al. ( 2013 ), but applied to the newer
R11 catalogue and photometric redshifts. In brief, each galaxy has 

heir local density ( ρ250 ) measured by construction of a cylinder 
entred on the galaxy of fixed radius 250 kpc and depth equi v alent to
0.5 Gyr along the redshift direction. The number of galaxies within 

he cylinder is counted and normalized to the expected number, 
iven the density of galaxies in the wider field within the same
edshift range (allowing for holes and edges). The depth of ±0.5 Gyr
s assigned as it is significantly larger than the 1 σ uncertainty of
z = 0.0187(1 + z) on the photometric redshifts (Almaini et al., in
reparation), for example, at z = 1, the 1 σ redshift error corresponds
o 0.151 Gyr, and hence a depth of 0.5 Gyr corresponds to 3.3 σ . It
hould be noted, we cannot say with certainty if an individual galaxy
s in a cluster or in the field; ho we ver, due to the large sample size,
e can group galaxies into high- and low-density environments, to 

nvestigate density-dependent behaviour in a statistical manner. The 
obustness of our environmental measurements is explored further in 
ection 4 . 
We split the catalogue into broad redshift intervals, and within 
ach redshift interval, galaxies are sorted into three environmental 
ins: high, medium, and low density. The three categories are 
btained by sorting galaxies by ρ250 and splitting into equal thirds 
equal numbers of galaxies in each category) for galaxies with 
tellar mass M ∗ > 10 9.91 M �, as shown in Fig. 1 . This stellar mass
epresents the 90 per cent completeness limit for galaxies at our upper
edshift bound ( z = 3), as described in Section 2.1 . We measure
nvironments using only galaxies abo v e this mass limit, to ensure
hat environments are compared with reference to a similar galaxy 
opulation at all redshifts. Galaxies below this mass limit are also
ssigned environmental bins, but using environments defined by the 
alaxies with M ∗ > 10 9.91 M �. In the later analysis, we are implicitly
ssuming, for simplicity, that galaxies will remain within their broad 
ensity thirds as they e volve, e ven if the galaxy itself is transformed
r quenched. The impact of these assumptions will be explored and
ested further in Section 4 . 

 RESULTS  

.1 Global mass functions 

n Fig. 2 , we show the global SMFs of star-forming, quiescent,
nd PSB galaxies as a function of redshift. The number density
ncertainties are simply the Poisson counting errors. We see the 
xpected result (see e.g. Muzzin et al. 2013 ); the star-forming mass
unction shape remains almost constant across cosmic time, while 
he quiescent mass function shows a large build-up in number density
o wards lo w redshift, especially at the high-mass end. At redshifts
elow z = 1, the quiescent galaxy SMF shows a more significant
uild-up at the low-mass end. We see a change in the PSB mass
unction across redshift, confirming the results of Wild et al. ( 2016 );
t high redshift ( z > 1.5), the PSB mass function is similar to that
f the quiescent population, but at lower redshifts there is an upturn
n the relative number of PSBs at lower stellar masses, more closely
esembling the shape of the star-forming galaxy mass function (see 
lso Maltby et al. 2018 ). Our extension to z = 3 confirms that the
SB and quiescent mass functions are essentially the same at the
ighest redshifts; performing a Kolmogoro v–Smirno v (KS) test on 
MNRAS 522, 2297–2306 (2023) 

art/stad1098_f1.eps
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M

Figure 2. Global SMFs for the quiescent (red), star-forming (blue), and PSB (yellow) populations as a function of redshift. The mass functions are cut off at 
the 90 per cent mass completeness limit for each population, e v aluated at the upper end of each redshift bin. Poisson error bars are shown. 
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he shape of the PSB and quiescent SMFs in the redshift range 2 <
 < 3, we cannot reject the null hypothesis that they are drawn from
he same underlying distribution ( p = 0.27). This similarity suggests
hat quiescent galaxies in this redshift bin could be quenched by
he same mechanisms that quenched PSBs. The upturn in the PSB

ass function at low redshifts suggests there may be two separate
athways to form PSBs, with a mechanism that creates low-mass
SBs acting preferentially at z < 1 (see Wild et al. 2016 ; Maltby
t al. 2018 ). 

