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ABSTRACT 
We use the astraeus framework, that couples an N-body simulation with a semi-analytic model for galaxy formation and 
a semi-numerical model for reionization, to quantify the star formation histories (SFHs) of galaxies in the first billion years. 
Exploring four models of radiative feedback, we fit the SFH of each galaxy at � > 5 as log(SFR(�)) = −�(1 + �) + �; star 
formation is deemed stochastic if it deviates from this fit by more than ΔSFR = 0.6 dex. Our key findings are: (i) The fraction of 
stellar mass formed and time spent in the stochastic phase decrease with increasing stellar mass and redshift �. While galaxies 
with stellar masses of �★ ∼ 107M at � ∼ 5 (10) form ∼ 70% (20%) of their stellar mass in the stochastic phase, this reduces 
to < 10% at all redshifts for galaxies with �★ > 1010M ; (ii) the fractional mass assembled and lifetime spent in the stochastic 
phase do not significantly change with the radiative feedback model used; (iii) at all redshifts, � increases (decreases for the 

<strongest radiative feedback model) with stellar mass for galaxies with �★ ∼ 108.5M and converges to ∼ 0.18 for more massive 
galaxies; � always increases with stellar mass. Our proposed fits can reliably recover the stellar masses and mass-to-light ratios 
for galaxies with �★ ∼ 108−10.5M and MUV ∼ −17 to − 23 at � ∼ 5 − 9. This physical model can therefore be used to derive 
the SFHs for galaxies observed by a number of forthcoming instruments. 

Key words: galaxy: star formation - evolution - high-redshift - stellar content - dark ages, reionization, first stars - methods: 
numerical 

1 INTRODUCTION 

The earliest galaxies ushered in the Epoch of Reionization (EoR) as 
their photons (with energies > 13.6eV) gradually ionized the neutral 
hydrogen (H I ) gas in the intergalactic medium (IGM; for reviews see 
e.g Barkana & Loeb 2001; Dayal & Ferrara 2018). Understanding 
this last major phase transition of the Universe therefore naturally 
requires a detailed picture of the number density, physical proper-
ties and large-scale distribution of early galaxies. Next-generation 
facilities, such as the James Webb Space Telescope (JWST1) and the 
Nancy Grace Roman Space Telescope (NGRST2), aim at measuring 
the ultra-violet (UV) light emitted by these first galaxies in unprece-
dented detail. However, deriving the corresponding stellar popula-
tions and galactic properties (such as stellar masses, star formation 
rates or mass-weighted stellar ages) from the measured spectral en-
ergy densities (SEDs) will be complicated requiring, amongst other 
parameters, a detailed understanding of their star formation histories 
(SFHs; Lower et al. 2020). For instance, the SFHs recovered from 
SEDs of � ' 1 − 5 galaxies can vary from exponentially rising to 

★ E-mail: legrand@astro.rug.nl 
1 https://www.jwst.nasa.gov/
2 https://www.nasa.gov/content/goddard/about-nancy-grace-roman-space-
telescope 

exponentially declining, with the uncertainty in the redshift trend 
increasing with increasing redshift (Ciesla et al. 2017). 

Observationally, the SFHs of galaxies can be derived from their 
stellar populations. While this approach is feasible for galaxies in the 
local Universe (e.g. Gallart et al. 2015; Albers et al. 2019), direct 
observations of the stellar populations of galaxies at higher redshifts 
is quite impossible. However, analysing the SEDs of high-redshift 
galaxies that contain the integrated light from their stellar popula-
tions and their surrounding ionized gas represents an indirect and 
alternative method of constraining the recent SFH (. 100 Myr; 
Calzetti 2013). Here, while the H� recombination line (Kennicutt 
1998) traces the most recent star formation (within the last ∼ 10 Myr), 
the far-ultraviolet continuum (Kennicutt & Evans 2012) is sensitive 
to star formation within the last ∼ 100 Myr. Nevertheless, the galac-
tic properties derived by this method still depend on the assumed 
shape of the past SFH (at ages & 100 Myr). Moreover, the derived 
SFH is highly sensitive to small variations in the SED data (Ocvirk 
et al. 2006). Given the absence of further observational constraints 
on the SFH at higher redshifts, a large range of SFH models have 
been employed in different works, ranging from (possibly delayed) 
exponentially declining (Ciesla et al. 2015; Wilkinson et al. 2017) 
and constant SFHs (Yoon et al. 2021) to log-normal (Diemer et al. 
2017) and double power laws (Behroozi et al. 2013; Carnall et al. 
2018) for galaxies at � ' 0 − 1. For high-redshift galaxies during the 
EoR, the SFHs used to interpret observations range from exponen-
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tially declining (e.g. Roberts-Borsani et al. 2021) to increasing as a 
power-law with decreasing redshift (e.g. Song et al. 2016). 

