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A B S T R A C T 

The star formation and quenching of central galaxies are regulated by the assembly histories of their host haloes. In this work, we 
use the central stellar mass to halo mass ratio as a proxy of halo formation time, and we devise three different models, from the 
ph ysical h ydrodynamical simulation to the empirical statistical model, to demonstrate its robustness. With this proxy, we inferred 

the dependence of the central galaxy properties on the formation time of their host haloes using the SDSS main galaxy sample, 
where central galaxies are identified with the halo-based group finder. We found that central galaxies living in late-formed haloes 
have higher quiescent fractions and lower spiral fractions than their early-formed counterparts by � 8 per cent . Finally, we 
demonstrate that the group finding algorithm has a negligible impact on our results. 

Key words: methods: statistical – galaxies: groups: general – dark matter – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

n the concordance � CDM model, the basic blocks of the cos-
ic structure are dark matter haloes, the virialized parts of the

osmic density field assembled through gravitational instability.
he abundance, spatial distribution, and formation histories of the
ark matter halo population are now well understood using semi-
nalytical methods and numerical simulations (e.g. Mo & White
996 ; Navarro, Frenk & White 1997 ; Jing 2000 ; Wechsler et al. 2002 ;
ao, Springel & White 2005 ; Mo, Van den Bosch & White 2010 ;
hen et al. 2020 ). This provides a solid foundation to understand

he galaxy population, as galaxies are believed to form and evolve in
ark matter haloes and the properties of galaxies are expected to be
losely related to their host haloes (White & Rees 1978 ). 

Man y methods hav e been used to establish the connection between
alaxies and dark matter haloes in the framework provided by
urrent cosmology. These include direct numerical simulations that
re based on the first principles of physical processes combined
ith some subgrid recipes for modelling unresolved processes (e.g.
ogelsberger et al. 2013 ; Schaye et al. 2015 ; Dav ́e, Thompson &
opkins 2016 ; Weinberger et al. 2017 ; Dav ́e et al. 2019 ; Nelson

t al. 2019 ), semi-analytical models that are based on a set of
mpirical functions to approximate physical processes of galaxy
ormation and evolution (e.g. White & Frenk 1991 ; Kauffmann,
 E-mail: wkcosmology@gmail.com 
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Pub
hite & Guiderdoni 1993 ; Somerville & Primack 1999 ; Cole et al.
000 ; Kang et al. 2005 ; Guo et al. 2011 ; Henriques et al. 2015 ),
nd empirical models that aim to establish the connection between
alaxies and haloes statistically and empirically (e.g. Jing, Mo &
 ̈orner 1998 ; Berlind et al. 2003 ; Yang, Mo & van den Bosch
003 ; Kravtsov et al. 2004 ; Vale & Ostriker 2004 ; Zheng et al.
005 ; Moster, Naab & White 2013 ; Lu et al. 2014 ; Behroozi et al.
019 ). A primary consensus on the galaxy–halo connection has been
eached that the stellar mass–halo mass relation is non-linear but is
oughly described by a double-power-law function (Yang et al. 2003 ;
ehroozi, Wechsler & Conroy 2013 ; Wechsler & Tinker 2018 ). Such
 relation has been used to indicate that the efficiency of converting
aryons into stars is suppressed in both the low-mass and high-mass
nds, respectively, by supernova feedback (e.g. Dekel & Silk 1986 ;
everino & Klypin 2009 ) and active galactic nuclei (AGNs) feedback

e.g. Croton et al. 2006 ; Fabian 2012 ), although the details remain
ncertain. 
Moti v ated by the success in establishing the primary connection

etween galaxies and dark matter haloes, attempts have been made to
xtend the galaxy–halo connection using other (secondary) proper-
ies of galaxies and haloes. An important example is the attempt
o relate the assembly histories of haloes to the star formation
istories of galaxies using heuristic assumptions that are tuned to
atch the observed abundance and spatial distribution of galaxies as
 function of their secondary properties, such as colour and star
ormation rate (SFR; e.g. Hearin & Watson 2013 ; Hearin et al.
014 ; Watson et al. 2015 ; Moster, Naab & White 2018 ; Behroozi
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1 We note that the stellar mass function measurement in Moustakas et al. 
( 2013 ) suffers from systematic effects in photometry. To maintain consistency 
in observational data, we adopt the recalibrated results in Behroozi et al. 
( 2019 ) where an attempt was made to deal with these issues. 
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t al. 2019 ; Meng et al. 2020 ; Wang et al. 2023b ). Hydrodynamical
imulations were also used to investigate the secondary effects in the 
alaxy–halo connection. For example, Davies et al. ( 2020 ) found that
entral galaxies living in early-formed haloes tend to possess fewer 
mounts of gas in the circumgalactic medium (CGM), harbour more 
assiv e black holes, hav e longer cooling time for the CGM gas, and,

onsequently, are more quenched in star formation. Such correlations 
ndicate that early-formed haloes tend to host central galaxies that 
re more quiescent (see also Matthee & Schaye 2019 ). The causality
etween halo formation and star formation status is further confirmed 
y Davies, Crain & Pontzen ( 2021 ) using a controlled simulation that
ollows the details of halo formation and star formation. They found 
hat early-formed haloes grow their central black holes earlier so 
hat their feedback can quench the star formation activity earlier than 
hat in late-formed counterparts. In contrast, Cui et al. ( 2021 ) found
hat early-formed haloes actually prefer to host star-forming central 
alaxies in their SIMBA simulation (Dav ́e et al. 2016 ; Dav ́e et al.
019 ). They argued that central galaxies in early-formed haloes are 
ble to accumulate a large amount of cold gas through cold-mode 
ccretion at high- z (Birnboim & Dekel 2003 ; Kere ̌s et al. 2005 ; van
e Voort et al. 2011 ; Wright et al. 2021 ) and that the associated
uasar-mode AGN feedback is inefficient to quench galaxies but 
an extend the star formation time-scale. On the other hand, late- 
ormed haloes, which acquire their gas mainly through hot-mode 
ccretion, host central galaxies with smaller amounts of cold gas, 
nd the radio-mode AGN feedback associated with such accretion 
an quench these galaxies. This scenario seems to be supported 
y observational results where red central galaxies prefer to live 
n more massive haloes (which tend to form later) than their blue
ounterparts of the same stellar mass (e.g. Mandelbaum et al. 2006 ;
ore et al. 2011 ; Mandelbaum et al. 2016 ; Wechsler & Tinker 2018 ;