.2 Mass functions split by environment 

ig. 3 , row 1 shows the SMFs for the star-forming galaxy populations
s a function of redshift and environment. The SMFs are very
imilar o v erall in amplitude as expected; ho we ver there is evidence
or a relative deficit of low-mass star-forming galaxies in high-
ensity environments at low redshift ( z < 1). Comparing star-forming
alaxies in high-density and low-density environments, at low stellar
ass (M ∗ < 10 10 M �) and low redshift ( z < 1) the difference is

ormally significant to 16 σ . 
Fig. 3 , row 2 shows the SMFs for the quiescent galaxies as a

unction of redshift and environment. As expected, we see growth
n the number density of quiescent galaxies to wards lo w redshift.
n the redshift interval 1.5 < z < 3, the mass functions across all
hree environments are similar. We see that from z = 2.0 to z = 0.5,
here is evidence for an increase in the relative abundance of quiescent
alaxies in dense environments versus sparse environments, suggest-
ng that quenching is more ef fecti ve in dense environments towards
ower redshift. This is especially significant ( ∼7 σ ) for low-mass
uiescent galaxies (M ∗ < 10 10 M �) at z < 1.5. Similar results have
een found in earlier work (e.g. Mortlock et al. 2015 ; Annunziatella
t al. 2016 ; van der Burg et al. 2018 ; Socolo vsk y et al. 2018 ; van der
urg et al. 2020 ). 
Fig. 3 , row 3 shows the SMFs for PSBs within the UDS, as

 function of redshift and environment. There is only marginal
vidence for an excess of PSBs in the dense environments at high
tellar mass, but at low stellar mass (M ∗ < 10 10 M �) we see an
pturn in the relative abundance of PSBs in dense environments at z
 1.5, mirroring a similar trend in the older quiescent galaxies. In the

edshift bin 0.5 < z < 1, for low-mass galaxies (M ∗ < 10 10 M �), the
xcess of PSBs in high- versus low-density environments is formally
ignificant to ∼9 σ . The PSB SMFs are similar in all environments
t z > 2, indicating that environment may only play a role in rapid
NRAS 522, 2297–2306 (2023) 
uenching at lower redshifts. These results are consistent with the
ork of Socolo vsk y et al. ( 2018 ), who also found an excess of lower
ass PSBs in dense environments at z < 1; in their case by splitting

he UDS galaxies into ‘cluster’ and ‘field’ environments using a
riends-of-friends algorithm. 

.3 The growth in the number of passive galaxies and the 
ependence on environment 

n this Section and Section 3.4 , we investigate the rate of growth in the
umber density of passive galaxies in order to estimate a quenching
ate. Given the relatively small numbers of PSBs, we combine
SBs and older quiescent galaxies into a single ‘passive’ galaxy
opulation. Fig. 4 shows the resulting evolution in number density
f the combined passive population from z = 3 to z = 0.5. The three
anels compare the number density evolution split by environment
as defined in Section 2.3 ) in three mass bins (increasing from left to
ight). We see that the number density of quenched galaxies is higher
n high-density environments at all redshifts, especially at the highest

asses. The slope of the number density evolution (quantified in Fig.
 ) is also steepest for the highest density environments, indicating
tar-forming galaxies are more likely to be quenched o v er a giv en
ime-scale. 