The high uncertainties in extracting the SFHs of galaxies from 
observations alone therefore require theoretical inputs to understand 
the key physical processes governing the SFH. On the one hand, the 
SFH of a galaxy is determined by the amount of gas gained through 
mergers and accretion that replenishes the cold gas reservoir and fuel 
star formation. On the other hand, feedback processes can reduce the 
cold gas content and suppress subsequent star formation. Key feed-
back processes during the EoR include the heating and ejection of 
gas through supernova (SN) explosions (Mac Low & Ferrara 1999), 
and radiative feedback from reionization, i.e. the photo-evaporation 
of gas (Barkana & Loeb 1999; Shapiro et al. 2004; Iliev et al. 2005) 
or the suppression of gas infall (Gnedin 2000; Hoeft et al. 2006) 
due to the photo-heating of gas in ionized regions. The efficiency 
with which both these feedback mechanisms suppress star formation 
decreases as the gravitational potential of a galaxy deepens. Hence, 
while low-mass galaxies are expected to exhibit episodes of star for-
mation upon gas accretion or gas-rich mergers followed by episodes 
of significant/complete suppression of star formation, also referred 
to as “stochastic star formation", star formation in massive galaxies 
is less susceptible to SN and radiative feedback, and hence more 
“continuous" in nature. 

Hierarchical structure formation predicts that galaxies grow both 
in dark matter (DM) and gas mass over time. This suggests that star 
formation in early galaxies increases with time during the EoR, tran-
sitioning from being stochastic to continuous (see e.g. Dayal et al. 
2013; Kimm & Cen 2014; Faisst et al. 2019; Emami et al. 2019) as 
their gravitational potentials become deep enough to withstand SN 
and radiative feedback. Indeed, hydrodynamical simulations assum-
ing a homogeneous photoionization background at � > 6 have found 
that the average SFH is smoothly rising with time and scales with 
stellar mass, and that the SFH shape is scale-invariant (Finlator et al. 
2011). The rising trend of the average SFH has also been confirmed 
by radiative hydrodynamical simulations of the EoR that account 
for feedback from both SN and an inhomogeneous UV background 
(UVB) for galaxies with halo masses of �h & 109M (Ocvirk et al. 
2016; Ocvirk et al. 2020). In principle, these SFHs are in agreement 
with the individual SFHs of � = 0 galaxies in the Illustris simula-
tion. Diemer et al. (2017) found these SFHs to be characterised by 
a log-normal function in time, which implies a rising SFH at early 
times for most galaxies. While traditionally SFHs have been quanti-
fied by finding accurate fitting functions with least square methods 
(e.g. Diemer et al. 2017) or Bayesian interference (e.g. Carnall et al. 
2018), recent approaches have begun to employ machine learning 
that extract a direct relation between the spectrum of a galaxy and its 
SFH (see e.g. Lovell et al. 2019). 

While radiative hydrodynamical simulations can follow the time 
and spatial evolution of the ionization of the IGM and the physi-
cal processes in early galaxies (including gas accretion, stellar and 
radiative feedback processes), they remain computationally very ex-
pensive. This has limited investigations to either running a single 
cosmological simulation (volumes . 106 comoving Mpc3) follow-
ing galaxy evolution and reionization (see e.g. Ocvirk et al. 2020) or 
exploring different physical process descriptions in smaller volumes 
(e.g. Gnedin & Kaurov 2014; Yajima et al. 2017; Smith et al. 2019). 
However, semi-numerical models of galaxy evolution and reioniza-
tion using dark matter-only N-body simulations as inputs for the 
mass assembly of galaxies and IGM matter distribution (Iliev et al. 
2006; Mutch et al. 2016; Dixon et al. 2018; Seiler et al. 2019; Hutter 
et al. 2021a) require significantly less computational resources and 
provide the ideal tool to explore the implications of different galactic 

and intergalactic physical processes on the SFHs and galactic prop-
erties for a representative galaxy population (i.e. covering volumes 
> 106 cMpc3). Such models not only resolve the low-mass galaxies 
that might have driven reionization, but also track the evolution and 
large-scale distribution of the associated ionized regions (e.g. Hutter 
et al. 2021b). Moreover, describing galaxy evolution and reionization 
self-consistently, they allow us to explore the processes that shape the 
interplay between galaxy evolution and reionization and hence the 
SFHs, such as radiative feedback or the escaping ionizing emissivity 
from early galaxies. 

In this paper, we will use the astraeus framework (Hutter et al. 
2021a), which couples the dark matter merger trees and matter den-
sity distributions obtained from an N-body simulation with a semi-
analytic galaxy evolution model and a self-consistent semi-numerical 
reionization scheme, to quantify the SFHs of galaxies during the EoR 
and assess how strongly their SFHs are shaped by radiative feedback. 
In particular, we pursue the following questions: What is the func-
tional form of the SFHs of galaxies during the EoR and how do 
they evolve with redshift and stellar mass? How much stellar mass 
is assembled during the initial period of stochastic star formation? 
How do the SFHs depend on the strength of the radiative feedback 
model used? The astraeus model is ideally suited for such an inves-
tigation: Firstly, it supports multiple models for radiative feedback 
and the ionizing escape fraction which allows us to cover the plausi-
ble parameter space of galaxy evolution and reionization scenarios. 
And secondly, the underlying N-body simulation comprises a large 
enough volume and high mass resolution to simulate a representative 
galaxy population. 