osti, Fraternali & Marasco 2019 ; Posti & Fall 2021 ; Zhang et al.
022 ). 
In order to study the impact of halo formation histories on central

alaxies, it is crucial to fix the halo mass and find an observational
uantity that can be used as a proxy of halo formation time. Wang
t al. ( 2011 ) found that the mass ratio between the central subhalo
nd the host halo is strongly correlated with the formation time of
he host halo. Moti v ated by this and the expectation that the stellar

ass of a galaxy is correlated with the mass of its subhalo, Lim
t al. ( 2016 ) suggested that the central stellar mass to halo mass
atio (hereafter central SMHMR) may be used as an observational 
roxy of halo formation time (see also Tojeiro et al. 2017 ; Bradshaw
t al. 2020 ; Zhang, Yang & Guo 2021 ). In this paper, we adopt the
ame proxy and apply it to the observational data. We will show
hat central galaxies with lower SMHMRs are more quenched. To 

ake connections to halo formation time, we calibrate the relation 
etween central SMHMRs and halo formation time using three 
ifferent models, and they all agree with each other. We then use
his relation to quantify how the quenched fraction and the spiral
raction of galaxies depend on the formation time of their host 
aloes. 
The paper is organized as follows. In Section 2 , we describe the

alo formation time proxy and derive its relationship with halo 
ormation time using three different models, from the physical 
ydrodynamical simulation of IllustrisTNG to the empirical subhalo 
alo abundance-matching method. In Section 3 , we apply the proxy 
n the observational data to study the dependence of central galaxy 
roperties on the halo formation time. Finally, our results are 
ummarized in Section 4 . We converted all of the presented results to
 concordance � CDM cosmology with H 0 = 100 h km s −1 Mpc −1 ,
 = 0.7, �� 

= 0.75, and �m = 0.25. 
 TESTING  T H E  PROX Y  O F  H A L O  

O R M AT I O N  TIME  

.1 The proxy 

revious studies suggest that the central SMHMR is a proxy of the
alo formation time, where haloes that are formed earlier prefer 
o host more massive central galaxies and vice versa (Wang et al.
011 ; Lim et al. 2016 ; Tojeiro et al. 2017 ; Bradshaw et al. 2020 ;
orrea & Schaye 2020 ). Their relationship can be explained by that
arly formed haloes have more time for their satellites to merge with
entral galaxies. 

A robust scaling relation between the central SMHMR and the 
alo formation time needs to be built before we can use this proxy.
o this end, we devised three different models to quantify this scaling
elation, as well as their scatters. We start from a cosmological
ydrodynamical simulation with main haloes identified where the 
alo mass is denoted as M h, sim 

. Each dark matter halo contains no
ess than one subhalo and each subhalo contains one galaxy with
tellar mass assigned, which is denoted as M ∗, sim 

. Besides, each
ubhalo also has a V peak , which is the peak value of the maximum
ircular velocity along the evolution history of this subhalo. Then, 
e devised three models with different assignments of stellar mass 

nd halo mass to subhaloes and haloes, i.e. 

(i) Model-A: We use stellar mass and halo mass from the 
imulation, i.e. M ∗, sim 

and M h, sim 

. The central galaxy is defined as
he one with the largest M ∗, sim 

. 
(ii) Model-B: We use stellar mass for each subhalo in the 

imulation, i.e. M ∗, sim 

, and recalibrate the halo mass for each main
alo with the abundance-matching method according to the rank of 
he total stellar mass of member galaxies with M ∗, sim 

≥ 10 9 M �, and
his halo mass is denoted as M h, AM 

. The central galaxy is defined as
he one with the largest M ∗, sim 

. 
(iii) Model-C: This model is fully empirical and independent 

f the specific implementation of baryonic physics. First, we assign 
tellar mass to each subhalo using the abundance-matching method 
ccording to the rank of V peak , and this stellar mass is denoted
s M ∗, AM 

′ (Reddick et al. 2013 ). During the abundance-matching 
rocedure, the observational stellar mass function in Moustakas et al. 
 2013 ) is adopted. 1 Then, we recalibrate the halo mass for each main
alo with the abundance-matching method according to the rank of 
he sum of M ∗, AM 

′ for all member galaxies with M ∗, AM 

′ ≥ 10 9 M �,
nd this halo mass is denoted as M h, AM 

′ . The central galaxy is defined
s the one with the largest M ∗, AM 

′ . 

These notations are summarized in Table 1 . We note that Model-
 totally relies on the hydrodynamical simulation, so the stellar 
ass and halo mass are both physical but depend on the specific

mplementation of the simulation used. On the contrary, Model-C 
nly relies on the heuristic assumption of abundance-matching. And 
odel-B is in between. Using these three models, from the physical
ydrodynamical simulation to the empirical statistical model, we will 
emonstrate that they all agree on the scaling relation between the
entral SMHMR and the formation time of their host haloes, showing
he robustness of this relation. 
MNRAS 522, 3188–3200 (2023) 
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Table 1. Notations used in this paper. 