Fig. 5 shows the growth rate in the passive galaxy number
ensity within the UDS. We calculate this rate by approximating
he deri v ati ve of the number density e volution: 

d φred 

d t 
≈ φred, low z − φred, high z 

�t 
, (1) 

where φred, low z and φred, high z are the passive galaxy number
ensities in the lower and upper redshift bins, respectively, and � t
s the difference in Gyr between the mid-point of each redshift bin.
rrors are propagated from the Poisson counting errors. There is
vidence that high-density environments show the highest growth
ate at all stellar masses. This trend is most significant in the
ighest mass bin; comparing low- and high-density environments,
he differences are significant at 3.3, 3.6, and 2.9 σ for z = 1, z = 1.5,
nd z = 2, respectively. The growth rate in the number of high-mass
assive galaxies (M ∗ > 10 10.7 M �) in the densest environments shows
nly a small decrease across cosmic time, which seems to imply that
he mechanisms causing enhanced quenching for this population are
n place from at least z = 3. 

art/stad1098_f2.eps
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Figure 3. Global SMFs for the star-forming (blue, row 1), quiescent (red, row 2), and PSB (yello w, ro w 3) populations, shown in four redshift intervals, each 
split into three environmental bins. The three environmental bins are obtained using the combined galaxy population, sorted by ρ250 (see Section 2.3 ). Poisson 
error bars are shown. The mass functions are cut off at the 90 per cent mass completeness limit for each population for the given redshift bin. 

Figure 4. The evolution of passive galaxy number density as a function of redshift, split by mass, and environment. Density bins are given in the legend, with 
darker colours and larger markers representing denser environments. Points are plotted at the mid-point of their respective redshift interval and are offset slightly 
for clarity. Poisson error bars are shown. 
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M

Figure 5. The number density growth rate of passive galaxies as a function of redshift, split by mass, and environment. Density bins are given in the legend, 
with darker colours and larger markers representing denser environments. Points are plotted at the boundary between the two redshift intervals used in their 
calculation and are offset slightly for clarity. Errors are propagated from the Poisson error. 
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.4 The probability of quenching and its dependence on 

nvironment 

n Section 3.3 , we calculated the growth rate in the passive galaxy
ass function, but in order to physically interpret this rate as

uenching probability, we need to consider how many star-forming
alaxies are available to be quenched. Fig. 6 shows the fraction of
tar-forming galaxies in a given mass and environment bin that are
uenched per Gyr, given by: 

= 

d φred 

d t 

1 

φSF, high z 
= 

φred, low z − φred, high z 

φSF, high z �t 
, (2) 

Equation ( 2 ) is the growth rate [equation ( 1 )] divided by the
umber density of star-forming galaxies in the higher redshift bin—
n other words, we calculate the fraction of star-forming galaxies that
ere available to be quenched from the last time-step that went on to
e quenched by the next redshift interval. This simple methodology
eglects merging and also ignores star-forming galaxies that are
dded to a given mass bin and quenched between the intervening
ime intervals; the potential impact of these assumptions is explored
urther in Section 4 . 

At all redshifts and stellar masses, we find the quenching rate
s higher in the densest environments (see Table 2 ). There is also
vidence that the quenched fraction increases with stellar mass, as
e see an upward trend at a given redshift from the left-to-right
anels in Fig. 6 . 
Perhaps the most striking trend in Fig. 6 is the enhanced quenching

robability in dense environments at a given redshift and stellar
ass. The final row in Table 2 gives the ratio of the quenching rate

n high-density compared to low-density environments. On average,
he highest mass galaxies (M ∗ > 10 10.7 M �) are 1.7 ± 0.2 times more
ikely to quench per Gyr in the densest third of environments than in
he lowest density third. This value is a weighted mean of the high-
nd low-density ratios in the three redshift bins. If we use all mass
ins, we find that a galaxy is 1.5 ± 0.1 more likely to quench in the
ensest third of environments compared to the low-density third. 
NRAS 522, 2297–2306 (2023) 
.5 Comparison to low-redshift empirical trends 

ne area of great interest in the literature is whether the effects of
alaxy environment and stellar mass on quenching are separable, as
his may shed light on the likely physical mechanisms responsible.
eng et al. ( 2010 ) looked at this in detail, and concluded that mass
uenching and environment quenching are indeed distinct out to z ∼
. Peng et al. identify a mass quenching rate λm 

(their equation 21),
hich they find depends only on the SFR as follows: 

m 

= 

(
SFR 

40 M � yr −1 

)
Gyr −1 . (3) 

