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A B S T R A C T 

Using the ASTRAEUS (seminumerical rAdiative tranSfer coupling of galaxy formaTion and Reionization in N -body dark matter 
simUlationS) framework, we explore the impact of environmental density and radiative feedback on the assembly of galaxies 
and their host haloes during the Epoch of Reionization. The ASTRAEUS framework allows us to study the evolution of galaxies 
with masses (10 

8 . 2 M � < M h < 10 

13 M �) in a wide variety of environment [ −0.5 < log (1 + δ) < 1.3 averaged over (2 cMpc) 3 ]. 
We find that: (i) there exists a mass- and redshift- dependent ‘characteristic’ environment [ log (1 + δa ( M h , z)) = 0 . 021 ×
( M h / M �) 0 . 16 + 0 . 07z − 1 . 12, up to z ∼ 10] at which galaxies are most efficient at accreting dark matter, e.g at a rate of 
0 . 2 per cent of their mass every Myr at z = 5; (ii) the number of minor and major mergers and their contributions to the dark 

matter assembly increases with halo mass at all redshifts and is mostly independent of the environment; (iii) at z = 5 minor 
mergers contribute slightly more (by up to ∼ 10 per cent ) to the dark matter assembly while for the stellar assembly, major 
mergers dominate the contribution from minor mergers for M h � 10 

11 . 5 M � galaxies; (iv) radiative feedback quenches star 
formation more in low-mass galaxies ( M h � 10 

9 . 5 M �) in o v er-dense environments [log(1 + δ) > 0.5]; dominated by their major 
branch, this yields star formation histories biased towards older ages with a slower redshift evolution. 

Key words: methods: numerical – galaxies: formation – galaxies: evolution – galaxies: haloes – galaxies: high-redshift – dark 

ages, reionization, first stars. 
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 I N T RO D U C T I O N  

he Epoch of Reionization (EoR) marks the phase when the ionizing
adiation emitted by the first galaxies dro v e the transition of the
ntergalactic medium (IGM) from a neutral and opaque to an ionized
nd transparent state (see re vie ws by e.g. Barkana & Loeb 2001 ;
ayal & Ferrara 2018 ). This phase transition had a significant effect
n the formation of galaxies and the evolution of their observable
roperties at later times (e.g. Weinmann et al. 2007 ; Ocvirk &
ubert 2011 ; Aubert et al. 2018 ; Hutter et al. 2021 ). Indeed, the
ature and evolution of galaxies were not only shaped by their
ark matter mass assembly histories but also by the timing of
eionization in their local region. Both processes have been shown
o depend on the environmental density of a galaxy. Interpreting
orthcoming observations of high-redshift galaxies will require an
n-depth understanding of how different physical processes are tied
o the evolution and properties of galaxies in regions of different
nvironmental densities. 

The underlying dark matter mass assembly histories of galaxies
nd their dependence on the density of their local environment have
een investigated in various N -body simulations (e.g. Gottl ̈ober,
lypin & Kravtsov 2001 ; Gottl ̈ober et al. 2002 ; Fakhouri & Ma
 E-mail: legrand@astro.rug.nl 
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008 , 2009 ; Hahn et al. 2009 ; Fakhouri & Ma 2010 ). In line
ith hierarchical structure formation, low-mass perturbations are

ound to collapse first from primordial Gaussian density fluctuations.
he resultant bound dark matter structures form increasingly more
assive haloes as they both accrete matter from the IGM and merge
 v er time. These two processes show competing trends with the
nvironment. 

On the one hand, the number of mergers of haloes per unit of
ime ef fecti vely rises with the depth of the underlying gravitational
otential. This translates into a rise of the merger rate with an
ncreasing mass of the merged halo, increasing difference in pro-
enitor halo masses, and increasing redshift (e.g. Gottl ̈ober et al.
001 ; Fakhouri & Ma 2008 , 2009 ; Genel et al. 2010 ; Rodriguez-
omez et al. 2015 ; Duncan et al. 2019 ; O’Leary et al. 2021 ).

mportantly, the higher abundance of haloes in denser regions
ncreases the probability of haloes merging – this causes the merger
ate and the merged mass to correlate positively with the local
ensity (Fakhouri & Ma 2010 ). These insights have been gained
rom simulations since observationally works are restricted to z <
 (see e.g Bertone & Conselice 2009 ; Bluck et al. 2012 ; Mundy,
onselice & Ownsworth 2015 ; Ferreira et al. 2020 ; Conselice et al.
022 ) or very limited fields (Ventou et al. 2017 ). 
On the other hand, the halo mass growth through smooth accretion

epends on the local density in a more complex manner. A halo in
he vicinity of a more massive halo shows lower accretion rates than
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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 halo of the same mass that has no massive neighbours, i.e the
ass growth through smooth accretion correlates ne gativ ely with an 

ncrease in the local density. This leads to haloes in dense regions
orming earlier than their equally massive counterparts in less dense 
egions, known as the assembly bias (e.g. Gottl ̈ober et al. 2002 ;
heth & Tormen 2004 ; Harker et al. 2006 ; Wechsler et al. 2006 ;
ao & White 2007 ; Jing, Suto & Mo 2007 ). By analysing dark
atter-only ( N -body) simulations, Hahn et al. ( 2009 ) explained this

ffect as follows: the tidal forces generated by the gravitational 
otential of neighbouring massive haloes induce a velocity shear 
round lower mass haloes. This changes the convergence of the 
ccretion flows onto the lower-mass haloes and suppresses their 
ccretion. As gravity enhances the density of o v erdense re gions o v er
ime, this velocity shear grows. Together with the hierarchical nature 
f structure formation, this also implies that a halo of a given mass
as a characteristic density of the local environment in which its
ccretion rate is maximum. In more dense regions, the given halo 
s subject to the tidal field of a more massive neighbour, while its
robability of forming in less dense regions drops significantly. 
Fakhouri & Ma ( 2010 ) investigated for which haloes the mass

rowth is dominated by smooth accretion (mergers) and correlates 
e gativ ely (positiv ely) with the local density. Their analysis revealed
hat haloes in denser regions show a higher mass growth rate via

ergers and a lower mass growth rate via smooth accretion than 
qually massive haloes in less dense regions. Ho we ver, a caveat is
hat their analysis of the Millennium simulation focuses on lower 
edshifts ( z � 2) and more massive haloes ( M h � 5 × 10 10 M �) than
re abundant during the EoR. It still remains an open question as to
hether the massive galaxies during the EoR are similarly dominated 
y mass growth via mergers or assemble most of their mass through
mooth accretion due to the o v erall large-scale mass distribution
eing more homogeneous. 
The local-density-dependent halo mass assembly inherently 

hapes the evolution of galaxies by defining the underlying gravi- 
ational field that channels gas motions. But the extent to which the
hysical processes driving the evolution of galaxies propagate the 
ependence of the halo mass assembly on the local density into 
he evolution of their galactic properties, such as stellar masses 
nd star-formation histories (SFHs), remains an open question. If 
as accretion is the dominant process of gaining mass, we would 
xpect galaxies to exhibit lower star formation rates and shallower 
FHs in denser re gions giv en their gas accretion rates would be

ower as compared to equally massive galaxies in less dense regions. 
eedback processes that correlate with star formation and regulate 

t, such as supernovae (SN) explosions, are unlikely to change this
ocal density dependence, given their efficiency in reducing cold 
as, and star formation depends primarily on the depth of the 
ravitational potential. Ho we ver, radiati ve (photoheating) feedback 
rom the ultraviolet background (UVB) that is built up in ionized 
egions during reionization leads to the star formation rate in low- 
ass galaxies ( M h � 10 9 M �) being dependent on the redshift
hen their local regions were ionized (Gnedin 2000 ; Hoeft et al.
006 ; Daw oodbho y et al. 2018 ; Hutter et al. 2021 ). The relation
etween the redshift when a region was ionized and its density 
epends on whether the ionization fronts propagate from o v erdense 
o underdense regions (inside-out reionization topology) or vice 
ersa (outside-in). Different works hint at the outside-in component 
ominating towards the end of the EoR (Miralda-Escud ́e, Haehnelt & 

ees 2000 ; Wyithe & Loeb 2003 ; Choudhury & Ferrara 2005 ).
o we ver, most reionization simulations suggest that reionization 
roceeds o v erall in an inside-out fashion (e.g. Iliev et al. 2006 , 2012 ;
houdhury & Ferrara 2006 ; Trac & Cen 2007 ; Battaglia et al. 2013 ;
auer et al. 2015 ; Trebitsch et al. 2021 ). Consequently, in the latter
cenario, low-mass galaxies in dense regions will show a stronger 
uppression of their star formation rates than galaxies in less dense
egions. 