Notation Description 

V peak Peak value of the maximum circular velocity of subhaloes along the main branch. 

t form 

Lookback time when the FoF halo has first assembled half of its final mass along the main branch 

� t form 

Residual of t form 

with respect to the median t form 

in bins of halo mass 

central SMHMR The SMHMR for central galaxies 

M ∗, sim 

Stellar mass of galaxies/subhaloes in the hydrodynamical simulation 

M ∗, AM 

′ Stellar mass assigned to each subhalo using the abundance-matching method 
according to the rank of V peak based on the observational stellar mass function 

M h, AM 

Halo mass assigned to each FoF halo using the abundance-matching method 
according to the rank of the sum of M ∗, sim 

for all subhaloes in this FoF halo 

M h, AM 

′ Halo mass assigned to each FoF halo using the abundance-matching method 
according to the rank of the sum of M ∗, AM 

′ for all subhaloes in this FoF halo 
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.2 Numerical simulations used for the test 

ere we use the state-of-the-art simulation of IllustrisTNG to test the
caling relation between central SMHMRs and halo formation time.
he IllustrisTNG [The Next Generation (TNG); Weinberger et al.
017 ; Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 ;
pringel et al. 2018 ; Pillepich et al. 2018a , b ; Nelson et al. 2019 ] is
 suite of gra v o-magnetohydrodynamical cosmological simulations
un with the moving-mesh code AREPO . TNG simulates the formation
nd evolution of galaxies from z = 127 to z = 0 based on a cosmology
onsistent with results in Planck Collaboration ( 2016 ), where �� , 0 =
.6911, �b , 0 = 0.3089, σ 8 = 0.8159, n s = 0.9667, and h = 0.6774.
ere we use TNG300-1 for better statistics, which has 2 × 2500 3 

esolution elements in a box with the side length of 205 h −1 cMpc.
he target baryon mass resolution is 1.1 × 10 7 M �, and the dark
atter particle mass is 5.9 × 10 7 M �. 
In the TNG simulation, dark matter haloes were identified with

he friends-of-friends (FoF) algorithm using dark matter particles. 2 

ubstructures were identified with the SUBFIND algorithm (Springel
t al. 2001 ) using all types of particles, where the baryonic com-
onents identified are defined as galaxies, with the dark matter
omponents as subhaloes. The subhalo located at the minimum of
he gravitational potential is defined as the central one, while others
re satellites. Subhalo merger trees are built using the SUBLINK
lgorithm (Rodriguez-Gomez et al. 2015 ). Once all the trees are
uilt up, we can define the main progenitor of any subhalo in the
receding snapshot as the one with the most massive pro g enitor
istory (see De Lucia & Blaizot 2007 ). Finally, we can obtain a
ranch consisting of the main progenitors of the halo in question by
ecursively identifying the main progenitor, and this branch is called
he main branch. 

The halo mass is defined as the total mass within a sphere around
he halo centre where the mean o v erdensity is 200 times the critical
ensity of the universe. The peak halo mass of a subhalo is defined
s the maximum halo mass that the subhalo has ever achieved along
he main branch when it is identified as a central subhalo. For each
ubhalo, we can also calculate its maximum circular velocity and
enote it as V max . Then, we trace the main branch of this subhalo to
nd the peak value for all V max on this branch and denote it as V peak .
The assembly history of each dark matter halo corresponds to a

ubhalo merger tree, where small haloes are formed early, then they
NRAS 522, 3188–3200 (2023) 

 These haloes are also called main haloes or FoF haloes, and we will use 
hem interchangeably. 
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d

erge with each other and end up with one descendant halo at z = 0.
espite the complexity of this merger tree, we can still capture the
ain feature with the characteristic formation time of haloes (Chen

t al. 2020 ). There are many different definitions of halo formation
ime (e.g. Gao et al. 2005 ; Wechsler et al. 2006 ; Li, Mo & Gao 2008 ;
adler et al. 2023 ), and here we choose to use the simplest one,
hich is defined as the highest redshift when the main progenitor
alo has assembled half of its descendant halo mass at z = 0. The
orresponding lookback time is denoted as t form 

. 

.3 Test results 

.3.1 Comparison of three models 

e first examine the difference in halo masses for these three models.
he left-hand panel in Fig. 1 shows the comparisons between M h, sim 

nd M h, AM 

. Here, the circles with error bars show the median and
6 per cent − 84 per cent quantiles, and the dashed line is the one-
o-one reference line. Similarly, the middle panel shows the com-
arison between M h, sim 

and M h, AM 

′ . All these results show that the
alo masses assigned according to the empirical abundance-matching
ethod are very close to the values in the TNG300 simulation. 
Then, we examine the relationship between three halo masses and

alo formation time, t form 

, which is shown on the right-hand panel
n Fig. 1 . The symbols are the median t form 

in each halo mass bin.
he solid lines are the corresponding linear fitting line, while the
lack/blue/red colours are for three models accordingly. Here one
an see that all three models produce a nearly identical ne gativ e
orrelation between halo mass and halo formation time, where
assive haloes are formed late, which is expected in the hierarchical

tructure formation scenario. We note that this correlation can
ntroduce bias into our study when a finite halo mass bin is used.
ence, we use the residual with respect to the median t form 

as a
unction of halo mass, i.e. 

t form 

= t form 

− Median ( t form 

( M h ) ) . (1) 

Finally, to see if the abundance-matching method introduces any
ependence on the halo formation time, we compare the halo mass
n three models for early formed and late-formed haloes separately,
here haloes with � t form 