To compare our observed overall quenching rate λ with the
redicted λm 

from equation ( 3 ), we use the median SFR (see
ection 2 ) for star-forming galaxies in low-density environments

n each of the mass and redshift bins, divided by 40 M � yr −1 to
roduce a prediction of the mass quenching rate. We use galaxies
n the low-density environments only, to minimize the potential
nfluence of environment. This simple comparison is plotted in Fig.
 , where the observed and predicted quenching rates are shown in
ed and blue, respectively. In general terms, we find that our observed
uenching rates broadly follow the mass-quenching predictions from
eng et al. ( 2010 ), steadily increasing with both stellar mass and
edshift. Formally, the predictions slightly overpredict the observed
uenching rates at low densities, particularly at low stellar mass. As
oted in Section 1 , other studies have found evidence for a more
omplex relationship between quenching and environment at z > 1
e.g. Balogh et al. 2016 ; Kawinwanichakij et al. 2017 ; Mao et al.
022 ), but a detailed comparison is beyond the scope of this work.
n broad terms, ho we ver, we find that the evolution of the quenching
ates do broadly follow the trends expected if quenching is driven
y two independent mechanisms; one related to SFR and the other
elated to environment. 

 RO BU STNESS  TESTS  

n this section, we explore some of the simplifying assumptions that
e have made to this point, and discuss some of the resulting caveats.
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Figure 6. The fraction of star-forming galaxies quenched per Gyr as a function of redshift, shown for three density bins and o v er three ranges in stellar mass. 
Points are plotted at the boundary between the two redshift intervals used in their calculation and are offset slightly for clarity. Errors are propagated from the 
Poisson error. 

Table 2. Fraction of star-forming galaxies quenched per Gyr for each mass and density bin, at each redshift (plotted in Fig. 6 ). The final ro w sho ws the 
ratio of high-density to low-density points for each bin. 

9.7 < log(M ∗/M �) < 10.2 10.2 < log(M ∗/M �) < 10.7 10.7 < log(M ∗/M �) < 11.5 

z = 1 z = 1 z = 1.5 z = 1 z = 1.5 z = 2.25 
Low-density 0.057 ± 0.008 0.116 ± 0.012 0.121 ± 0.013 0.023 ± 0.003 0.220 ± 0.028 1.244 ± 0.227 
Medium-density 0.066 ± 0.009 0.176 ± 0.016 0.113 ± 0.012 0.097 ± 0.011 0.303 ± 0.037 0.919 ± 0.148 
High-density 0.092 ± 0.010 0.228 ± 0.020 0.145 ± 0.014 0.213 ± 0.021 0.432 ± 0.045 1.488 ± 0.217 
High-density/low-density 1.620 ± 0.285 1.972 ± 0.249 1.198 ± 0.171 9.279 ± 1.522 1.957 ± 0.322 1.196 ± 0.279 

Figure 7. A simple comparison of the quenched fraction of star-forming galaxies (red points) to λm 

predictions using equation ( 3 ) (blue points). Points are 
plotted at the mid-point of their respective redshift interval and are offset slightly for clarity. Errors are propagated from the Poisson error. 

4

O  

l
c  

t
m
(  

w  

A  

f  

i  

t  

m
 

t  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/2/2297/7120050 by guest on 27 April 2023
.1 Gr owth thr ough mergers 

ne issue that we have not considered thus far is that galaxies no
onger forming stars may still increase in stellar mass via mergers, and 
onsequently mo v e to higher mass bins, contributing to a change in
he mass functions. To estimate the magnitude of the effect mergers 
ay have on the derived quenching rates, we use the fractional 

major) merger rate found for the UDS by Mundy et al. ( 2017 ),
hich at these redshifts is approximately R ( z) ∼ 5 × 10 −2 Gyr −1 .
pplying this rate to the quiescent galaxies, we find that correcting
or major mergers has only a small impact on the quenched fraction,
ncreasing the number by ∼10 per cent. It is worth noting, ho we ver,
hat while the o v erall impact is expected to be small, the impact of

ergers may not be the same in all environments. 
Minor mergers may also occur, and growth due to minor mergers is

hought to be similar to that of major mergers (e.g. Ownsworth et al.
014 ). Ho we ver, since the mass bins we use to estimate quenching
MNRAS 522, 2297–2306 (2023) 
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ates are relatively wide, and minor mergers involve galaxies with
ass ratios of 1:10 or higher, they should not cause a significant

mpact on the results. Galaxies may mo v e to slightly higher masses,
ut in general, this will not have a major effect on the o v erall number
ensities of the quiescent populations. 