This paper is structured as follows. In Sec. 2, we briefly describe the 
astraeus framework, including the underlying N-body simulation, 
the different physical processes implemented in the galaxy evolution 
and reionization model and the radiative feedback models investi-
gated. We summarise the relevant physical processes that determine 
the star formation in early galaxies. In Sec. 3, we show the SFHs 
obtained, describe the assumed functional form for the SFHs and 
our fitting procedure and quantify how the transition from stochastic 
to continuous star formation evolves with redshift and stellar mass. 
Finally, in Sec. 4, we confirm that the derived fitting functions repro-
duce the stellar masses and UV luminosities of the underlying galaxy 
population before concluding in Sec. 5. 

2 THE THEORETICAL MODEL 

We use the astraeus (semi-numerical rAdiation tranSfer coupling 
of galaxy formaTion and Reionization in N-body dArk mattEr 
simUlationS) framework that couples a state-of-the-art N-body 
simulation run as part of the Multi-dark project3 (Very small 
multi-dark Planck; vsmdpl) with a slightly modified version of 
the delphi semi-analytic model of galaxy formation (Dayal et al. 
2014) and the cifog (Code to compute ionization field from 
density fields and source catalogue) semi-numerical reionization 
scheme (Hutter 2018). We briefly describe the model here and inter-
ested readers are referred to Hutter et al. (2021a) for complete details. 

The underlying dark matter only N-body simulation4 has been 

3 www.cosmosim.org 
4 The following cosmological parameters are assumed: [ΩΛ, Ωm, Ωb, h, ns, 
�8] = [0.69, 0.31, 0.048, 0.68, 0.96, 0.82]. 
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3 SFHs in the EoR 

Table 1. For the radiative feedback model shown in column 1, we show the threshold star formation efficiency (column 2), the fraction of kinetic SNII energy 
deposited in the ISM (column 3), the escape fraction of hydrogen ionizing photons (column 4), the characteristic mass (column 5) and the temperature of the 
ionized IGM (column 6). 

Model �∗ �w �esc �c �0 

Photoionization 0.01 0.2 0.215 �c (�, ������ , Γ� � ) a1 

Early Heating 0.01 0.2 0.60 �F (�, ������ , � ) 4 × 104 K 

Strong Heating 0.011 0.19 0.22 8�F (�, ������ , � ) 4 × 104 K 

Jeans Mass 0.01 0.2 0.285 �J (�, � ) 4 × 104 K 

�0 is set by the photoionization rate at the moment a galaxy’s environment is reionized 

run using the gadget-2 Tree+PM code (Springel 2005; Klypin 
et al. 2016). It has a box side length of 160ℎ−1Mpc and follows 
38403 particles, with each particle having a dark matter mass of 
�DM = 6.2 × 106ℎ−1M . We use the phase space halo finder 
rockstar (Behroozi et al. 2012a) to identify dark matter halos and 
the consistent trees algorithm (Behroozi et al. 2012b) to derive 
merger trees which have been resorted to local horizontal (sorted on 
a redshift-by-redshift-basis within a tree) merger trees using the cut-
nresort module within the astraeus pipeline (see Appendix A in 
Hutter et al. 2021a). For all snapshots, the dark matter density fields 
have been re-sampled to a 5123 grid which are used as input files for 
the astraeus code. From the 150 snapshots from � = 25 to � = 0, we 
employ the first 74 snapshots, ranging from � = 25 down to � = 4.5. 
Although the properties of galaxies in astraeus converge for halos 
down to 50 dark matter particles (see Appendix B in Hutter et al. 
2021a), we limit all analyses presented in this work to halos with at 
least 100 particles, corresponding to �ℎ = 6.2 × 108 ℎ−1M ; this 
ensures the convergence of their SFHs. Finally, we use a Salpeter 
initial mass function (IMF; Salpeter 1955) between 0.1 − 100M 
throughout this work. 

The N-body simulation is coupled to a modified version of the 
semi-analytic galaxy evolution code delphi (Dayal et al. 2014) which 
tracks the joint evolution of dark matter halos and their baryonic com-
ponents accounting for all key physical processes including mergers 
(of dark matter, gas and stellar mass), smooth accretion of dark matter 
and gas from the IGM, and feedback (from both SN and reionization). 
In brief, a newly-formed halo (a “starting leaf") at redshift � with 
mass �h (�) is assigned a gas mass of �g

i (�) = (Ω�/Ω�)�h (�), 
where Ωb/Ωm is the cosmological baryon-to-matter ratio. How-
ever, a halo that has progenitors can gain gas through: (i) mergers 
where the merged gas mass is �mer (�) = Í 

� �g,p (� + Δ�). Here,g
the RHS denotes the final gas mass brought in by all progenitors 
from the previous redshift step; and (ii) smooth accretion from the 
IGM where accretion of a dark matter mass �acc (�) is assumed h 
to be accompanied by a cosmological ratio of gas mass such that 
�acc (�) = (Ωb/Ωm)�acc (�). However, galaxies in ionized regions g h 
can lose all or part of their initial gas mass due to photo-heating by 
reionization radiative feedback such that the initial gas mass is � � 