> 0 in each M h, sim 

bin are defined as
arly formed and others are late-formed. The results are shown in
he first three panels of Fig. 1 with magenta and cyan solid lines,
espectively. Here one can see that our abundance-matching method
oes not introduce any obvious bias. 
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Figure 1. Left-hand panel: Comparison of halo mass between the TNG300 simulation, M h, sim 

, and the abundance-matching result, M h, AM 

, according to the 
rank of the sum of M ∗, sim 

in each group. Middle panel: Comparison of halo mass between the TNG300 simulation, M h, sim 

, and the abundance-matching result, 
M h, AM 

′ , according to the rank of the sum of M ∗, AM 

′ in each group. In both panels, circles with error bars show the median value in each mass bin with errors 
estimated using the bootstrap method. The dashed line is the one-to-one reference line. Magenta and cyan lines are for early formed and late-formed haloes, 
respectively. Right-hand panel: Relation between halo mass and halo formation time. The background points are the TNG haloes. The black/blue/red symbols 
are for M h, sim 

/ M h, AM 

/ M h, AM 

′ , respectively. In this paper, we only use galaxies with stellar mass abo v e 10 9 M � in haloes with halo mass abo v e 10 12 M � for 
each definition of stellar mass and halo mass. 
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.3.2 The central SMHMR-halo formation time relation 

ig. 2 shows the mean � t form 

as a function of central SMHMRs,
s well as the standard deviation. The top/middle/bottom panels 
how the results in Model-A / Model-B / Model-C . Here one can
ee that all three models predict very similar scaling relations that 
aloes with higher central SMHMR are formed earlier. These results 
ndicate that the central SMHMR-halo formation time relation does 
ot depend on the specific implementation of baryonic physics 
n hydrodynamical simulations. Instead, this correlation can be 
xplained by the hierarchical structure formation scenario, where 
arly formed haloes have more time for their central galaxies to 
erge with their satellites. We also fit the scaling relations between 

entral SMHMRs and � t form 

with linear functions for Model-B and 
odel-C , and present them with blue and red lines, respectively. 
Fig. 3 shows the median central SMHMR as a function of � t form 

n four halo mass bins for three models. The scaling relations in
odel-B and Model-C are fitted with quadratic polynomials, 
hich are shown in blue and red solid curves. Here one can see

hat all three models predict that early formed haloes have higher 
entral SMHMRs and the scaling relations are similar, except for 
assive haloes in Model-C . The discrepancies between Model- 
 and Model-B / Model-A are attributed to the difference in their
tellar mass functions, where TNG300 underestimated the amplitude 
f stellar mass functions due to its relati vely lo w resolution (Pillepich
t al. 2018b ). We also checked the relation using the EAGLE
imulation and presented the result in Appendix A , which agrees 
ell with our results here. 
It is noteworthy that our results on the positive correlation between 

alo formation time and SMHMRs are consistent with previous 
tudies on galaxy assembly bias (e.g. Zentner, Hearin & van den 
osch 2014 ; Hearin et al. 2016 ; Mao, Zentner & Wechsler 2018 ;
ang et al. 2019 ; Zu et al. 2021 ), which is the dependence of the

alo occupation of galaxies on secondary properties of dark matter 
aloes manifested in their spatial distributions. Zentner et al. ( 2019 )
ound that high-concentration haloes prefer to host more luminous 
entral galaxies compared with their low-concentration counterparts 
f the same halo mass through a comprehensive Bayesian analysis; 
 similar conclusion is obtained in Wang et al. ( 2022 ) by combining
everal spatial summary statistics. In this paper, we use the group- 
ased statistic, i.e. SMHMR, and obtain consistent results based on 
hree different models, supporting previous findings. 
 APPLI CATI ONS  TO  R E A L  DATA  

n the previous section, we established the relationship between 
entral SMHMRs and halo formation time using three different 
odels, from the physical hydrodynamical simulation to the em- 

irical statistical model. All these models produce similar results 
hat haloes with higher central SMHMRs are formed earlier, and 
ice versa. These results illustrate that the relation between halo 
ormation time and the central SMHMRs neither relies on the specific
mplementation of galaxy formation models nor specific subgrid 
ecipes (see Appendix A ). With these scaling relations, we can use
he central SMHMR as a proxy of halo formation time and study its
elation with central galaxy properties in our real Universe. 

.1 Obser v ational data 

ere we use the GALEX-SDSS-WISE Le gac y Catalog (GSWLC; 
alim et al. 2016 ; Salim, Boquien & Lee 2018 ), which is constructed
rom the Sloan Digital Sky Survey (SDSS) main galaxy sample 
MGS; York et al. 2000 ; Blanton et al. 2005 ; Abazajian et al. 2009 ).
he SDSS MGS is a magnitude-limited spectroscopic surv e y with
 < 17 and co v ers ∼ 8000 de g 2 . The stellar mass and the SFR
re estimated from the ultraviolet-optical-infrared bands photometry 
sing the CIGALE code (Noll et al. 2009 ; Boquien et al. 2019 ) with
he stellar library of Bruzual & Charlot ( 2003 ) and the initial mass
unction of Chabrier ( 2003 ). The left-hand panel of Fig. 4 shows the
istribution of galaxies on the M ∗ − SFR plane. We further separate
alaxies into the star-forming and quiescent populations according 
o that whether the SFR is more than 1 dex below the star-forming
ain sequence (see Woo et al. 2013 ; Wang, Peng & Chen 2023a ).
he separation line is 

log 

(
SFR 

M � yr −1 

)
= 0 . 82 × log 

(
M ∗
M �

)
− 9 . 17 , (2) 

nd shown as the black dashed line on the left-hand panel of Fig. 4 . 
Based on the GSWLC catalog, we constructed a M ∗-limited 

ample using the method in Wang et al. ( 2023a ; see also Pozzetti
t al. 2010 ). They are shown in red points on the right-hand panel of
ig. 4 where the black dashed line shows the minimal stellar mass we
an probe at each redshift. We also weigh each galaxy with 1/ V max ,
here V max is the volume between z min = 0.02 and z max , which is
MNRAS 522, 3188–3200 (2023) 
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Figure 2. Relation between halo formation time, � t form 