.2 Replenishment of star-forming galaxies 

nother factor to consider is that the pool of star-forming galaxies
ay not be entirely complete for the redshift intervals studied.
hile some star-forming galaxies are being quenched and becoming

uiescent, others are being formed or mo v ed to higher stellar mass
hrough star formation, and thus potentially becoming available for
uenching in the higher mass bin. We can estimate the upper limit for
he number of additional star-forming galaxies that are available to be
uenched, using the fact that the star-forming SMF is approximately
onstant o v er the redshift range of interest (see Fig. 3 ). Therefore, to
rst order, any galaxies quenched are replaced with galaxies of the
ame stellar mass. To quantify this effect, we can modify equation
 2 ) by adding the number of quenched galaxies back into the star-
orming sample: 

test = 

φred, low z − φred, high z 

[ φSF, high z + ( φred, low z − φred, high z )] �t 
. (4) 

This reduces our quenched fraction values by ∼15 per cent.
o we ver, this correction should represent the maximum amplitude
f the effect, since the time-scale available for quenching these newly
dded star-forming galaxies will be shorter than the time interval � t .

.3 Photometric redshift errors 

 potential concern with our environmental measures is that photo-
etric redshift errors become larger at high redshift and may dilute
easures of environment relative to those at lower redshift. This

ould artificially enhance the growth in the passive population at the
ighest densities when two adjacent redshift bins are compared, since
he lower redshift measurements are more precise. To investigate this
ffect, we broaden the photometric redshifts in a given redshift bin
o match the uncertainties at the next highest epoch, e.g. redshifts in
he range 0.5 < z < 1 are decreased in quality (adding additional
aussian spread) to match the dispersion at z = 1.25. We then

edefine our high-, mid-, and low-density bins using the ρ250 values
roduced from these new redshift measurements. Running the growth
nalysis again, we find that redshift errors between epochs produce
nly a ∼5 per cent increase in our quenched fraction results (Fig. 6 ).
he trends we see with redshift, mass, and density in the original
ata remain essentially unchanged. The fraction of star-forming
alaxies quenched per Gyr remains significantly higher in the densest
nvironments. 

.4 The effect of including PSBs in the passi v e sample 

ince PSBs are recently quenched galaxies, we have included them
n our quiescent galaxy sample for the analysis of quenching rates.
o quantify the impact of leaving PSBs out of our passive sample,
nd using purely galaxies classified as older quiescent galaxies by the
C method (see Section 2.2 ), we repeat our analysis while excluding
SBs. As e xpected, remo ving PSBs reduces the measured fraction of
uenched galaxies, particularly at high stellar mass and high redshift
 z > 2), but the influence on the growth rate in the passive population
Fig. 5 ) is relatively minor. Consequently, the estimated quenching
ate for SF galaxies (Fig. 6 ) is also largely unchanged, as is the
NRAS 522, 2297–2306 (2023) 
elative impact of environment. Repeating the analysis outlined in
ection 3.4 , the ratio of quenching rates in high- to low-density
nvironments changes from 1.7 ± 0.2 to 1.9 ± 0.2 for high-mass
alaxies (M ∗ > 10 10.7 M �) on average, and from 1.5 ± 0.1 to 1.6 ± 0.1
hen galaxies of all masses are considered. 