�g
i (�) = min �acc (�) + �mer (�), �g 

Ω� 
�h (�) , (1)g g 

Ω� 

where �g is the fraction of gas still available after radiative feedback. 
A fraction � eff of this initial gas mass is turned into stars at each ★ 

redshift-step. This “effective efficiency" is the minimum between 
that required to eject the rest of the gas and quench star formation 

ej ej( � ) and an upper limit ( �★), such that � eff = ���[ �★ , �★]. We ★ ★ 

account for mass-dependent stellar lifetimes (Padovani & Matteucci 

1993) in order to calculate the stars that explode as TypeII SN (SNII)
ejwithin a given redshift-step. In this formalism, � can be calculated ★ 

as 

�new (�)� � ★
� (�) = , (2)★ 

�g
ej (�) + �new (�)★ 

where �new (�) and �g
ej (�) are the newly formed stellar mass and★ 

the ejected gas mass at redshift �, respectively. 

Reionization is included in our framework through the cifog semi-
numerical scheme (Hutter 2018) which computes the time and spa-
tial evolution of hydrogen ionization fields. At each redshift-step, the 
number of ionizing photons produced by each galaxy is calculated 
using the stellar population synthesis code starburst99 (Leitherer 
et al. 1999); the inputs for this include the entire SFH, the IMF and 
our assumption of a stellar metallicity � = 0.05 � . However, only 
a fraction of these ionizing photons, �esc, can escape the galaxy and 
contribute to the reionization of the IGM. If in a region, the cumu-
lative number of ionizing photons emitted exceeds the cumulative 
number of absorption events, this region is considered ionized and 
the temperature rises to�0; otherwise the region is considered neutral. 
Galaxies in ionized regions are then subject to radiative feedback. 
We explore four different radiative feedback scenarios in this work 
that are characterized by different prescriptions for the characteristic 
mass (�c) - this corresponds to the halo mass at which a galaxy 
can retain half of its gas compared to the cosmological ratio as now 
detailed: 

• Photoionization: In this model, �� is given by the fitting func-
tion derived from 1D radiation-hydrodynamical simulations (Sobac-
chi & Mesinger 2013). �� increases with an increase in the photoion-
ization rate and/or the difference between the reionization redshift 
and the current galaxy redshift. The escape fraction is assumed to be 
constant with ���� = 0.215. This model results in a time delayed, 
weak radiative feedback. 

• Early Heating: Using simulations of cosmological reionization, 
Naoz et al. 2013 have shown that the characteristic mass is related to 
the filtering mass �F as �c = 1/8�F. We assume that the ionized 
IGM has a temperature of �0 = 4×104 K. Additionally, in contrast to 
the other models, �esc depends on the fraction of gas ejected from the 
galaxy, such that �esc = �0 ( � eff/ �★ 

ej); �0 = 0.6 is a free parameter ★ 

that is tuned to reproduce the reionization optical depth. This model 
results in a time delayed, weak to intermediate radiative feedback. 

• Strong Heating: In this model, the IGM is also heated to �0 =
4 × 104 K upon reionization but the characteristic mass equals the 
filtering mass (�� = �� ), allowing us to explore the effect of 
stronger radiative feedback. For all galaxies and redshifts, the escape 

MNRAS 000, 1–19 (2021) 
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4 L. Legrand et al. 

Figure 1. Mean effective star formation efficiency (h � ★ 
eff i, left panel) and mean initial gas mass (h�g

i i, right panel) as a function of the halo mass. In both 
panels, the lines show results for the redshifts marked, with the shaded regions showing the 1 − � standard deviation. In the right panel, the black solid line 
shows the gas mass-halo mass relation assuming a cosmological baryon-to-matter ratio. 

fraction in this model is assumed to be constant such that ���� = 0.22. 
This model results in a time delayed, maximum radiative feedback. 

• Jeans Mass: In this model, the gas density is assumed to react 
instantaneously to the gas temperature increasing to �0 = 4 × 104 K 
in ionized regions. Consequently, �c equals the Jeans mass �J (�)
at the virial over-density as soon as a galaxy’s environment becomes 
reionized. For all galaxies and redshifts, the escape fraction in this 
model is assumed to be constant with ���� = 0.285. Hence, the 
Jeans Mass model results in an instantaneous, maximum radiative 
feedback. 

The model therefore contains three redshift-independent free pa-
rameters: �★, �w and �esc. The first two, which are also mass-
independent, are tuned to reproduce key galaxy observables, such 
as the evolving UV luminosity function (UVLF), the stellar mass 
function (SMF) and the cosmic star formation rate density (SFRD) 
at � = 5 − 10. We tune �esc to reproduce reionization observables in-
cluding the Thomson scattering optical depth and constraints on the 
reionization history inferred from quasars, Lyman Alpha Emitters 
and Gamma-Ray Bursts. The models used in this work are sum-
marised in Table 1. 

2.1 The physical processes determining the star formation rate 
(SFR) 

At each redshift step, the star formation rate is determined by two 
interlinked properties: the initial gas mass (� i

g) and the effective star 
formation efficiency ( � eff) at which this gas can form stars. Both of ★ 

these depend on the gravitational potential, the redshift of the halo 
and the (SN and radiative feedback affected) gas assembly history of 
a galaxy. 