The ne gativ e correlation between star formation and local density
ue to gas accretion and radiative feedback from reionization 
ould be diluted by mergers: as two galaxies with different masses
ut similar environmental densities merge, the lower mass galaxy 
ill have a lower gas-to-dark matter ratio than the higher mass
alaxy when compared to their equally massive counterparts in 
he regions of characteristic density. Thus, the resultant merged 
alaxy grows in dark matter mass but has a gas-to-dark matter
atio lower than its higher mass progenitor, which – if gas ac-
retion does not fully compensate this gas loss – reduces the 
tar formation compared to a scenario where gas accretion clearly 
ominates. 
To date, most galaxy observations that measure the trends of 

alactic properties with local density have been conducted at low 

edshifts ( z < 2). These hint at: (i) the average metallicity of star-
orming galaxies with M � � 10 9 . 5 −11 M � being higher in o v erdense
egions than their equally massive field counterparts (Chartab et al. 
021 ); and (ii) the gas-phase metallicity of satellite star-forming 
alaxies exceeding that of equally massive centrals (e.g. Pasquali 
t al. 2010 ; Pasquali, Gallazzi & van den Bosch 2012 ; Peng &
aiolino 2014 ; Wu et al. 2017 ; Lian et al. 2019 ; Schaefer et al.

019 ); this is in agreement with hydrodynamical simulations that 
nd a suppression of cold gas accretion in dense environments and
atellites (van de Voort et al. 2017 ). At intermediate redshifts ( z �
 − 4), the trend of the gas-phase metallicity of star-forming galaxies
ith local density seems to be inverted (Chartab et al. 2021 ; Calabro

t al. 2022 ) and star formation enhanced in dense regions (Lemaux
t al. 2020 ), suggesting e.g. more pristine gas inflows or outflows
nduced by an enhanced merger rate, or more efficient gas stripping
nd harassment. 

Due to the limitation of high-redshift ( z � 6) galaxy observations to
he brightest objects, the environmental dependence of galactic prop- 
rties at such redshifts has been mostly studied through simulations. 
o we ver, most studies have focused on investigating the dependence 
f properties, such as the star formation rate, on the redshift when a
egion was reionized (Ocvirk et al. 2016 ; Daw oodbho y et al. 2018 ;
utter et al. 2021 ; Ocvirk et al. 2020 ). By analysing zoom-in hydro-
ynamical simulations of a large simulation box, Lo v ell et al. ( 2021 )
ound no dependence of the star-forming sequence on the density of
he environment between z = 5 and z = 10, a result that has been
ound in other simulations, albeit at lower redshifts (Hirschmann, 
e Lucia & Fontanot 2016 ; Bassini et al. 2020 ; Yajima et al. 2022 ).
 key challenge in investigating the environmental dependence of 

ccretion and mergers during the EoR is that a simulation is needed
hat has: (i) a large enough volume to sample different environments;
ii) tracks the representative galaxy population; and (iii) accounts for 
adiative feedback from reionization. 

Our ASTRAEUS framework, which couples a state-of-the-art N - 
ody simulation with a semi-analytical galaxy evolution model and 
 seminumerical reionization scheme self-consistently, fulfills these 
riteria perfectly. In this work, we use ASTRAEUS to assess how the
ssembly of galaxies depends on the density of their environment. 
n particular, we focus on the following questions: How does the
nvironment (local density) affect the assembly of dark matter haloes 
nd the associated stellar mass? What is the relative role of major
nd minor progenitors in building both the halo and stellar contents?
hat is the impact of radiative feedback as a function of the halo
ass and environmental o v erdensity? 
MNRAS 519, 4564–4580 (2023) 
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This paper is structured as follows. In Section 2 , we describe the
STRAEUS framework and outline the different radiative feedback
odels that describe the interplay between galaxy evolution and

eionization. In Section 3 , we discuss the mass assembly of low-
ass and massive galaxies in different environments. In Section 4 ,
e investigate the role of the local overdensity in the importance of

he major branch in halo assembly. We then extend this analysis to
he environment-dependent assembly of the stellar mass (Section 5 ).
inally, we conclude in Section 6 . 

 T H E  M O D E L  

his paper is the seventh in a series of works that use the ASTRAEUS

seminumerical rAdiation tranSfer coupling of galaxy formaTion
nd Reionization in N -body dArk mattEr simUlationS) framework.
e briefly describe the model here and readers are referred to
utter et al. ( 2021 ) for complete details. This framework couples

he dark matter merger trees from the Very Small MultiDark Planck
 VSMDPL ) N -body simulation 1 with a modified version of the DELPHI

emi-analytic model for galaxy formation (Dayal et al. 2014 ) and
he CIFOG seminumerical scheme (Hutter 2018 ) for reionization.
he N -body simulation is based on a version of GADGET-2 Tree
 PM (Springel 2005 ) and is run for a box size of 160 h 

−1 Mpc
sing 3840 3 particles. This results in a dark matter mass resolution
ass of 6 . 2 × 10 6 h 

−1 M �. The phase-space halo finder ROCKSTAR

Behroozi, Wechsler & Wu 2013a ) was used to extract haloes and the
erger trees were then derived using the CONSISTENTREE algorithm

Behroozi et al. 2013b ). The haloes used for this study have a
inimum bound mass of 1 . 2 × 10 8 h 

−1 M � using a minimum of
0 particles. 
We use the first 74 simulation snapshots between z = 25 and z =

.5 for our calculations. At every redshift snapshot, ASTRAEUS tracks
he evolution of galaxies as follows: 

(i) Dark Matter : the dark matter mass of a halo at redshift z , M h ( z ),
an be written as 

 h ( z) = M 

prog 
h ( z + �z) + M 

acc 
h ( z, z + �z) (1) 

here M 

prog 
h ( z + �z) is the halo mass brought in by merging

rogenitors at z + �z (equal to 0 if the galaxy has no progenitors)
nd M 

acc 
h ( z , �z ) is the accreted dark matter mass between z + �z

nd z. The major branch is identified as follows: for any given
alaxy, we start by selecting the most massive progenitor, with mass
 

maj 
h ( z + �z), at the previous redshift-step z + �z. We then select

he most massive progenitor of this galaxy at the previous redshift
tep. We repeat this process until we reach the beginning of the
imulation or there are no more progenitors. All of these progenitors
re considered to be part of the major branch and are called ‘major
rogenitors’ while all other progenitors are ‘minor progenitors’; the
um of the masses of the minor progenitors at any z is expressed
s M 

min 
h ( z). We note that this procedure is different from simply

electing the most massive progenitors of a galaxy at each redshift
ince it is possible for the major branch to start assembling later but
aster than other branches. For an example, we refer the reader to
ig. 1 in Legrand et al. ( 2022 ). We note that haloes with masses
elow our resolution limit will by construction not be considered
s ‘minor progenitors’: while this is completely negligible for high
ass haloes (for haloes with M h � 10 10 . 2 M �, these are mergers with

:100 mass ratios), this is not entirely the case at low mass, where
his leads to an o v erestimation of the smooth accretion component. 
NRAS 519, 4564–4580 (2023) 
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(ii) Initial gas mass : As for the dark matter mass, galaxies
ssemble their initial gas mass, M 

i 
g ( z), from both mergers and smooth

ccretion from the IGM such that 

 

i 
g ( z) = M 

f, maj 
g ( z + �z) + M 

f, min 
g ( z + �z) + 

�b 

�m 

M 

acc 
h ( z + �z) . 

(2) 

ere, the first two terms on the RHS show the final gas masses
rought in by merging major and minor progenitors (if any), respec-
ively, after star formation and Type II supernova (SNII) feedback.
he third term shows the gas mass accreted from the IGM assuming

hat the accretion of dark matter drags in a cosmological baryon-
o-dark matter ratio of gas mass. This gas mass can be reduced due
o the impact of radiative feedback from reionization as detailed in
hat follows. 
(iii) Star formation and supernova feedback : At each redshift z,

e assume that a galaxy turns a fraction of its initial gas mass into
tars with an effective efficiency f eff 

� expressed as 

 eff = min [ f ej 
� , f � ] , (3) 

here f ej 
� is the fraction of gas that the galaxy can turn into stars

efore the SNII unbind the rest of the gas and f � is a maximum
hreshold efficiency. Our SNII feedback model accounts for stellar
ifetimes as a result of which f ej 

� is expressed as 

 

ej 
� ( z ) = 

υ2 
c 

υ2 
c + f w E 51 νz 

[ 

1 − f w E 51 
∑ 

j νj M 

new 
�,j ( z j ) 

M 

i 
g ( z ) υ

2 
c 

] 

, (4) 

here υc is the rotational velocity of the halo, E 51 = 10 51 erg s −1 the
nergy produced by each SNII, f w is the fraction of SNII energy that
ouples to the gas and drives the winds, M 

new 
�,j ( z j ) the newly formed

tellar mass in time-step z j , and ν j the corresponding fraction that
xplodes as SNII in time-step z using a Salpeter IMF between 0.1
nd 100 M �. The gas mass left in a galaxy after star formation and
NII feedback is termed the final gas mass, M 

f 
g ( z). We do not include

ny ‘burst’-mode enhancement of star formation due to mergers in
he ASTRAEUS framework: while mergers are expected to drive gas
o the central regions of the galaxy and e.g. enhance merger activity
see Croton et al. 2006 , for example), previous semi-analytical work
as suggested that this is not going to be a dominant contributor
o the global star formation history (e.g. Somerville et al. 2008 ;
omerville & Dav ́e 2015 ). 
(iv) Stellar mass assembly : The amount of stars newly formed by

 galaxy at redshift z is 

 

new 
� ( z) = f eff ∗ M 

i 
g ( z) (5) 

he total stellar mass at any redshift then is 

 � ( z) = M 

new 
� ( z) + M 

maj 
� ( z + �z) + M 

min 
� ( z + �z) , (6) 

here the last two terms on the RHS show the stellar mass brought
n by merging major and minor progenitors, respectively. 