, and the central SMHMR, log ( M ∗, cen /M h ). Symbols are the mean � t form 

in each central SMHMR bin 
with error bars showing the standard deviation. The blue/red solid lines are the linear fitting results for data points on the middle/bottom panels, respectively. 
Top panels: Both stellar mass and halo mass are from the TNG300 simulation, i.e. Model-A . Middle panels: The stellar mass is from the TNG300 simulation, 
and the halo mass is recalibrated by rank-matching the total stellar mass in each group, i.e. Model-B . Bottom panels: The stellar mass is recalibrated with the 
abundance-matching method according to the rank of V peak for each subhalo, and the halo mass is recalibrated by rank-matching the total stellar mass in each 
group, i.e. Model-C . This figure illustrates that haloes with larger central SMHMRs are formed early. 
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nferred from the mass-limited envelope calculated abo v e according
o the stellar mass of each galaxy. 

We use the morphology classification from the Galaxy Zoo
roject 3 (Lintott et al. 2011 ). Through Galaxy Zoo, galaxies are
lassified into different categories of morphology according to their
isual image by citizen scientists, and each galaxy has more than 20
otes. Then a flag, i.e. spiral , elliptical , or uncertain , is
ssigned to each galaxy according to the note frequency corrected
ith a debiasing process (Bamford et al. 2009 ). Here we define spiral
alaxies as those with the flag of SPIRAL set to unity. 

We use the group catalog of Yang et al. ( 2007 ) to select central
alaxies as the most massive one in each galaxy group. The halo
ass is calibrated by abundance-matching the total stellar mass with

heoretical halo mass function, where the stellar mass estimation is
ased on Bell et al. ( 2003 ). F or the consistenc y of the stellar mass
stimation, we recalibrate the halo mass for each group using the
bundance-matching method, according to the rank of the sum of
tellar mass estimated in Salim et al. ( 2016 ), which is 

 h ( > M h ) = n ∗
(
> M ∗, tot 

)
(3) 

here the left-hand hand is the cumulative halo mass function and
he right-hand hand is the cumulative total stellar mass function. The
ight-hand panel of Fig. 4 shows the comparison between the halo
ass in Yang et al. ( 2007 ) and our recalibrated ones. In Appendix C ,
e demonstrated the importance of the halo mass recalibration to
 v oid bias, especially for low-mass groups. 
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 https:// data.galaxyzoo.org/ 

f  

t  

f  
.2 The dependence of central galaxy properties on halo 
ormation time 

ig. 5 shows the quiescent fraction and the spiral fraction of central
alaxies as a function of central SMHMRs in four halo mass bins. As
ne can see, for the whole halo mass range, central galaxies with low
MHMRs are more quenched and have lower spiral fractions than

hose with high SMHMRs. The difference in the quiescent fraction
anges from ∼ 10 per cent to � 20 per cent , while the difference
n the spiral fraction is about ∼ 20 per cent across the whole halo

ass range in question. It is noteworthy that we are using a broad
alo mass bin width for better statistics. We also checked the results
sing finer halo mass bins in Appendix B , and the trend is consistent
ith the results shown here. 
On the top x -axis of Fig. 5 , we also show � t form 

, which is converted
rom the central SMHMR using the scaling relation calibrated in
odel-C (see bottom panels in Fig. 2 ). One can see that haloes
ith low central SMHMRs, which are formed late, are not only
ore quiescent but also have a lower fraction of spiral morphology.
he range of the halo formation time we can probe is ∼4 Gyr in
ach halo mass bin. We note that the results in Fig. 5 cannot be
imply interpreted as the dependence of the quiescent fraction and
he spiral fraction on the halo formation time, because the scaling
elation between � t form 

and the central SMHMR has a non-negligible
catter. 

To derive the dependence of central galaxy properties on the
ormation time of their host haloes more strictly, we must consider
he scatter in the scaling relation of central SMHMRs and halo
ormation time. To this end, we can express the distribution of
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Figure 3. Relation between central SMHMR, log ( M ∗, cen /M h ), and halo formation time, � t form 

. Symbols are the median central SMHMR in each � t form 

bin with error bars showing the 16 per cent-84 per cent quantiles. The blue/red solid lines are the fitting results for data points on the middle/bottom panels, 
respectively. The stellar mass and halo mass for panels on different rows are the same as Fig. 2 . This figure illustrates that early formed haloes tend to have 
larger central SMHMRs, i.e. more massive central galaxies. 

Figure 4. Left-hand panel: The distribution of galaxies on the stellar mass and SFR plane with black solid lines enclose 68 per cent, 95 per cent, and 
99.7 per cent of the whole sample. The dashed line is the calibrated separation line for the star-forming and quiescent galaxies. The red points are quiescent 
galaxies and the blue ones are star-forming galaxies. Middle panel: The distribution of galaxies on the redshift and stellar mass plane, where red points are the 
selected mass-limited galaxies and grey points are the remaining ones. Right-hand panel: The comparison between the halo mass calibrated in Yang et al. ( 2007 ) 
and our recalibrated halo mass using the stellar mass from the GSWLC catalog [see equation ( 3 )], and the black dashed line is the one-to-one reference line. 
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entral galaxy properties, F , as a function of halo formation time,
 t form 

, as 

 ( F | �t form 

) = 

∫ 

d RP ( F , R | �t form 

) 