We start by discussing the evolution of the mean effective star 
formation efficiency as a function of the halo mass, in a scenario 
without radiative feedback, as shown in the left panel of Fig. 1. Fo-
cusing first on � = 5, we see that galaxies with �h ∼ 109 M have 
a low value of h � effi ∼ 0.75% due to their shallow gravitational ★ 

potentials; a few SNII are able to push out the remaining gas from 
such galaxies, quenching subsequent star formation, at least tem-
porarily. These galaxies are in the feedback limited phase. The value 
of h � effi increases with �h as the gravitational potential deepens. At ★ 

a transition mass of �h ∼ 109.3 M , galaxies have a deep enough 
potential well such that they can form stars at the chosen threshold of 
�★ = 1%: these galaxies are in the star formation efficiency limited 
phase. The transition mass between the two phases decreases with 
increasing redshift because galaxies with a given �h can support a 
higher star formation efficiency with increasing redshift due to their 
deeper potentials (Dayal et al. 2014). The scatter in this quantity 

� � can be explained as follows: at the low-mass end, � eff = � with★ ★ 
� � ∝ �new � (see Eqn. 2). The value of �new can be as low as★ ★ ★ 

zero for low-mass halos that have no gas, inducing the scatter in this 
relation. As expected, high-mass galaxies, which are less feedback 
affected, show a smaller scatter. 

Next, we discuss the average initial gas mass h�g
i i available for 

star formation as a function of halo mass at � = 5 − 11 considering 
SN feedback only as shown in the right panel of the same figure. We 
see that at every redshift, h�g

i i increases with increasing �h given 
their deeper gravitational potentials. Further, h�g

i i approaches the 
cosmological gas fraction as the halo mass increases. Indeed, as noted 
above, low-mass galaxies with �h ∼< 109 (109.3) M are completely 
SN-feedback suppressed at � ∼ 5 (10). This leads to a decrease 
in the gas content of the successor galaxies that they evolve into. 

MNRAS 000, 1–19 (2021) 
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Figure 2. The merger trees for a low-mass galaxy (�★ = 108 M , �h = 1010.3 M , top panel), an intermediate-mass galaxy (�★ = 109 M , �h = 1011.2 M , 
middle panel) and a massive galaxy (�★ = 1010 M , �h = 1011.8 M , bottom panel) at � = 5. Each progenitor is represented by a filled circle with the color 
scaling with its star formation rate as per the color bar (black represents the absence of star formation). The size of each circles scales with the halo mass as per 
the indicative sizes shown. Progenitors encircled by a black line indicate the major branch with the black arrow indicating the starting leaf of the major branch. 
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Figure 3. Galaxy assembly as a function of redshift in a model with SNII feedback only. For 9 galaxies of increasing stellar mass at � ∼ 5, as marked in each 
panel, we show the evolution of the halo mass (�h; solid line), the initial gas mass available for star formation (�g

i ; dashed line), the stellar mass (�★; dotted 
line) and the star formation rate (SFR) in units of Log(�/M /yr) (dot-dashed line), with the quantity shown being summed over all progenitors at the previous 
redshift. To illustrate our SFH fitting approach, we also plot the fit of the SFR as the orange solid line and the allowed deviation ΔSFR within which the galaxy is 
considered non-stochastic as the shaded area. The vertical red line shows the redshift at which each galaxy transitions from a stochastic to a continuous/steady 
star forming phase. 

Further, given their fewer generations of SN-feedback suppressed 
progenitors, halos of a given mass show higher gas-to-halo mass 
ratios with increasing redshift. For example, from this figure we see 
that �ℎ ∼ 1010M halos show a gas mass of h�g

i i ∼ 108.2M at 
� ∼ 5 that increases to 109M by � ∼ 11. 

2.2 The star formation histories of early galaxies 

In order to display the joint evolution of the dark matter halos and 
their baryonic components, we show the merger trees of a low-mass 
(�★ = 108� ), an intermediate-mass (�★ = 109� ) and a massive 
(�★ = 1010� ) galaxy at � = 5 in Fig. 2. Firstly, we note that 
massive galaxies undergo more mergers throughout their life than 
intermediate- or low-mass galaxies. For example, when accounting 
only for mergers in the main branch, the massive 1010 M galaxy 
undergoes 65 merger events, while the 108 M and 109 M galaxies 
undergo 7 and 29 mergers, respectively. Secondly, while the minor 
branches (those that do not merge directly into the main branch) in 
low-mass galaxies contain hardly any merger events in their relatively 

short lifetimes (e.g. the shown mass assembly history of the �★ =

108M galaxy extends up to � ' 11), minor branches in massive 
galaxies undergo multiple merger events but have also longer mass 
assembly histories (up to � ' 19 for the shown �★ = 1010M 
galaxy). Thirdly and most importantly, for all galaxies, irrespective 
of their final mass, the SFHs of their low-mass progenitors show a 
large variation in their SFRs including phases of no star formation 
(black points in merger trees in Fig. 2). These SFR variations are 
characteristic of stochastic star formation as defined in Sec. 2.3 that 
follows. 