(v) Radiative feedback : The H I ionizing photons produced by star
ormation are obtained from STARBURST99 (Leitherer et al. 1999 )
sing the entire star formation history of a galaxy. A fraction of these
an escape into the IGM ( f esc ) driving the process of reionization.
f the cumulative number of ionizing photons emitted exceeds the
umulative number of absorption events, a region is considered
onized which is accompanied by an increase in the temperature. This
an cause gas to photoe v aporate (Barkana & Loeb 1999 ; Shapiro,
liev & Raga 2004 ; Iliev, Shapiro & Raga 2005 ) and the pressure
o increase, resulting in a higher Jeans mass scale which leads to a
eduction of gas infall (Gnedin 2000 ; Hoeft et al. 2006 ). Thus, the

file:www.cosmosim.org
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Figure 1. Galaxy assembly as a function of redshift and environmental o v erdensity in the Photoionization model. Each column shows the assembly averaged 
o v er 80 galaxies with the z = 5 halo mass indicated at the top: these include 40 galaxies each in low- and high-density environments (as marked) shown using the 
solid and dotted lines, respectively. The rows show the assembly of: the halo mass ( first row ), gas mass ( middle row ), and stellar mass ( bottom row ). As marked, 
for each component, we show the masses summed o v er all progenitors at redshift z (black line), the mass in the major and minor progenitors at the previous 
redshift step z + �z (blue and red lines, respectively) and the smoothly accreted dark matter and gas masses and the newly formed stellar mass between z + 

�z and z (yellow line). 
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nitial gas mass available for star formation in a galaxy located in an
onized region can be expressed as 

 

i 
g ( z) = min 

[
M 

acc 
g ( z) + M 

prog 
g ( z) , f g 

�b 

�m 

M h 

]
, (7) 

here f g is the fraction of gas mass not affected by radiative feedback.
n this work, we explore two radiative feedback models, whose 
trengths are defined by a characteristic mass at which f g = 0.5,
 c ( z). 2 The first is the Photoionization model where the strength of

he feedback increases with an increase in the photoionization rate 
nd the difference between the reionization redshift and the current 
alaxy redshift. The second (maximal feedback) model, called the 
eans Mass model, assumes the gas density to react instantaneously to 
he gas temperature increasing to T 0 = 4 × 10 4 K in ionized regions.
 The evolution of M c ( z) in both model can be found in fig. 1 of Hutter et al. 
 2021 ). 

M  

3

f

Our model has two mass- and redshift-independent free parameters 
 f � and f w ) that are tuned by simultaneously matching to the evolving
ltraviolet luminosity function and stellar mass function at z ∼
 − 10. The third free parameter ( f esc ) is tuned so as to reproduce the
ey reionization observables such as the electron scattering optical 
epth and the constraints on the ionization state inferred from Lyman
lpha emitters, Gamma-ray bursts and quasars. 3 

Throughout the paper, we use the following cosmological param- 
ters: [ �� 

, �m 

, �b , h, n s , σ8 ] = [0.69, 0.31, 0.048, 0.68, 0.96,
.82]. Finally, in what follows, at any redshift, the environmental 
 v erdensity is calculated as 1 + δ( z) = ρ( z) / ̄ρ( z) , where ρ̄( z) is the
ean density of the simulation box at redshift z and ρ( z) is the

ensity av eraged o v er a cube of (2 cMpc) 3 . We choose a smoothing
cale of (2 cMpc) 3 as it is the mean distance between galaxies with
 UV � −16 at z � 7, corresponding to the limiting magnitude using
MNRAS 519, 4564–4580 (2023) 

 More details on the tuning of these parameters can be found in section 3 
rom (Hutter et al. 2021 ). 
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he NIRCam imaging in the JADES GTO surv e y quoted by Williams
t al. ( 2018 ) and Rieke et al. ( 2019 ). 

 T H E  E N V I RO N M E N TA L  D E P E N D E N C E  O F  

H E  MASS  ASSEMBLY  O F  E A R LY  G A L A X I E S  

e start by looking at the assembly of the dark matter, gas, and stellar
ass components of z ∼ 5 galaxies with halo masses ranging between
 h ∼ 10 9 . 5 and ∼ 10 11 . 5 M � in under and o v erdense environments.
ur aim is to answer tw o k ey questions: (i): what is the role of
ergers versus accretion in their assembly; and (ii): how does the

ssembly depend on the environmental density? In what follows,
he environmental density bins have been chosen to ensure that we
ample the entire density range occupied by galaxies of the chosen
alo mass whilst having a sufficient number of galaxies to obtain
tatistically significant results. 

We start by looking at the assembly of low-mass galaxies ( M h ∼
0 9 . 5 M �) in panel (a) from Fig. 1 . As seen, in regions of critical
ensity where ρ( z) = ρ̄( z) , such galaxies start assembling by z ∼ 10.
heir assembly is quasi-monolithic, being dominated by the major
ranch progenitor that contains > ∼ 80 per cent of the dark matter
ass at almost all redshifts. Minor progenitors contribute less than

0 per cent to the mass buildup at any redshift, with their importance
ecreasing with decreasing redshift, as these merge into the final z

5 halo. We also find smooth accretion from the IGM to be as
mportant as mergers (at the 10 per cent level) in determining the
ssembly of such low-mass haloes in average-density environments.
e note ho we ver that this is an upper limit to the contribution of

mooth accretion, since in this low-mass regime, the contribution
f mergers just below the resolution limit is counted as smooth
ccretion. 

Low-mass haloes in o v erdense environments, with ρ( z) =
3 . 5 ̄ρ( z) , start assembling earlier (at z ∼ 15.5) and reach the same
ass as their counterparts in low-density regions earlier by �z

2, throughout their assembly history. The assembly, ho we ver,
s qualitatively similar to haloes of similar masses in low-density
nvironments. Here too, the major branch dominates the mass
ssembly, bringing in > ∼ 70 per cent of the mass with minor mergers
nd IGM smooth-accretion bringing in ∼ 15 per cent of the mass
t any redshift. Interestingly, ho we ver, we find that while smooth
ccretion is higher at high-redshifts ( z > ∼ 6 . 5) in high-density regions,
t lower redshifts this trend reverses: smooth accretion in low-density
e gions o v ertakes that in higher-density re gions. This is driv en by
he competing tidal force from a larger number of neighbouring
alaxies in high-density environments, as discussed in Section 4.1
hat follows. 

We then discuss the assembly of the gas mass associated with
uch low-mass haloes as shown in panel (b) of the same figure. As
iscussed in Section 2 , the initial gas mass at the beginning of a
edshift step is determined both by the final gas mass brought in by
erging progenitors (after star formation and SNII feedback) and

he smoothly accreted gas from the IGM; both these components
re affected by reionization feedback if the galaxy lies in an ionized
nvironment as also detailed in Section 2 . The progenitors of such
ow-mass haloes in average density regions mostly form stars in the
NII-feedback limited regime (i.e. at a given redshift, SNII can push
ut almost all of the gas mass out of the halo potential, quenching
urther star formation) as a result of which, most of the gas mass
 

> ∼80 per cent ) is assembled through smooth accretion of gas from
he IGM. As the major branch builds up its mass, its contribution to
he gas content rises from 

< ∼10 per cent at z > ∼ 7 to ∼ 40 per cent at
ower redshifts. As might be e xpected, giv en their low masses, minor
NRAS 519, 4564–4580 (2023) 
rogenitors only have a negligible contribution to assembling the gas
ass. 
As seen from panel (b), in high-density regions too, smooth

ccretion dominates the gas mass assembly. Ho we ver, tracking
he accreted dark matter mass, the smoothly accreted IGM gas
lso shows a decrease at z < ∼ 6 . 5. Further, the initial gas mass
or such galaxies shows a decrease at z < ∼ 6 – this is possibly
riven by the impact of radiative feedback. Indeed, as shown
n Fig. A1 , while the environments of such low-mass haloes in
verage density regions only get reionized as late as z ∼ 8–10,
hey are reionized much earlier (by z ∼ 14–16) in high-density
nvironments. As a result, radiative feedback is more ef fecti ve
n preferentially reducing the gas mass of low-mass galaxies in
 v erdense re gions. As a result of its mass buildup and the competing
idal pull on gas from neighbouring galaxies, the major branch
 v ertakes the gas mass contributed by smooth accretion at z < ∼ 9;
inor progenitors contribute < ∼10 per cent to the gas mass at any

edshift. 
We then look at the assembly of the stellar mass in panel (c) of the

ame figure. In average-density environments, most ( > ∼80 per cent )
f the stellar mass for low-mass galaxies is brought in by the major
ranch with (SNII-feedback limited) minor progenitors bringing in
ess than 10 per cent of the stellar mass. The newly formed stellar

ass increases with decreasing redshift and is mostly driven by
tar formation in the major branch which increases as it assembles
ts halo potential (and the associated gas mass). Galaxies in high-
ensity environments show similar qualitative trends: a key differ-
nce is that while minor progenitors contribute a significant amount
 ∼ 40 per cent ) to the stellar mass at z > ∼ 12, the major progenitor
apidly takes o v er at lower redshifts as minor progenitors rapidly
erge into the final halo assembling at z ∼ 5. 
We then discuss the assembly of high-mass z ∼ 5 galaxies (with
 h ∼ 10 11 . 5 M �) as shown in the right column of Fig. 1 . Firstly,

iven that these correspond to > 5 σ fluctuations, such galaxies are
referentially found in high-density regions. As shown, we explore
heir assembly in regions that are moderately and highly overdense
ith ρ( z) = 4 ̄ρ( z) and 10 ̄ρ( z) , respectively. We find the assembly
f such high-mass galaxies to be much more complex, being shaped
y a combination of the mass being brought in by the major branch,
inor progenitors, and smooth accretion. Additionally, contrary to

he low-mass galaxies discussed abo v e, most of the mass is brought
n by a large number of low-mass (minor) progenitors for most of
heir assembly history as now discussed and shown in panel (d)
f this figure. In moderately o v erdense re gions, such galaxies start
ssembling at z ∼ 21. Down to z ∼ 17.5, the halo mass assembly
s equally driven by minor progenitors and smooth accretion. As an
ncreasing number of low-mass progenitors form and merge into the
ssembling potential, their contribution to the mass increases from