.5 The influence of merging haloes and cosmic variance 

verall, our results indicate that the rate of galaxy quenching is
ignificantly higher for galaxies in denser environments. We note,
o we ver, that our analysis implicitly assumes that galaxies largely
emain within their broad density bins as the Universe evolves,
.g. galaxies in the top third of the density field remain in the top
hird in the next redshift interval. This simplification ought to be
argely robust to the expected impact of g alaxy–g alaxy mergers (see
ection 4.1 ), but may be expected to break down on larger scales,
.g. due to the evolution of large-scale structure o v er cosmic time.
hus, one might expect some galaxies in low-density environments to
witch to higher density environments at later epochs. Furthermore,
ur study implicitly assumes that we have surveyed a representative
olume of the Universe within each redshift slice, but even within
 ∼1 deg 2 field, we can expect some variance due to large-scale
tructure, particularly for rare massive galaxies (e.g. see Moster et al.
011 ). Exploring the detailed impact of such effects is beyond the
cope of this analysis, but will be explored using simulated data in
uture work. 

 T H E  PSB  C O N T R I BU T I O N  TO  T H E  G ROW T H  

AT E  O F  QU IESCENT  G A L A X I E S  

ince PSBs have been very recently and rapidly quenched, they
ro v e to be a useful tool for examining the modes of growth for
he quiescent population. Following Wild et al. ( 2016 ), we can
ompare the growth rate of just quiescent galaxies (Section 3.3 )
o the rate PSBs pass through a given redshift bin to estimate
he fraction of quiescent galaxies that pass through a PSB phase.

e adopt a typical PSB-visibility time-scale of ∼250–500 Myr
ound by Wild et al. ( 2020 ) when examining the star formation
istories of PSBs, based on fits to spectra and multiwavelength
EDs. We stress that the visibility time-scale is the length of time
 galaxy is observed in a PSB phase using the SC method, and
his time-scale may vary in different environments and for different
tellar masses depending on burst mass fractions and quenching tim
-scales. 

Fig. 8 shows the predicted contribution of PSBs to the quiescent
alaxy growth rate assuming a 250–500 Myr visibility time-scale. At
igh stellar mass (M ∗ > 10 10.7 M �), we find that PSBs reproduce
oughly half the number density growth rate of quiescent galaxies
f the visibility time-scale is ∼500 Myr, or potentially most of the
rowth with a shorter visibility time. These results are in good
greement with Wild et al. ( 2016 ), which was based on an earlier
ersion of our UDS catalogue and broadly in agreement with Belli
t al. ( 2019 ), who found that high-mass PSBs contribute roughly
0 per cent at z ∼ 2, falling to roughly 20 per cent at z ∼ 1.4. At
ntermediate masses, we find that PSBs can explain all quiescent
alaxy growth, rising to potentially o v erproducing the red sequence
t the lowest stellar masses (M ∗ < 10 10.7 M �) if the visibility
ime-scales are short. The potential o v erproduction at low stellar

ass may in part be explained if some of the PSBs arise from
ejuvenated systems that were previously quenched (e.g Rowlands
t al. 2018 ). 



The build-up of the quenched galaxy population since cosmic noon 2305 

Figure 8. The number density growth rate of quiescent galaxies as a function of redshift (red points), in three bins of mass, and environment, compared to 
the predicted PSB contribution assuming a 250–500 Myr lifetime. The yellow band shows the PSB contribution assuming a 250 Myr lifetime, with the width 
showing the 1 σ uncertainty, while the green band show the corresponding contribution assuming a 500 Myr lifetime. Mass and density bins are shown in columns 
and rows, respectively. Errors are propagated from the Poisson error. 
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Interestingly, while the quenching rates are higher in dense 
nvironments (see also Fig. 6 ), this appears to be matched by the
ncreased contribution from PSBs, at least for the range of stellar

asses probed in this analysis (M ∗ > 10 9.7 M �). Therefore, while
uenching is more pre v alent in dense environments, the fraction 
f those galaxies that were rapidly quenched (according to this 
imple analysis) does not appear to depend strongly on the density 
eld. At face value, this finding appears difficult to reconcile with 
ifferent quenching mechanisms operating in different environments, 
nless essentially all quenching mechanisms lead to a PSB phase at 
hese redshifts and stellar masses. It may be that larger samples 
re required to identify environmental differences in the relative 
mportance of ‘slow’ versus ‘fast’ quenching routes, or perhaps they 
nly become apparent at lower stellar mass. It is notable that the
 xcess of passiv e galaxies and PSBs in dense environments becomes
articularly strong at low stellar mass (Fig. 3 ), largely below the limit
or our evolutionary analysis (M ∗ = 10 9.7 M �). Future studies with
arger and deeper samples may allow a more detailed investigation 
f the relative importance of different quenching routes in different 
nvironments. 