= 

∫ 

d R P ( F | R , �t form 

) P ( R | �t form 

) 

≈
∫ 

d R P ( F | R ) P ( R | �t form 

) , (4) 
here F represents the quiescent fraction or the spiral fraction, 
 is the central SMHMR, and � t form 

is the halo formation time
efined in equation ( 1 ). We note that all of the probability dis-
ributions abo v e are conditioned on halo mass, and we omit it
or clarity. The final step of the abo v e deri v ation is based on the
ssumption that P ( F | R , � t form 

) ≈ P ( F | R ), which assumes that the
mpact of the halo formation time on the star formation activities
nd morphologies of central galaxies is only through the central 
MHMR. 
MNRAS 522, 3188–3200 (2023) 
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M

Figure 5. The quiescent fraction ( top panels ) and the spiral fraction ( bottom panels ) of central galaxies as a function of central SMHMRs in different 
halo mass bins. Error bars are estimated with the bootstrap method. The top x -axis shows the halo formation time converted from central SMHMRs using 
the scaling relation calibrated in Model-C (see bottom panels in Fig. 2 ). Haloes with larger � t form 

are formed earlier, as indicated by the arrows on the 
figure. This figure illustrates that central galaxies in haloes with high SMHMRs, which are formed early, have low quiescent fractions and higher spiral 
fractions. 
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Based on the abo v e deri v ation, we can calculate the quiescent
raction and the spiral fraction of central galaxies as a function of
he formation time of their host haloes. We start with all of the FoF
aloes in the TNG300 simulation, where each halo has a halo mass
nd a central stellar mass assigned in Model-B (or Model-C ),
s well as a halo formation time, � t form 

, calculated with equation
 1 ). For each halo, we can calculate its central SMHMR, R , which
s used to read a value of mean quiescent/spiral fraction F ( R ) and
he associated scatter σ F ( R ) from Fig. 5 in the corresponding halo

ass bin. Then we generate a quiescent/spiral fraction for the halo
n question from a normal distribution with a mean of F ( R ) and a
catter of σ F ( R ). Finally, we can calculate the mean quiescent/spiral
raction for haloes with given halo masses and � t form 

. The result
s shown in Fig. 6 , which shows the residual with respect to the
ean quiescent/spiral fraction in each halo mass bin. The blue (red)

ymbols are results with Model-B ( Model-C ), where both models
roduce very similar results. Here one can see that central galaxies
n late-formed haloes are more quiescent and have a lower fraction
f spiral morphology than their early-formed counterparts. The
ifference in the quiescent fraction is about 2 per cent − 8 per cent for
aloes with M h > 10 12.5 M �, and the difference in the spiral fraction
s about 2 per cent − 8 per cent across the whole halo range in
uestion. 
The relation between halo formation time and central galaxy

roperties can also manifest itself as the difference in the formation
ime for haloes with star-forming/spiral and quiescent/non-spiral
entral galaxies. We present the result in Appendix C , which
hows that haloes with star-forming/spiral central galaxies are
ormed earlier than their quiescent/non-spiral counterparts by � 0.4
yr. 
NRAS 522, 3188–3200 (2023) 

g

.3 Impact of the group finding algorithm 

ince dark matter haloes are difficult to be detected observationally,
e rely on the group-finding algorithm to construct the group

atalog (e.g. Eke et al. 2004 ; Yang et al. 2005 ; Berlind et al. 2006 ;
nobel et al. 2012 ; Wang et al. 2020 ). The performance of the
alo-based group finder is tested in many previous studies (e.g.
ang et al. 2005 , 2007 ; Lu et al. 2016 ; Lim et al. 2017 ; Yang
t al. 2021 ), which shows that it can reco v er the input galaxy
roups with high completeness and purity and calibrate the halo
ass of galaxy groups to high accuracy, based on the mock test.
evertheless, this group finder is poorly tested on the performance

n reco v ering colour/SFR-related statistics (Campbell et al. 2015 ),
ike the quiescent fraction, which might jeopardize our conclusions
n this paper. Here we want to examine if this contamination can
ias our results. To this end, we applied the group-finding algorithm
o a mock galaxy catalog and see whether the relation between
entral SMHMRs and quiescent fractions of central galaxies is
iased. 
The mock surv e y is constructed based on the N -body simulation

f ELUCID (Wang et al. 2014 , 2016 ), which is a constrained
imulation with a box volume of (500 h −1 Mpc) 3 and 3072 3 dark
atter particles. Dark matter haloes are identified with the FoF
ethod and subhaloes are identified with the SUBFIND algorithm

Springel et al. 2001 ). The stellar mass and SFR are assigned to
ach subhalo according to the empirical model of MAHGIC, which
s trained on the IllustrisTNG simulation (see Chen et al. 2021a , b ,
or more details). Here we only use galaxies with M ∗ ≥ 10 9 M �.
he most massive galaxy in each FoF halo is defined as the central
ne, while others are satellites. The redshift-space position for each
alaxy is generated using the method in Chen et al. ( 2019 ). 
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Figure 6. Dependence of the quiescent fraction and the spiral fraction on � t form 

derived from equation ( 4 ). Symbols show the mean deviation from the mean 
fraction in each halo mass bin with error bars estimated using the bootstrap method. This figure illustrates that central galaxies in late-formed haloes have higher 
quiescent fractions and lower spiral fractions. 