50 per cent at z ∼ 17.5 to ∼ 80 per cent by z ∼ 11.8. Between z ∼
7.5 and 11.8, the major branch and smooth-accretion both contribute
oughly equally ( ∼ 10 per cent ) to the mass assembly. Below z ∼
1.8, the assembly of the major branch accelerates as it builds up its
otential and it becomes as important as the sum of the mass locked
p in the minor branches ( ∼ 45 per cent of the total mass) by z ∼
.8. Below this redshift, the major branch dominates the assembly
own to z ∼ 5. The situation is qualitatively similar for high-mass
alaxies in highly o v edense re gions where minor progenitors again
ominate the halo mass assembly between the formation redshift of
he first progenitors ( z ∼ 23) down to z ∼ 7.5. In the initial phases
 z ∼ 23–13.7), minor progenitors become increasingly important
hile the major branch and smooth-accretion are roughly equally

mportant. By z ∼ 13.7, minor progenitors bring in ∼ 70 per cent
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f the mass with the major branch and accretion contributing at the
rder of 15 per cent . As the mass in the major progenitor grows, it
tarts being as important as the other minor progenitors such that 
oth contribute roughly ∼ 42 per cent to the halo mass by z ∼ 7.5; 
elow this redshift, the assembly is dominated by the major branch. 
We then discuss the build-up of the gas mass for such high-mass

aloes. In moderately o v erdense re gions, minor mergers, and smooth
ccretion are equally important and contribute roughly 50 per cent 
o building the gas mass at z > ∼ 17 . 5. Although accretion is sub-
ominant to minor mergers in building up the gas mass between z 

17.5–11.8, as a result of gas suppression due to feedback (both 
N and reionization), both keep contributing equally to the gas mass
own to z ∼ 11.8. As the major branch assembly accelerates, it
 v ertakes gas brought in by smooth accretion at z ∼ 11.8 – at
his point, major mergers bring in ∼ 65 per cent of the gas mass,
ith minor mergers and accretion bringing in ∼ 18 per cent . As 

he major progenitor establishes as the dominant mass component, 
t o v ertakes the contribution from minor progenitors at z < ∼ 8.
elow this redshift, the major progenitor contributes > ∼75 per cent 
f the gas mass, followed by minor progenitors ( < ∼ 15 per cent )
nd accretion ( < ∼ 10 per cent ). The situation is again qualitatively 
imilar in high-density regions, with minor mergers and accretion 
ontributing equally ( ∼ 40 per cent ) to the gas mass down to z ∼
2.5; major progenitors contribute < ∼10 per cent to the gas mass by 
his point. As its mass assembles, the major branch o v ertakes the
as mass from accretion and minor progenitors at slightly higher 
edshifts of z ∼ 10 and 8, respectively. 

We look at the assembly of the stellar mass for high-mass haloes
n panel (f) of the same figure. We find that, unlike low-mass haloes
here the major branch dominates the stellar mass assembly, for 
igh-mass haloes minor progenitors dominate the assembly of the 
tellar mass o v er most of the formation history between z ∼ 21–8.

hile most of this is new star formation in the minor progenitors at
he earliest epochs, the faster growth rate of the major branch, driven
y a combination of accretion and mergers of minor progenitors (at 
 

< ∼ 11 . 8) results in its domination of the stellar mass assembly at
 

< ∼ 8. Qualitatively, the assembly in high-density regions is very 
imilar with minor progenitors driving the assembly at z > ∼ 8 . 75 at
hich point the major branch starts dominating in terms of stellar
ass. 

 T H E  ASSEMBLY  O F  T H E  H A L O  MASS  A N D  

H E  RO LE  O F  T H E  M A J O R  B R A N C H  

n this section, we discuss the role of neighbouring haloes on 
ark matter accretion in Section 4.1 , dark matter accretion rates
n Section 4.2 , and the accreted mass weighted ages in Section 4.3
efore ending with the importance of the major branch in Section 4.4 .

.1 Impact of neighbouring haloes on dark matter accretion 

n this section, we start by discussing the influence of neighbouring 
alaxies on the dark matter accretion rate of a halo. To study this, we
alculate the Hill radius which represents the contribution of a halo to
he local tidal field with respect to more massive neighbours (see e.g
ahn et al. 2009 ; Rodr ́ıguez-Puebla et al. 2016 ). Since most haloes
ave more than one neighbour, we use the minimum Hill radius
hich is an upper bound on the spatial extent of newly infalling
aterial that can remain gravitationally bound to a halo. We then 

alculate the Hill radius for a given halo of mass m with all haloes
uch that 

 hill = D 

(
m 

3 M 

)1 / 3 

. (8) 

here M and D are the masses and distances to neighbouring haloes.
he minimum Hill radius is then the minimum value of the Hill radius 
btained abo v e. Although this Hill radius only accounts for the tidal
eld created by the most influential neighbour, our assumption is 
upported by the findings of e.g. Hahn et al. ( 2009 ) who have shown
hat considering the tidally dominant neighbour alone is sufficient to 
ccurately assess the effect of tides on the accretion on a given halo.
o assess the capacity of a halo to accrete dark matter from the IGM,
e compare its Hill radius to its virial radius R vir . 4 

In Fig. 2 , we show the ratio of the Hill radius to the virial radius
s a function of the halo mass and environmental density at z =
–15. While a value of R vir / R hill � 1 implies that accretion onto a
iven halo is not affected by surrounding haloes (either because 
t has no close neighbours or because the neighbours have low

asses) a value of R vir /R hill 
> ∼ 1 (dotted line in Fig. 2 ) implies

hat infalling material can only remain gravitationally bound to 
he halo if it is already located within it i.e. accretion on the
alo can be completely halted by more massive neighbouring 
aloes. 
Focusing on z = 5, first, we see that at fixed halo mass, R vir / R hill 

ncreases with the environmental density smoothed o v er a cube of
2 cMpc) 3 . F or e xample, for 10 9 . 2 M � haloes, the ratio increases
rom 0 at log (1 + δ) ∼ −0.5 to ∼2 for galaxies in environments with
og (1 + δ) > 1. The same trend persists to higher masses where for
0 11 M � haloes, the ratio increases from 0 at log (1 + δ) ∼ 0.2 to ∼2
or log (1 + δ) > 1. Since the virial radius does not depend strongly
n the environmental density, the increase of this ratio is driven by a
ecrease in the R hill value with increasing density. This is because, for
 given halo mass m , it is more probable to find neighbouring haloes
f increasing mass, at roughly the same distance, with an increase
n the o v erdensity . To quantify , for 10 9 . 2 M � haloes with log (1 + δ)

0, the most massive neighbours are galaxies with M h ∼ 10 11 M �
hile at log (1 + δ) ∼ 1.5, the most massive neighbours are up to
5 times more massive, with M h ∼ 10 12 . 2 M �. 
Secondly, for low o v erdensities [log(1 + δ) ∼ −0.5], we mostly

ample field low-mass haloes (see also Appendix B ) resulting in a
alue of R vir / R hill � 1. On the other hand, for high-density regions
log(1 + δ) ∼ 1], the value of R vir / R hill decreases with increasing halo
ass – from about 1.5 for < 10 10 . 2 M � haloes to about 0 for 10 12 . 2 M �

aloes. This is because while low-mass galaxies in o v erdense re gions
ave higher mass neighbours that can influence their accretion, high- 
ass galaxies in such o v erdense re gions mostly have lower mass

eighbours. Moving onto the redshift evolution, we see that at every
edshift the halo mass and o v erdensity trends are maintained i.e.
t a given halo mass, the R vir / R hill value increases with increasing
 v erdensity; at a given overdensity, the R vir / R hill value decreases
ith mass. Ho we v er, as e xpected, the range of both the halo masses

nd o v erdensities sampled decreases with increasing redshift (cf. 
ppendix B ). Further, at a given overdensity, we sample increasingly
ore massive haloes with increasing redshift: for example, while 

0 10 . 2 M � haloes in log (1 + δ) ∼ 0.4 are the most massive haloes in
heir regions at z = 15 and have R vir / R hill ∼ 0, the haloes of the same

ass at z = 5 have neighbours with masses up to 10 11 . 2 M �, which
educes their Hill radius, resulting in R vir / R hill ∼ 0.5. 
MNRAS 519, 4564–4580 (2023) 
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M

Figure 2. We show the median strongest tidal force from nearby haloes, expressed using the dimensionless parameter ( R vir / R hill ), as a function of halo mass 
and density of the environment av eraged o v er (2 cMpc) 3 at z = 15, 10, 5 (as marked) for the Photoionization model. The colourbar shows the ratio R vir / R hill and 
the ratio of 1 is shown by the dotted line. 
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In conclusion, the sphere of influence of a halo is maximum when
t is the most massive in its region and progressively decreases with
he mass of its neighbours at any redshift. We now examine the
onsequences of this behaviour on the dark matter accretion rates in
he next section. 