We show the assembly of galaxies with �★ ∼ 106−10 M at � = 5 
(in a scenario without radiative feedback) in Fig. 3. We note that the 
stellar mass and SFHs of a galaxy are summed over all its progenitors 
at any redshift and that the redshift steps in our simulation increase 
from ∼ 3 Myr at � = 25 to ∼ 37 Myr at � = 5. The solid orange line 
is a linear regression fit to the SFH and the vertical line shows the 
redshift at which a galaxy transitions from being a “stochastic" to a 
“steady" star former. 

As expected, the more massive a galaxy, the earlier it starts assem-
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bling. Further, the halo mass increases through accretion and mergers 
with decreasing redshift, as Log(�h) ∝ −(0.2 ∼ 0.25)�. Galaxies 
with �★ ∼ 106.06−6.93 M (shown in the first row) form in low-mass 

<halos (�ℎ ∼ 109.5M ) that are SN feedback limited for most of their 
assembly history, as explained in Sec. 2.1. This leads to a highly 
stochastic assembly of gas mass which is reflected in the burstiness 
of their SFRs. For example, the galaxy with �★ ∼ 106.4 M shows 
multiple episodes where gas has been accreted along with the dark 
matter and then pushed out of the galaxy by SN feedback between 
� ∼ 9 − 13. Further, the SFH of these low-mass galaxies varies by 
more than 0.8 dex around the linear regression fit throughout their 
history i.e. they are always in the stochastic star formation phase. 
As we go to higher masses and consider the galaxies in the second 
row in the same figure (�★ = 107.40−8.51 M ), on average, the SN 
feedback following a star formation event in these galaxies expels 
less than 50% of their initial gas mass which allows them to sustain 
further star formation, although at a lower rate. In this case, while the 
SFH still displays a stochastic behavior, the variations around the fit 
are smaller, being of the order of 0.6 dex. These galaxies transition 
into the steady star forming phase at � ∼ 6.9 − 8.8. 

Finally, the deep halo potentials (�ℎ ∼ 1011−12M ) of the 
most massive galaxies (last row of the same figure) with �★ =

109.01−10 M ensure that they retain most of their gas. In this case 
the gas mass and hence the SFR scale with the halo mass at effec-
tively all � ∼ 5 − 15, i.e. these galaxies are always in the steady star 
formation phase. The reason for this lacking stochasticity in the early 
history of massive galaxies is two-fold: Firstly, since galaxies of a 
given mass have deeper gravitational potentials at higher redshifts, 
the main branches of their merger tree escape the stochastic phase 
earlier in their mass assembly histories and correspondingly at lower 
stellar masses. Secondly, massive galaxies have considerably more 
progenitors than low-mass galaxies (see Fig. 2). Hence, as the total 
SFH of a massive galaxy is constructed by summing up the SFHs 
of all its progenitors, the stochastic star formation of the low-mass 
progenitors averages out. 

Additionally, the lifetime of a galaxy (�tot), defined as the time 
between the current redshift and the redshift of its first progenitor, 
increases with stellar mass, as expected in hierarchical structure for-
mation. For example, while the assembly history of the galaxy with 
�★ = 106.06 M starts at � ∼ 7.5 (�tot ∼ 500 Myr), the first progen-
itor of the �★ = 1010 M galaxy appears much earlier, at � > 17 
(�tot > 1 Gyr). Comparing these lifetimes to the redshift of transition 
also shows that while the lowest mass galaxies spend a 100% of their 
lifetime in the stochastic phase, the highest mass systems spend a 
negligible amount of time in the stochastic phase only at the highest 
redshifts (not shown in the plot). 

This plot already hints at two of the key results of the model: (i) 
the more massive a galaxy, the earlier it transitions from stochastic to 
steady star formation; and (ii) the more massive a galaxy, the larger 
is the fraction of its lifetime that it spends in the steady star forming 
phase. 

2.3 Characterizing the SFH 

We fit the SFH of the galaxies in the astraeus simulations with a 
simple redshift-dependent parametric form such that � �

SFR(�)
�(�, �, �) = log10 = −� · (1 + �) + �, (3)

M /yr 

where � determines the redshift-dependence of the SFH and � is the 
normalization factor. This fit is performed using a least-square linear 
regression (orange solid line in Fig. 3). 

In order to study halos with a reliable SFH, we only consider 
halos fulfilling the following criteria: (i) a minimum mass of a 
108.95 ℎ−1 M , corresponding to halos with at least a 100 particles 
in our N-body simulation; (ii) since performing a fit using Eqn. 3 
is meaningful only if there is a minimum number of points in its 
SFH, we remove all galaxies that undergo star formation in less than 
10 contiguous snapshots (�SF); this cut mainly removes low-mass 
galaxies that display a highly stochastic SFH at any given redshift. 
The impact of this choice is discussed in more detail in Appendix A. 
After performing these selection cuts, the number of galaxies consid-
ered in this work are ∼ 1.6×106 at � = 10 and increase to ∼ 21 ×106 