 C O N C L U S I O N S  

n this study, we present an analysis of the build-up of the quenched
alaxy population in the UKIDSS UDS from z = 3 to z = 0.5.
e use a PCA analysis, first established by Wild et al. ( 2014 ), to

dentify star-forming, quiescent, and PSB galaxies in the sample. To 
nvestigate the influence of environments, we use projected galaxy 
ensities to split the catalogue into three environmental bins within 
road redshift intervals. The density field and boundaries are defined 
sing galaxies abo v e the same stellar mass at all redshifts, split by
rojected galaxy density into equal thirds. The key findings are as
ollows: 

(i) A higher fraction of passive galaxies are found in dense 
nvironments at all stellar masses in the redshift range 0.5 < z < 2.0,
s seen from a comparison of SMFs. We also see a sharp upturn in
he relative abundance of low-mass (M ∗ < 10 10 M �) passive galaxies
nd PSBs in dense environments at z < 1.5, which we attribute to
he environmental quenching of satellite galaxies entering high-mass 
aloes. 
(ii) The growth rate in the number density of passive galaxies 

s steepest in the highest density environments at all masses and
edshifts (see Fig. 5 ). This difference indicates that star-forming 
alaxies are quenched more efficiently in these environments. 

(iii) The growth in the passive population can be used to estimate
he fraction of star-forming galaxies quenched per Gyr at different 
tellar masses, redshifts, and environments (see Fig. 6 ). We find
hat the quenching probability increases with both stellar mass and 
nvironment. For the most massive galaxies (M ∗ > 10 10.7 M �), the
uenching probability also increases with redshift, broadly consistent 
ith the quenching probability being proportional to SFR. 
(iv) Av eraging o v er all redshifts and stellar masses, we find that

tar-forming galaxies are 1.5 ± 0.1 times more likely to quench in the
ensest third of environments compared to the lowest density third. 
or the most massive galaxies (M ∗ > 10 10.7 M �), the enhancement
actor is 1.7 ± 0.2. Given the dilution effects of projection in our
bility to determine environments, these factors are almost certainly 
ower limits. 

(v) At high stellar mass, PSBs can account for roughly half of the
uild-up in the quiescent mass function, assuming a visibility time of
00 Myr, in agreement with previous studies (Wild et al. 2016 ; Belli
MNRAS 522, 2297–2306 (2023) 
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t al. 2019 ). At low stellar masses, the PSB route appears to account
or a larger fraction of quiescent galaxies, potentially o v erproducing
he growth rate if the visibility time is significantly shorter than
00 Myr (Fig. 8 ). 

This study is a first attempt to separate out the influence of environ-
ent on the build-up of the passive and PSB SMFs at high redshift ( z
 1). We find strong evidence that galaxies quench more rapidly in

ense environments at a given stellar mass and redshift. Our study is
ased on photometric redshifts; ho we ver, and therefore quantifying
he precise dependence on environment is challenging. The next
eneration of multi-object NIR spectrographs (e.g. VLT MOONS,
ubaru PFS) should produce the next breakthrough in this field, for

he first time providing rest-frame optical spectra for thousands of
uenched galaxies at high redshifts. Surv e ys with these instruments
hould allow a more precise characterization of the density field,
hile also allowing a comparison of the detailed astrophysical
roperties of galaxies in different environments. By comparing star-
ormation histories, quenching time-scales, metallicities, and AGN
ontributions, it may be possible to separate the detailed influence of
nvironment and distinguish between quenching mechanisms. 
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