.2 The accretion rates onto dark matter haloes 

e now compare the ability of haloes to smoothly accrete dark matter
rom the IGM. To do so, we calculate the fractional mass accretion
ate (FMAR) – this is defined as the dark matter mass accreted per

yr expressed as a fraction of the final halo mass such that: 

MAR ( M h , z ) = 

M 

acc 
h ( z , z + �z ) 

M h ( z ) �t 
(9) 

ere, M h ( z) is the final halo mass at z, M 

acc 
h ( z, z + �z) is the halo

ass accreted between snapshots z and z + �z and � t is the time
ifference between these successive snapshots. In Fig. 3 , we show
he FMAR as a function of halo mass and o v erdensity for z ∼ 5–15.

At z ∼ 5–10, we see that haloes have a mass-dependent ‘charac-
eristic’ environmental density, δa ( z, M h ), at which they are the most
fficient at smoothly accreting dark matter from the IGM. This is fit
y the following relation 

og (1 + δa ( M h , z)) = 0 . 021 × ( M h / M �) 0 . 16 + 0 . 07z − 1 . 12 . (10) 

his is shown as the dashed (white) line in Fig. 3 ; there is no such
lear environmental trend at redshifts as high as z ∼ 15. As seen, at
ll z ∼ 5–10, the characteristic density increases with the halo mass.
 or e xample, at z = 5, log (1 + δa ) increases from about −0.3 to
1.2 as the halo mass increases from 10 8.2 to 10 12 . 2 M �. 
At z = 5 [panel (a) of Fig. 3 ], haloes in their characteristic

nvironmental density accrete around 0.2 per cent of their final mass
very Myr, which at z = 5 corresponds to accreting ∼ 5 per cent of
heir mass in the last redshift-step. For such haloes, R vir / R hill ≤ 0.3
see e.g. Fig. 2 ), meaning that their sphere of influence is more than
hree times bigger than their virial radius. 
NRAS 519, 4564–4580 (2023) 

m  
The FMAR then falls off for haloes that are either in denser
r rarer regions as compared to the characteristic environmental
ensity. This is because two factors play a leading role in determining
he accreted dark matter mass: the amount of dark matter in the
urrounding IGM available for accretion and its relativ e v elocity
ith the accreting halo. The amount of dark matter in the surrounding

GM decreases with decreasing density of the environment, which
xplains that, at fixed halo mass, haloes that are in regions less
ense than their characteristic environment have a lower fraction of
moothly accreted dark matter mass. Regarding haloes in regions
enser than their characteristic environment, the increase in dark
atter available for accretion is compensated by the increased

nfluence of massive neighbours. Indeed, previous works (e.g. Hahn
t al. 2009 ) have shown that the velocity shear, created by a massive
eighbour, between a halo and the surrounding dark matter in the
GM is an important factor leading to reduced dark matter accretion
n dense environments. They also found that it correlates strongly
ith the tidal field created by the most massive neighbour. Hence,
hile the amount of dark matter available increases with increasing
ensity of the environment, the combined lower Hill radius and
elocity shear created by massive neighbours lead to a stalled
ccretion for galaxies located in regions denser than the characteristic 
ensity. 
As we go to z ∼ 10, first, for every halo, the density of the

haracteristic environment increases by about 0.3 dex. This is the
esult of both an increased average density of the Universe (which
eads to more dark matter available for accretion) and a decrease
f R vir / R hill (indicating that haloes can smoothly accrete dark matter
rom a larger distance). Secondly, the range of environmental density
n which haloes accrete efficiently increases, from ∼0.5 dex at z =
 to the point where there is no clear trend at z = 15. This is
ue to the fact that the range of environmental density spanned by
aloes decreases with increasing redshift. We note that at z = 10,
lthough the characteristic environment of haloes is not as defined
s at z = 5, we can already see the low fraction of smoothly
ccreted mass of low-mass galaxies in o v erdense re gions and high-
ass galaxies in underdense regions. Thirdly, galaxies in their

art/stac3760_f2.eps
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Figure 3. We show the (median) fractional dark matter mass accretion rate (FMAR) as a function of the halo mass and environmental density averaged over 
(2 cMpc) 3 at z = 15, 10, 5, as marked, for the Photoionization model. The colourbar shows the FMAR scaled by a 100 for clarity. 
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haracteristic environment accrete more efficiently with increasing 
edshift as a result of the larger values of the critical density. 

.3 The accreted mass-weighted ages in different environments 

e now discuss the dependence of the accreted dark matter weighted 
ges of haloes on their mass and environment as shown in Fig. 4 at
 ∼ 5–15. The mass weighted age at redshift z is calculated as 

ge M h ( z) = 

z ∑ 

z i = z 0 

M 

acc 
h ( z i ) 

M h ( z) 
( t( z) − t( z i )) . (11) 

here M 

acc 
h ( z i ) is the dark matter mass accreted by all progenitors at

edshift z i , t ( z i ) is the cosmic time at redshift z i and z 0 is the redshift
f formation of the first progenitor. 
Starting with z = 5, from [panel (a) of] Fig. 4 , we see the

ccreted dark matter weighted age of galaxies in regions with 
og (1 + δ) > ∼ 0 . 5 does not depend on halo mass. Ho we v er, in re gions
ith log (1 + δ) > ∼ 0 . 5 galaxies that reside in regions corresponding

o their characteristic o v erdensity hav e, on av erage, lower accreted
ass-weighted ages as compared to low-mass galaxies that reside 

n o v erdense re gions; while galaxies in characteristic o v erdensity
e gions hav e a higher amount of gas available for accretion (lead-
ng to a higher FMAR), low-mass galaxies in o v erdense re gions
re inefficient accreters due to the tidal fields from neighbouring 
assive galaxies as discussed in the last sections. For example, 

aloes with M h ∼ 10 9.5 have a stellar-mass weighted age equal 
o ∼240 Myr at log (1 + δ) ∼ 0, while haloes of the same mass
ocated in log (1 + δ) ∼ 1.3 environment have of stellar-mass
eighted age almost two times as high, of the order of ∼480 Myr.
inally, we caution against considering the ages for haloes at the 
esolution limit ( M h 

< ∼ 10 9 M �) since they only exist in the last few
napshots. 

The impact of the environment on the accreted mass-weighted ages 
ecomes weaker as we go to higher redshifts. Although at a given
 v erdensity, the value of Age M h increases with increasing mass, the 
rends are much less well defined for galaxies of a given mass at
ifferent o v erdensity v alues. This is possibly dri ven by the lesser
osmic time available as well as the lower density range sampled by
alaxies of a given mass with increasing redshift. 

To conclude, we see that, at a given overdensity, the age decreases
ith increasing halo mass, except for M h ≤ 10 9 M � haloes that are

t the mass resolution limit. Although this trend seems to be in
ontradiction with the hierarchical model, it is a result of massive
alaxies reducing the accretion of dark matter onto their less massive
eighbous in o v erdense re gions, a trend also observ ed in simulations,
lbeit at z ∼ 0 (Hahn et al. 2009 ). 

.4 The role of the major branch in halo assembly 

n this section, we focus on the assembly of the major branch as
 function of the environmental density. We start by discussing 
he number of minor and major mergers that the major branch
ndergoes throughout the history of the halo as a function of mass
nd environment, as shown in Figs 5 and 6 , respectively. The exact
hreshold between minor and major mergers is somewhat arbitrary, 
ith e.g. Fakhouri & Ma ( 2008 ) using 1:10, or Genel et al. ( 2010 )
sing 1:3. In the context of studying black hole binaries, Mayer
 2013 ) suggests that a mass ratio of 1:5 marks a qualitative difference
etween minor and major mergers. In this work, we choose to define
inor (major) for a halo mass ratio between the secondary and the
ain progenitors below (abo v e) 1:4, following the definition from
odriguez-Gomez et al. ( 2015 ) applied on halo mass. As shown

n Fig. 5 , first, we see that, at every redshift, the number of mergers
ncreases with halo mass as expected from the hierarchical assembly. 
 or e xample, at z = 5, the number of minor mergers increases
rom ∼1 at M h ∼ 10 9 . 3 M � to a few hundreds at M h ∼ 10 12 . 5 M �.
he same trend persists at z ∼ 10 where the number of minor
ergers increases from ∼1 to 40 as the halo mass increases from

0 9 to 10 11 . 5 M �. At z ∼ 15, haloes below M h = 10 9 . 8 M � do not
nder go any mer gers while haloes abo v e that mass e xperience a few
 

< ∼ 10) mergers. Secondly, the number of minor mergers does not
how any specific dependence on the environmental density o v er the
ntire halo mass range probed for the chosen smoothing volume of
2 cMpc) 3 . 
MNRAS 519, 4564–4580 (2023) 
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Figure 4. We show the (median) accreted dark matter mass weighted age ( Age M h ) as a function of the halo mass and environmental density averaged over 
(2 cMpc) 3 at z = 15, 10, 5, as marked, for the Photoionization model. The colourbar shows Age M h , as marked. 