Figure 7. The quiescent fraction as a function of central SMHMRs in the 
empirical model of MAHGIC applied on the ELUCID simulation. The red 
colour shows the results of the input catalog. The blue colour shows the result 
of the halo-based group finder. Poisson errors are shown. This figure illustrates 
that the group-finding algorithm does not bias the dependence of the quiescent 
fraction of central galaxies on the central SMHMRs. 
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For each FoF halo in the mock volume, we re-assign its halo mass
sing the abundance-matching method according to the rank of the 
otal stellar mass in this halo (see equation ( 3 )). Then we calculate
he fraction of quiescent galaxies, which is defined as those with 
FR/ M ∗ < 10 −11 yr −1 , as a function of central SMHMR in four halo
ass bins. The results are shown in red squares in Fig. 7 . 
Then, we applied the halo-based group-finding algorithm in Yang 
t al. ( 2021 ) to these mock galaxies and constructed a galaxy
roup catalog (see also Lu et al. 2016 ; Lim et al. 2017 ; Yang
t al. 2021 ; Li et al. 2022 ). For each identified galaxy group,
he halo mass is assigned with the abundance-matching method 
ccording to the rank of the total stellar mass in each group, and
he central galaxy is defined as the one with the largest stellar

ass. Finally, we can plot the quiescent fraction as a function of
entral SMHMRs in four halo mass bins based on the identified
alaxy group catalog, and the result is shown with blue circles in
ig. 7 . As one can see, these two results are very similar to each
ther, indicating that the group-finding algorithm cannot bias this 
elation. 

 SUMMARY  

t is generally believed that the star formation activities of galaxies are
egulated by the formation histories of their host haloes. Ho we ver,
his correlation is difficult to be verified observationally for two 
easons. First, the correlation between galaxy properties and the 
ssembly histories of dark matter haloes is a secondary effect, while
he primary correlation is the stellar mass-halo mass relation. Sec- 
ndly, the halo formation histories are not observable, and finding a
odel-independent proxy is not trivial. In this paper, we devised three 

ifferent models, from the ph ysical h ydrodynamical simulation to the
mpirical statistical model, to demonstrate the robustness of using the 
entral SMHMR, i.e. central SMHMR, as a proxy of halo formation
ime. Then, we made use of the large galaxy sample from SDSS MGS,
ogether with the physical quantities from the GSWLC catalog and 
he group catalog constructed by the halo-based group finder, to infer
he relation between the central galaxy properties and the formation 
ime of their host haloes. Our main results are summarized as
ollows: 
MNRAS 522, 3188–3200 (2023) 
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(i) We established the relation between central SMHMRs and
alo formation time, where early-formed haloes have higher central
MHMRs than their late-formed counterparts. This relation is tested
n three models, from the physical hydrodynamical simulation to the
mpirical statistical model. All three models produce similar scaling
elations, supporting the robustness of the central SMHMR as a halo
ormation time proxy. (see Figs 2 and 3 ). 

(ii) Using the galaxy group catalog constructed on the SDSS
GS sample, we inferred the dependence of the central galaxy

roperties on the central SMHMRs. And we found that haloes with
igh SMHMRs have a higher fraction of star-forming/spiral central
alaxies than their counterparts with low SMHMRs (see Fig. 5 ). 

(iii) We derived the dependence of the quiescent fraction and the
piral fraction on the formation time of their host haloes. We found
hat central galaxies in late-formed haloes have higher fractions of
uiescence and lower fractions of spiral morphology by � 8 per cent
han their early-formed counterparts (see Fig. 6 ). 

(iv) By applying the halo-based group-finding algorithm to a mock
atalog, we found that it does not introduce any obvious bias into the
elation between the quiescent fraction of central galaxies and the
entral SMHMRs (see Fig. 7 ). 

Our results provide the first quantification of the relationship
etween central galaxy properties and the formation time of their
aloes. This relationship can be further tested using alternative halo
ormation time proxies, like the stellar mass gap and the spatial distri-
ution of satellite galaxies (Wechsler et al. 2002 ; Dariush et al. 2010 ;
arahi, Ho & Trac 2020 ; Golden-Marx et al. 2022 ). Meanwhile,

hese results can be compared with state-of-the-art hydrodynamical
osmological simulations, like IllustrisTNG (Pillepich et al. 2018a ;
elson et al. 2019 ), EAGLE (Schaye et al. 2015 ), and SIMBA

Dav ́e et al. 2019 ), and test their different implementations of subgrid
hysics, which will be presented in the subsequent paper. 
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O R M AT I O N  TIME  RELATI ON  IN  T H E  E AG LE  

I MULATI ON  

ere, we show the central SMHMR-halo formation time relation in 
he EAGLE simulation (Schaye et al. 2015 ). In this paper, we use
he simulation identified as Ref-L0100N1504 , which contains 
 × 1504 3 particles in a (100cMpc) 3 box. The gas particle mass
nd the stellar particle mass are 1.81 × 10 6 M � and 9.70 × 10 6 

 �, respectively. The simulation adopted a flat � CDM cosmology
rom the Planck mission (Collaboration et al. 2014 ), and the cos-
ological parameters are �m 

= 0 . 307, �� 

= 0.693, �b = 0 . 04825,
8 = 0 . 8288, and h = 0.6777. The halo formation time is defined in

he same way as in the TNG simulation. The stellar mass we use is
he sum of all stellar particles within 30 physical kpc. 