at � = 5. 
Next, we define a criterion for stochasticity: at any redshift, we 

assume that a galaxy is in the stochastic phase if its SFR deviates from 
Eqn. 3 by more than ΔSFR. Throughout its life, a galaxy can alternate 
between periods of steady and stochastic star formation. We consider 
a galaxy to be in the stochastic star formation phase between the 
redshift of its formation and the lowest redshift at which it transitions 
from stochastic to non-stochastic star formation. We need to choose 
ΔSFR so that it is a sensible representation of the stochasticity - too 
low a value of ΔSFR leads to high-mass galaxies with steady star 
formation being categorized as stochastic. Alternatively, a value of 
ΔSFR that is too high leads to all galaxies being considered as steady 
star-formers. We choose ΔSFR = 0.6 dex as a reasonable compromise, 
indicated by the shaded area in Fig. 3. We discuss the impact of this 
choice in more detail in Appendix B. Finally, we briefly discuss 
the dependence of the stochasticity criteria on the time and mass 
resolution of the underlying N-body simulation at the end of Sec. 3.2 
and Sec. 3.3. 

We note that this theoretical definition of stochastic star formation 
differs from estimates from observations (e.g. Faisst et al. 2019). 
While we can follow the SFHs of galaxies at each epoch, observa-
tional estimates of SFHs are typically based on two data points (SFR 
in the last 10 and 100 Myrs through measuring the H� line and UV 
luminosity, respectively) and a chosen SFH shape. The definition of 
stochastic star formation we use also differs from the definition intro-
duced by Caplar & Tacchella (2019) who model the SFR of a galaxy 
as a stochastic process relative to the star-forming main sequence. 
Thus, while we define stochasticity in the SFH of a galaxy as a de-
viation from its own entire history, they define it as a deviation from 
the main sequence, which naturally occurs more often. Hence, we 
expect the definition we use to identify a lower fraction of galaxies 
as stochastic star forming galaxies, especially for low-mass galaxies 
(�★ < 109M ) where the variability of SFHs among galaxies is 
high (see Sec. 3.3). 

3 QUANTIFYING THE STAR FORMATION HISTORIES 

In this section, we start by discussing the fractional stellar mass 
assembled and fractional lifetime spent in the stochastic phase in 
Sec. 3.1 before discussing the stellar mass and redshift of transition 
from stochastic to non-stochastic star formation in Sec. 3.2. We end 
by showing the dependence of the fits to the SFHs on the stellar mass, 
redshift and radiative feedback model considered in Sec. 3.3. 

3.1 Fractional stellar mass assembled and lifetime spent in 
stochastic phase 

In this section, we start by discussing the mean fraction of stellar 
mass formed in the stochastic phase, which is expressed as �★ 

c /�★ 
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Figure 4. Mean fraction of stellar mass formed in the stochastic phase (color-coded as per the color-bar at the bottom) as a function of redshift and stellar mass 
for the 4 different radiative feedback models used in this work, as marked. 

where �c represents the stellar mass assembled in the stochastic ★ 

phase. The results of this calculation are shown in Fig. 4. 

First, we consider the Photoionization model shown in the top left 
panel. We can see that, at every redshift, a high fraction (> 70%) 
of the stellar mass contained in galaxies with �★ ' 106.5 M has 
been formed stochastically. These galaxies assemble in low-mass 
halos (�h ∼ 109.5 M ) that are feedback limited (and hence highly 
stochastic in terms of star formation) throughout their history, since a 
small number of SN is enough to expel all of the gas in such systems. 
As the halo mass of a galaxy increases above the transition mass of 
�h ∼ 109−9.3 M at � ∼ 5 − 10 as discussed in Sec. 2.1, galaxies 
inherit increasingly more gas from their progenitors, most of which is 
kept bound within the halo and forms stars with a constant efficiency 
of �★. Hence, the fraction of stellar mass they form stochastically 
reduces with increasing halo (and stellar) mass. Indeed, by � = 5, 

>massive galaxies with �★ ∼ 108.4 M have formed at most 10% of 
their stellar mass stochastically. Secondly, for a given value of �★, 
galaxies form a larger fraction of their stellar mass in the stochastic 
phase with decreasing redshift as seen from the same panel. For 
example, galaxies with �∗ ∼ 107.5M form < 10% (∼ 40%) of 
their stellar mass stochastically at � = 10 (5). This redshift trend can 
be explained as follows: due to their shallower potentials, galaxies of 
a given halo mass show lower effective star formation efficiencies at 
lower redshifts (as detailed in Sec. 2.1). This results in galaxies of 
a given stellar mass residing in higher halo masses with decreasing 
redshift. The longer assembly histories (where low-mass progenitors 

are feedback limited), results in a larger fraction of the stellar mass 
forming stochastically. 