Figure 5. We show the (median) number of minor mergers onto the major branch, n(minor), as a function of the halo mass and environmental density averaged 
o v er (2 cMpc) 3 at z = 15, 10, 5, as marked. The colourbar shows n(minor), as marked. 
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In Fig. 6 , we see that the number of major mergers too increases

ith the halo mass. At z ∼ 5, these increase from ∼1 to ∼4 as
he halo mass increases from ∼10 10.5 to 10 12 . 5 M �. As might be
xpected, the number of major mergers decreases with increasing
edshift: indeed, by z ∼ 10, galaxies with 10 10 . 5 −11 . 5 M � experience
2 mergers o v er their entire lifetime while haloes at z ∼ 15

xperience one major merger at most. We again find no sensible
rend with the underlying environmental density, although we caution
hat we are limited to the major branch in this calculation. Finally,
s expected, the number of minor mergers exceed major mergers
y orders of magnitude: 10 11 M � haloes at z ∼ 5 (10) undergo
NRAS 519, 4564–4580 (2023) 
100 (10) minor mergers as compared to ∼2–3 (1–2) major
ergers. 
We then e v aluate the amount of mass brought in by both minor and
ajor mergers onto the major branch as a function of both the halo
ass and environmental density. As shown in Fig. 7 , the importance

f the mass brought in by minor mergers increases slightly with
alo mass at a given redshift. For example, at z ∼ 5, minor mergers
ontribute ∼ 10 per cent (25 per cent ) of the merged mass for the
ajor branch of haloes with M h ∼ 10 9 . 5 (10 12 ) M �. The importance

f such mergers decreases with redshift such that by z ∼ 10 they
ontribute < 20 per cent of the major branch mass, even for the most
∼
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Environmental-dependent galaxy assembly in EoR 4573 

Figure 6. We show the (median) number of major mergers onto the major branch, n(major), as a function of the halo mass and environmental density averaged 
o v er (2 cMpc) 3 at z = 15, 10, 5, as marked. The colourbar shows n(major), as marked. 

Figure 7. We show the (median) fractional mass brought in by minor mergers onto the major branch, f mer 
DM 

(minor) , as a function of the halo mass and 
environmental density averaged over (2 cMpc) 3 at z = 15, 10, 5, as marked. The colourbar shows f mer 

DM 

(minor) , as marked. 
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assive haloes of 10 11 . 5 M �; there is no discernible mass dependence
y z ∼ 15 with minor mergers bringing in < ∼ 10 per cent of the halo
ass. 
As shown in Fig. 8 , the import of major mergers also increases

ith mass. Despite their lower numbers, they contribute almost 
he same mass as minor mergers: at z ∼ 5, such mergers bring
n ∼ 10 per cent (20 per cent ) of the major branch mass for M h ∼
0 9 . 5 (10 12 . 5 ) M � haloes. Interestingly, major mergers bring in more 
ass as compared to minor mergers with increasing redshift: at z ∼
0, major mergers contribute ∼ 20 –40 per cent to the major branch 
ass for M h 

> ∼10 9 . 5 M � haloes (compared to the < ∼20 per cent mass
raction of minor mergers), which persists up to redshifts as high as
 ∼ 15 (where minor mergers contribute < ∼10 per cent to the major 
ranch mass). 
Unlike the number of mergers, we see at z ∼ 5–10 that, although

he mass brought in by major progenitors is independent of the
nvironment for most haloes, haloes with M h > 10 11 . 2 M � have a
uch higher fraction of dark matter mass merged (50 per cent) in
MNRAS 519, 4564–4580 (2023) 
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Figure 8. We show the (median) fractional mass brought in by major mergers onto the major branch, f mer 
DM 

(major) , as a function of the halo mass and 
environmental density averaged over (2 cMpc) 3 at z = 15, 10, 5, as marked. The colourbar shows f mer 

DM 

(major) , as marked. 
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egions less dense than their characteristic environment than in other
egions (35 per cent); this is possibly the result of the major branch
aving established earlier in low-density regions. 
Finally, analogous to the mass weighted age calculated for the

ntire merger tree in Section 4.3 , we calculate the mass-weighted
ge of the major branch as: 

ge 
M 

maj 
h 

( z) = 

z ∑ 

z i = z 0 

M 

maj , acc 
h ( z i ) + M 

maj , mer 
h ( z i ) 

M h ( z ) 
( t( z ) − t( z i )) (12) 

here M 

maj , acc 
h ( z i ) and M 

maj , mer 
h ( z i ) represent the dark matter mass

ccreted and merged onto the the major branch at z i . As shown in
ig. 9 , we again see the same trends as in Section 4.3 where the mass-
eighted age increases with halo mass for galaxies in regions with

og (1 + δ) < ∼ 0 . 3 at z ∼ 5. At higher densities, galaxies that reside in
egions corresponding to their characteristic density are younger as
ompared to galaxies in more o v er-dense re gions: for e xample, for
 halo of 10 10 . 5 M �, Age 

M 

maj 
h 

increases from about 340 to 460 Myr

s log (1 + δ) increases from 0.5 to 1. Again, the impact of mass
eakens as we go to z ∼ 10, 15. Finally, we find that the mass-
eighted age of the major branch is slightly ( ∼50 Myr) younger
hen compared to the assembly of the entire merger tree. 
In this section, we have shown that the number of mergers does not

epend strongly on the environment and neither does the fraction of
ass gained through mergers, with the exception of massive haloes

ocated in o v erdensities below their characteristic environment; these
ave a much larger fraction of merged mass brought in by their major
rogenitors. 

 T H E  D E P E N D E N C E  O F  STELLAR  MASS  

SSEMBLY  O N  E N V I RO N M E N T  A N D  

E IONIZATION  FEEDBACK  

e now focus on the assembly of stellar mass in different environ-
ents for the two limiting radiative feedback scenarios considered

n this work. We discuss the role of star formation in both major and
NRAS 519, 4564–4580 (2023) 
inor progenitors in determining the stellar mass in Section 5.1 and
he impact of environment and reionization feedback on the stellar
ges and star formation histories in Sections 5.2 and 5.3 , respectively.

.1 The role of star formation in major and minor branches in 

ssembling the stellar content 

e no w sho w the stellar mass assembled across the minor progenitors
hroughout the assembly history ( M 

min 
∗ ) of z ∼ 5 galaxies as a

unction of halo mass and o v erdensity in Fig. 10 . Focusing on
anel (a) that shows results for the Photoionization model, we see
hat M 

min 
∗ increases with halo mass, from about 10 5 to 10 10 M �

s the halo mass increases from 10 9.5 to 10 12 . 5 M �. This trend
ight be expected from the halo mass assembly shown discussed

n the sections abo v e. We also see that for this (somewhat minimal)
eionization model, z ∼ 5 haloes with masses down to ∼ 10 9 M �
ave star formation in their minor branches. As might be expected
rom the halo assembly discussed abo v e, we do not find any strong
ependence of M 

min 
∗ with the environmental density for a given halo

ass. 
As seen from panel (b) of the same figure, in the Jeans Mass
odel, z ∼ 5 haloes with masses < ∼10 9 . 4 M � do not hav e an y star

ormation in their minor branches. This is the result of the strong and
nstantaneous radiative feedback from reionization in this model that
an completely suppress the gas mass of the low-mass progenitors
f these haloes, quenching star formation. Again, we do not see
ny strong trend with the environmental density for haloes with
 h 

> ∼ 10 9 . 4 M �. 
We then discuss the assembly of the major branch progenitors

n Fig. 11 . In the case of the Photoionization model shown in
anel (a), by z ∼ 5, the progenitors of haloes with masses as low
s 10 8 . 5 M � have formed a stellar mass of M 

maj 
∗ ∼ 10 4 . 5 M � given

heir larger potentials. Here too, the stellar mass formed increases
ith the halo mass as might be expected. Ho we ver, as might be

nticipated from the discussion in Section 3 , the relative importance
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Environmental-dependent galaxy assembly in EoR 4575 

Figure 9. Median dark matter-mass-weighted age of the major branch, Age M h , as a function of halo mass and environmental density averaged over (2 cMpc) 3 

at z = 15, 10, 5 as indicated in the legend in the Photoionization model. The colourbar shows Age M h , as marked. 