Fig. A1 shows the relation between central SMHMRs and halo 
ormation time for TNG and EAGLE. One can see that both models
redict that early formed haloes have higher central SMHMRs 
han their late-formed counterparts and vice versa. The discrepancy 
etween these two models is due to the difference in their stellar
ass definition and the implementations of subgrid physics. It is 

oteworthy to point out that our results have also been tested on
odel-C , which is totally empirical. 
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M

Figure A1. The central SMHMR-halo formation time relation for TNG (black) and EAGLE (red), where the halo mass is recalibrated using the abundance- 
matching method according to the rank of the total stellar mass in each main halo. 
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PPENDIX  B:  D E P E N D E N C E  O F  C E N T R A L  

A L A X Y  PROPERTIES  O N  C E N T R A L  SMH MR  

N  FINE  H A L O  MASS  BINS  

he quiescent fraction and the spiral fraction of central galaxies in
ig. 5 are in broad halo mass bins with 0.5 dex width for better
NRAS 522, 3188–3200 (2023) 

Figure B1. Similar to the top panels of F
tatistics. Here, Figs B1 and B2 show the results in finer halo mass
ins with 0.1 dex width, and one can see that the dependence of
he quiescent fraction and the spiral fraction on central SMHMRs is
onsistent with Fig. 5 . 
ig. 5 , just in finer halo mass bins. 
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Figure B2. Similar to the bottom panels of Fig. B2 , just in finer halo mass bins. 
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PPEN D IX  C :  D E P E N D E N C E  O F  H A L O  

O R M AT I O N  TIME  O N  C E N T R A L  G A L A X Y  

ROPERTIES  

n Section 3.2 , we showed that late-formed haloes prefer to host
uiescent and non-spiral central galaxies. The correlation between 
he halo formation time and the central galaxy properties can also 
e demonstrated by examining if the quiescent and non-spiral 
entral galaxies prefer to live in late-formed haloes. Top panels 
n Fig. C1 show the median SMHMR for quiescent/star-forming 
nd non-spiral/spiral central galaxies with errors estimated using 
he bootstrap method. Here, one can see that more massive haloes 
ave lower central SMHMR, and the central SMHMR only has a 
inor dependence on the properties of central galaxies. Nevertheless, 

ne can still see that star-forming/spiral central galaxies tend to 
ave higher central SMHMRs than those quiescent/non-spiral ones. 
his result is consistent with previous studies where they found that 
assive star-forming galaxies have higher central SMHMR (Zhang 

t al. 2022 ), and massive spiral galaxies also have higher central
MHMR (Posti et al. 2019 ). 
Here, we can convert the central SMHMR to the halo formation 

ime using the linear fitting functions shown in Fig. 2 and infer the
ifference in the halo formation time for haloes with different central 
alaxy properties. The results are shown on the bottom panels of
ig. C1 , where one can see that massive haloes with star-forming or
piral-like central galaxies are formed early by � 0.4 Gyr. We note
hat the halo formation time difference between star-forming/spiral 
nd quiescent/non-spiral central galaxies is underestimated here for 
wo reasons. First, from Fig. 3 , one can see that the correlation
etween the central SMHMR and the halo formation time is stronger
or Model-A , which means that our heuristic abundance-matching 
ethod missed some correlation between these two quantities. 
econdly, due to the observational limits, some low-mass haloes 
n observation only have one member galaxy, which produces no 
ifference in their calibrated halo mass. 
We note that Correa & Schaye ( 2020 ) also inspect the dependence

f central galaxy properties on the central SMHMR, where they 
nd that blue/disc central galaxies are more massive than their 
ed/elliptical counterparts for galaxy groups with halo mass less 
han 10 13 M �. Ho we v er, the y find that this signal disappears once a
ifferent stellar mass estimation method is adopted. Here, we want to
mphasize that this is due to the inconsistent stellar mass estimators
sed to calculate central stellar mass and halo mass. In the group
atalog of Yang et al. ( 2007 ), the halo mass for each galaxy group is
stimated by rank-matching the total stellar mass of galaxy groups 
nd the theoretical halo mass distribution, where the stellar mass 
or each galaxy is estimated using the method in Bell et al. ( 2003 ).
onsequently, central SMHMRs are equi v alent to the central stellar
ass to total stellar mass ratios, and if we use different stellar mass

stimators to calculate the central stellar mass and the total stellar
ass, we may introduce artificial biases. 
This effect is demonstrated in Fig. C2 . On the left-hand panels,

e are showing the central SMHMR as a function of halo mass from
he native galaxy group catalog of Yang et al. ( 2007 ), where the
entral stellar mass comes from the GSWLC catalog and the halo
ass is from the total stellar mass estimated in Bell et al. ( 2003 ).
ere one can see that star-forming/spiral galaxies are more massive 

han their quiescent/non-spiral counterparts, which is similar to the 
esult in Correa & Schaye ( 2020 ). The right-hand panels show the
esult where the halo mass is recalibrated according to equation ( 3 ),
nd both the numerator and the denominator for the central SMHMR
re using consistent stellar mass definition. And one can see that
he difference disappears for haloes that mass below 10 13 M �, and
here is still some difference for haloes with mass abo v e 10 13 M �, as
hown in Fig. C1 . 
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Figure C1. Top panels: Median central SMHMR as a function of halo mass for quiescent/star-forming central galaxies ( left ) and spiral/non-spiral central 
galaxies ( right ). Bottom panels: Median � t form 

as a function of halo mass for quiescent/star-forming central galaxies ( left ) and spiral/non-spiral central galaxies 
( right ). All error bars are estimated using the bootstrap method. 

Figure C2. Relation between central SMHMRs and halo masses. Top panels 
show the results for spiral and elliptical galaxies in blue and red colours, 
respectively. Bottom panels show the results for star-forming and quiescent 
central galaxies, respectively. Left-hand panels uses the halo mass calibrated 
in Yang et al. ( 2007 ) group catalog with the rank of the total stellar mass of 
group members where the stellar mass is estimated from r -band magnitude 
and g − r colour (Bell et al. 2003 ). Right-hand panels also use the halo 
mass calibrated according to the rank of total stellar mass, but the stellar mass 
comes from the GSWLC catalog (Salim et al. 2018 ). We note that the stellar 
mass on the y -axis is from the GSWLC catalog. 
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