Figure 10. We show the (median) stellar mass formed in minor progenitors that merges onto the major branch o v er the entire assembly history ( M 

min ∗ ) as a 
function of halo mass and density of the environment av eraged o v er (2 cMpc) 3 at z = 5 in the Photoionization and Jeans Mass models in panels (a) and (b), as 
marked. The colourbar shows M 

min ∗ , as marked. 
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f the major and minor branches are mass dependent, although 
e see no clear indication of an environmental dependence. For 

xample, for low-mass haloes ( M h 
< ∼ 10 9 . 5 M �), the major branch

with M 

maj 
∗ ∼ 10 8 M �) clearly dominates o v er the minor progenitors

 M 

min 
∗ ∼ 10 5 M �) in building the stellar content. Ho we ver, for higher

ass haloes, both major and minor progenitors contribute roughly 
qually to the total stellar content: for example, for M h ∼ 10 12 M �
aloes, M 

min 
∗ ∼ M 

maj 
∗ ∼ 10 10 M �. 

Finally, we show the stellar mass assembly in the major branch for
he Jeans mass model in panel (b) of Fig. 11 . Given its stronger
adiative feedback, in this model, star formation is suppressed 
n the major branch for increasingly massive galaxies with an 
ncrease in the environmental density. F or e xample, haloes with 
 h 

< ∼ 10 8 . 6 (10 9 ) M � are suppressed in terms of star formation for
og (1 + δ) < ∼ 0 ( > ∼ 0 . 2). This is because reionization starts earlier in
egions of increasing density which leads to an earlier (instantaneous) 
uppression of their star formation in this radiative feedback model. 
s might be expected, the results start converging for M h 

> ∼ 10 9 . 5 M �
aloes for both radiative feedback models since their major branch 
otentials are deep enough so as not to be affected by such feedback.

.2 The impact of environment and reionization feedback on 

tellar mass-weighted ages 

e now discuss the stellar mass-weighted ages in Fig. 12 . Starting
ith the Photoionization model [panel (a)], the stellar mass-weighted 

ge follows the same trends with the environment as the accreted dark
atter – weighted age shown in Fig. 4 . Namely, M h 

< ∼ 10 10 . 5 M �
alaxies that reside in regions corresponding to their characteristic 
 v erdensity hav e, on av erage, lower stellar mass-weighted ages
MNRAS 519, 4564–4580 (2023) 
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Figure 11. We show the (median) stellar mass formed in major progenitors that merges onto the major branch o v er the entire assembly history ( M 

maj 
∗ ) as a 

function of halo mass and density of the environment av eraged o v er (2 cMpc) 3 at z = 5 in the Photoionization and Jeans Mass models in panels (a) and (b), as 
marked. The colour bar shows M 

maj 
∗ , as marked. 

Figure 12. We show the (median) stellar-mass-weighted age of the major branch, Age M � , as a function of halo mass and environmental density averaged over 
(2 cMpc) 3 at z = 5 as indicated in the legend in the Photoionization model. The colourbar shows Age M � , as marked. 
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Age M � 
∼ 240 Myr) as compared to low-mass galaxies that reside

n o v erdense re gions that are roughly twice as old (with Age M � 
∼

80 Myr). 
The Jeans model shown in panel (b) of the same figure shows a

umber of marked dif ferences: belo w M h = 10 9 . 4 M �, galaxies in
ow-density environments [ log (1 + δ) < ∼ 0 . 5] have an older stellar

ass in the Jeans Mass model than in the Photoionization model
nd this trend reverses as we go to denser environments. In low-
ensity regions, star formation is completely suppressed in the
inor branches with the major branch bringing in the older stellar

omponent (Section 5.1 abo v e), which pushes up the mass-weighted
ge. On the other hand, in high-density regions, star formation is
uppressed at much earlier times since these get reionized earlier
s shown in Fig. A1 . This naturally results in younger mass-
eighted stellar populations. Hence, up to 10 11 M �, galaxies in

ow-density environments are younger in the Jeans Mass than in the
hotoionization model. The strong decrease in stellar mass-weighted
ge for with M h ∼ 10 9 . 2 M � in log (1 + δ) < 0.5 results from new
pisodes of star formation as galaxies become massive enough to
esist the star formation suppression from radiative feedback. This
NRAS 519, 4564–4580 (2023) 
tronger suppression of star formation in the Jeans Mass model
s reminiscent of the prediction of e.g. Barkana & Loeb ( 2000 ),
arkana & Loeb ( 2006 ), who suggested that a strong reionization

eedback would leave an imprint on the star formation histories
f low-mass galaxies. Recent cosmological simulations such as the
ne of Gnedin & Kaurov ( 2014 ) suggest ho we ver that this effect
ight be fairly weak, closer to the results of our Photoionization
odel. Abo v e 10 11 M �, there are no differences between the two
odels. 

.3 The impact of environment and reionization feedback on 

he star formation history 

inally, we discuss the slope of the star formation history (SFH), as
 function of halo mass and density of the environment, in Fig. 13 .
sing the same methodology as in Legrand et al. ( 2022 ), the SFH

or any galaxy is fit as Log(SFR( z)) = −α(1 + z) + β. We note that
his fit is valid for stellar masses down to ∼10 8.2 M � at z = 5, which
orresponds to a minimum halo mass of M h ∼ 10 10 M �; below this
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Environmental-dependent galaxy assembly in EoR 4577 

Figure 13. We show the redshift slope of the SFH, α, as a function of halo mass and environmental density averaged over (2 cMpc) 3 at z = 5 as indicated in 
the legend in the Photoionization model. The colourbar shows α, as marked. 
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ass, the SFH is too stochastic (i.e. the star formation rate varies
apidly with time) rendering any fit meaningless. 

Starting with the Photoionization model [panel (a) of Fig. 13 ], we
nd that for M h 

> ∼ 10 10 . 5 M � galaxies, α ∼ 0.2 which is in agreement
ith our previous results (Legrand et al. 2022 ). In addition, for low-
ass galaxies, α decreases with increasing values of log (1 + δ). 
his is in agreement with the stellar mass-weighted ages discussed in 
ig. 12 . Indeed, as galaxies in denser environments have older values
f Age M � 

for a given stellar mass, we expect their SFH to become
hallo wer. For a gi ven v alue of log (1 + δ), the SFH slope steepens
ith increasing halo mass as these galaxies form stars at a faster rate
ith time given their increasingly deepening potentials. Finally, we 
nd that α evolves far less (with a value ∼0.2) for most galaxies in the
eans mass model as compared to the values in the Photoionization 
odel (that vary between 0.1 and 0.2). This is because the gas mass

and hence the star formation rate) for galaxies is affected o v er a
uch longer time-scale in the Photoionization model as compared 

o the instantaneous feedback in the Jeans mass model, leading to a
teeper slope for the latter. This behaviour also explains part of the
catter in the SFH slope shown in Fig. 8 of Legrand et al. ( 2022 ). 

 C O N C L U S I O N S  &  DISCUSSION  

n this work, we study the dependence of the assembly of galaxies
nd their baryonic component on the density of their environment and 
he strength of radiative feedback during the Epoch of Reionization. 
or this purpose, we use the ASTRAEUS framework, a combination of
 -body simulation, semi-analytic galaxy evolution model and self- 
onsistent semnumerical radiative feedback scheme which has a box 
ize of 160 h 

−1 Mpc, a particle mass resolution of 6 . 2 × 10 6 h 

−1 M �
nd reproduces the key observables for galaxies in the Epoch of
eionization. To assess the role of the reionization, we consider two 

adiative feedback scenarios: the Photoionization model is a time- 
elayed weak radiative feedback while the Jeans Mass model is an 
nstantaneous maximum radiative feedback. Our main results are: 

(i) The influence of a halo o v er the surrounding DM and gas in
he IGM is at its strongest when it is the most massive halo in its
eighbourhood and its influence decreases if the halo has massive 
eighbours due to the tidal field of the latter. As the number of
ore massive neighbours is linked to the environmental density, 
his results in a characteristic density of the environment at which
hey are the most efficient at accreting dark matter, which follows
og (1 + δa ( M h , z)) = 0 . 021 × M 

0 . 16 
h + 0 . 07 z − 1 . 12, up to z ∼ 10.

t higher redshifts, the small range of o v erdensity spanned by haloes
akes the trend unclear. 
(ii) Due to their increased dark matter accretion, haloes at z =

 located in their characteristic environment have an accreted dark 
atter age up to twice as low ( ∼ 240 Myr) as haloes of similar
ass in denser environments ( ∼ 480 Myr). The dependence of the

ccreted dark matter age on the density of the environment weakens
s we go to higher redshifts (Fig. 4 ). 

(iii) The number of minor ( < 1:4) or major ( > 1:4) mergers
ndergone by the major branch throughout the history of a halo
ncreases with increasing halo mass, e.g at z = 5 from ∼1 minor
erger and no major merger for 10 9 . 3 M � haloes to hundreds of
inor mergers and ∼4 major mergers for ∼ 10 12 M � haloes and

s independent of the environment (Fig. 5 and 6 ). The fraction of
ark matter brought in by minor mergers is slightly higher (up to
0 per cent) then the one brought in major mergers for most haloes
ith M h � 10 9 . 5 M � at z ∼ 5, with the two quantities being similar at
igher redshift. In addition, the DM mass brought in by either type of
erger is mostly independent of the environment except for massive 

alaxies in low-density environments, for which major mergers bring 
uch more mass, of the order of 50 per cent (Fig. 8 ). 
(iv) Following the same trends, the fraction of stellar mass brought 

n by both minor and major mergers increases with halo mass.
o we ver, the contribution from major mergers dominates only for

ow-mass galaxies ( M h � 10 9 . 5 M �) and equates the contribution
rom minor mergers at higher masses ( M h ∼ 10 12 M �) (Figs 10
nd 11 ). The effect of radiative feedback on the mass assembly
s restricted to galaxies with M h � 10 9 . 5 M � for which a stronger
adiative feedback can suppress the contribution from minor mergers 
Fig. 12 ). 

(v) The radiative feedback also affects the stellar mass-weighted 
ge: while in both models the stellar mass-weighted age follows 
he same trends as the accreted dark matter mass-weighted age 
at a given mass, galaxies in dense regions are older than their
ounterparts in low-density environments), galaxies of up to 10 11 M �
n the Jeans Mass have lower stellar mass-weighted age than in
he Photoionization model due to the earlier suppression of star 
MNRAS 519, 4564–4580 (2023) 

art/stac3760_f13.eps


4578 L. Legrand et al. 

M

 

r  

(  

i  

M  

e  

e

 

F  

i  

s  

h  

e  

o  

o  

t  

S  

w  

t  

M  

m  

b  

t  

r  

a  

e  

a  

f
 

t  

o  

l  

F  

h  

f  

d  

f  

(
l  

b  

n  

h  

o  

R  

u  

p

A

W  

t  

c  

f  

7  

s  

P  

U  

G  

p  

g  

f  

t  

T  

t  

p  

b  

(

D

T  

s

R

A
B
B
B
B
B
B
B  

B
B  

B
B  

C
C
C
C
C
C
D
D
D
D
F
F
F
F  

G
G  

G
G
G
G  

H
H  

H
H
H
H  

H  

I
I  

I  

J

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/3/4564/6961771 by G
roningen U

niversity user on 17 M
arch 2023
(vi) The slope of the star formation history is also affected by the
adiative feedback: due to the dependence on the time of reionization
and hence on the environment) of the radiative feedback strength
n the Photoionization model, the SFH of galaxies with 10 10 M � <

 h < 10 11 . 5 M � becomes shallower with increasing density of the
nvironment, its slope decreases from ∼0.18 in log (1 + δ) ∼ 0.3
nvironments to ∼0.1 in log (1 + δ) ∼ 1.2 environments (Fig. 13 ). 

It is important to note that the work presented has a few caveats.
irst, our results depend on the scale o v er which the density field

s smoothed out. In this work, we smooth out the density on a
cale of (2 cMpc) 3 . Smoothing the field o v er too big a scale leads to
omogenizing the field to the point that environmental trends are non-
xistent while reducing it leads to a strong bias between the density
f a cell and the most massive halo within that cell. Other measures
f the environment exist such as the in Fakhouri & Ma ( 2009 ), where
hey subtract out the FOF mass of the central halo within a sphere.
econd, for galaxies with M h < 10 10 . 2 M �, we do not resolve mergers
ith ratios down to 1:100. It would be beneficial to extend the study

o lower-mass galaxies in order to confirm the result for galaxies with
 h < 10 10 . 2 M �, going down to 10 7 M � would allow accounting for
ergers up to a ratio of 1:100, possibly increasing the mass brought

y mergers. Third, the evolution of galaxies in our model is tied to
he halo potential so galaxy properties such as the star-formation
ate are strongly driven by the gravitational potential. Lastly, we
ssume a constant escape fraction of ionizing photons in both models
xplored. Assuming a mass-dependent escape fraction would lead to
 different reionization topology and therefore a different radiative
eedback, especially on low-mass haloes. 

The results of this work could in principle be tested observa-
ionally: indeed, as we find that the environment and the strength
f the reionization feedback affect the star formation histories of
ow-mass galaxies, both effects should leave an observable imprint.
or instance, deep JWST observations will probe the star formation
istories of galaxies in different environments (e.g. through star-
ormation rate measurements and stellar ages estimations). To
isentangle also between the effect of environment and radiative
eedback, ho we ver, these will need to be correlated with probes of the
local) reionization history, such as the transmission of the Lyman- α
ine or 21 cm observations with SKA. We will address the connection
etween the reionization history and the Lyman α transmission in the
ext paper of this series (Hutter et al. 2022 ). The number of observed
igh-redshift galaxies is expected to rise significantly with the launch
f Next-generation facilities such as the JWST or the Nancy Grace
oman Space Telescope . The work presented in this paper will be
seful to understand the assembly of these galaxies and the resulting
roperties. 
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PPENDI X  A :  D E P E N D E N C E  O F  T H E  

EI ONI ZATI ON  REDSHIFT  O N  H A L O  MASS  

N D  DENSITY  O F  T H E  E N V I RO N M E N T  

n Fig. A1 , we show the reionization redshift ( z reion ) of galaxies as
 function of their halo mass and the environmental density at z ∼
–15 in the Photoionization model. 
At a given value of log (1 + δ), z reion increases with increasing

alo mass. This is partly due to the averaging of the environment
ensity o v er cube : although the y hav e the same resulting av erage
nvironment density, low-mass haloes are in on the outskirt of dense
egions while high-mass galaxies are in the centre. In the inside-
ut reionization scenario, the high-mass galaxies will ionize their 
ells first before the ionizing photon can escape and start ionizing
urrounding cells with similar environment density but containing 
ostly low-mass galaxies. At a fixed halo mass, as we mo v e to denser

egions, the ionization scenario changes to an inside-out topology, in 
hich regions get reionized by the galaxies they contain. Thus, we

ee that the reionization redshift increases with increasing density: 
hile most cells with log (1 + δ) < 0 gets reionized between z = 7

nd z = 6, cells with log (1 + δ) > 1 gets reionized as early as ∼12
nd some of the densest region get reionized at z ∼ 20. Although
 denser region means a higher amount of neutral hydrogen and
ecombination that would lead to a later reionization, the presence of
 ery massiv e galaxies that are efficient at ionizing their surroundings
ompensate and denser regions end up being reionized earlier. 
inally, although the radiative feedback is different between the 

wo radiative feedback models studied here, the reionization redshift 
oes not strongly depend on the model adopted, i.e the topology
f reionization is mostly independent of the radiative feedback 
cheme. 
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PPENDIX  B:  DISTRIBU TION  O F  DA R K  

ATTER  H A L O E S  A S  A  F U N C T I O N  O F  MASS  

N D  E N V I RO N M E N T  

n Fig. B1 , we show the number of haloes in each halo mass bin as a
unction of the environmental density at z ∼ 5–15. While the distri-
ution of haloes follow the same trend at all redshifts, both the range
f halo masses and o v erdensities probed increases with decreasing z:
hile haloes at z = 15 have halo mass of at most M h ∼ 10 10 . 2 M � and

re located in environments with density −0.2 < log(1 + δ) < 0.5, the
ass of haloes at z = 5 extends to M h ∼ 10 12 . 8 M � and are located

n environments with −0.6 < log(1 + δ) < 1.3. At each redshift, the
NRAS 519, 4564–4580 (2023) 

igure B1. Number of galaxies (N) as a function of halo mass and density of th
olourbar shows the value of N as marked. 

his paper has been typeset from a T E 
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X file prepared by the author. 
ulk of haloes have low-masses ( M h ∼ 10 M �) and are located in
edium-density environments [ −0.2 < log (1 + δ) < 0.5]. As we go to

igher halo mass, the number of haloes decreases, in agreement with
he hierarchical model, such that haloes of increasing mass can only
e found in increasingly denser environments, e.g while haloes with
 h ∼ 10 9 M � can be found in almost all environments [log (1 + δ)
 −0.5], massive haloes with M h > 10 12 M � are limited to regions
ith log (1 + δ) > 0.5. Further, at a fixed halo mass, the number
f haloes falls off for both highly under and o v erdense re gions.
his is due to a combination of the paucity of low-mass haloes in
nderdense regions and overdense regions mostly hosting massive
aloes. 
e environment averaged over (2 cMpc) 3 at z = 15, 10, 5, as indicated. The 

ed from
 https://academ

ic.oup.com
/m

nras/article/519/3/4564/6961771 by G
roningen U

niversity user on 17 M
arch 2023

art/stac3760_fB1.eps

	1 INTRODUCTION
	2 THE MODEL
	3 THE ENVIRONMENTAL DEPENDENCE OF THE MASS ASSEMBLY OF EARLY GALAXIES
	4 THE ASSEMBLY OF THE HALO MASS AND THE ROLE OF THE MAJOR BRANCH
	5 THE DEPENDENCE OF STELLAR MASS ASSEMBLY ON ENVIRONMENT AND REIONIZATION FEEDBACK
	6 CONCLUSIONS DISCUSSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: DEPENDENCE OF THE REIONIZATION REDSHIFT ON HALO MASS AND DENSITY OF THE ENVIRONMENT
	APPENDIX B: DISTRIBUTION OF DARK MATTER HALOES AS A FUNCTION OF MASS AND ENVIRONMENT