The same mass and redshift trends are seen for the three other 
reionization feedback models, as shown in the same figure. Just as 
the Photoionization model, the Early Heating model has a time-
delayed, weak radiative feedback and thus yields very similar results, 
as we can see in the top right panel of Fig. 4. For the Strong Heating 
model, the time-delayed nature of the feedback leads to similar results 
as for the Photoionization model above �★ > 106.4 M . However, at 
lower stellar masses above � = 7, the fraction of stellar mass formed 
stochastically is slightly lower in the Strong Heating model. Although 
we would expect the stochasticity to increase in the presence of 
stronger radiative feedback, the choice of ��� = 10 introduces a 
bias by removing galaxies that are too stochastic, hence lowering 
the average fraction of stellar mass formed stochastically. The Jeans 
Mass model is shown in the bottom right panel and we can see that the 
fraction of stellar mass formed stochastically increases by up to 10% 
in galaxies between �★ ∼ 107 M and �★ ∼ 108.6 (107.8) M at 
� = 5 (10). The instantaneous nature of the radiative feedback leads 
to a strong gas suppression in their progenitors, which coupled with 
SN feedback, increases the stochasticity. Additionally, for the same 
reason as the Strong Heating model, galaxies with �★ ≤ 106.4 M 
above � = 7 form a lower fraction of their stellar mass in the stochastic 
phase compared to the Photoionization model. 

The trends seen in Fig. 4 are reflected in Fig. 5 which shows 
the mean fraction of lifetime spent in the stochastic phase �stoc/�tot. 
Here, �stoc and �tot are the time spent in the stochastic phase and the 
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Figure 5. Mean fraction of time spent in the stochastic phase (color-coded as per the color-bar at the bottom) as a function of redshift and stellar mass for the 4 
different radiative feedback models used in this work, as marked. The solid, dashed and dotted lines represent the stellar mass below which 20%, 50% and 80% 
of the stellar mass is formed in the stochastic phase, respectively. 

total lifetime (as defined is Sec. 2.2), respectively. Firstly, for each 
model, the fraction of time spent in the stochastic phase scales with 
the fraction of stellar mass formed in that phase and thus is higher 
for galaxies with a shallower gravitational potential. For example, it 
decreases with stellar mass from 90% at �★ ' 106 M to less than 
10% at �★ > 109.2 M at � = 5. Secondly, for a given stellar mass, 
�stoc/�tot increases with decreasing redshift. As noted above, galaxies 
of a given stellar mass are hosted in progressively more massive 
halos with decreasing redshift. Their longer assembly histories from 
feedback-limited low-mass progenitors leads to an increase in the 
fractional lifetime spent in the stochastic star forming phase. For 
example, in all the models shown here, galaxies of �★ ' 107 M 

<show an increasing �stoc/�tot value from ∼ 30% at � ∼ 10 to ∼ 50% 
by � ∼ 5. Comparing the different radiative feedback models, the 
first two models are here again very similar. As expected, the lower 
stochasticity for galaxies with �★ ≤ 106.4 M above � = 7 in the 
Strong Heating and Jeans Mass models is correlated with a lower 
fraction of time spent in the stochastic phase. In addition for the 
Jeans Mass model, �stoc/�tot in galaxies between �★ ∼ 107 M 
and �★ ∼ 109 M is higher by up to 10% compared to all other 
models. It follows the same trend as the fraction of stochastic stellar 
mass formed from �★ ∼ 107 M to �★ ∼ 108.6 (107.8) M at 
� = 5 (10). However, between �★ ∼ 108.6 (107.8) M at � = 5 (10)
and �★ ∼ 109 M , the increase in �stoc/�tot does not reflect an 
increase in �★ 

c /�★. Here, the stronger radiative feedback causes a 
stronger suppression of star formation, resulting in these galaxies 

remaining longer in the stochastic phase while building up stellar 
mass at a lower rate than in all other radiative feedback models. 

The trend of stochastic star formation being prevalent in lower 
mass galaxies is in rough agreement with observational findings. Us-
ing a sample of observed galaxies with stellar masses of 108.5M < 

M★ < 1011.5M at � ∼ 4.5, Faisst et al. (2019) find that the ex-
cess of H� luminosity compared to UV luminosity decreases with 
increasing stellar mass, indicating a reduced burstiness of the SFH 
of massive galaxies. However, in their sample, high mass galaxies 
(�★ > 1010M ) show signs of recent bursts of star formation, which 
are not present in our simulations. A possible explanation for this dif-
ference comes from the fact that Faisst et al. (2019) compare SFRs 
within the last ∼ 10 Myr to SFRs within the last ∼ 100 Myr, while the 
time steps of our simulation exceed 10 Myr at � ' 5 (Δ� ' 35 Myr), 
resulting in any burst lasting less than 35 Myr being smoothed out. 
Similarly, measuring the timescale on which the SFR in a galaxy loses 
"memory" of previous star formation, Caplar & Tacchella (2019) sug-
gest that the stochasticity of the SFH decreases with increasing stellar 
mass for � = 0 galaxies with �★ < 1010 M . 

3.2 The redshift and stellar mass of transition to steady star 
formation 

To reliably reconstruct the star formation assembly of galaxies, we 
need to assess the redshift below which our fit (Eqn. 3) is an accurate 
representation of the underlying SFH. We show the median of this 
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critical redshift (�c; Fig. 6) and the associated median critical stellar 
mass (�c ; Fig. 7) at which galaxies transition from the stochastic to ★ 

steady star forming phase as a function of stellar mass at � = 5 − 10. 
Starting with Fig. 6 we see that, at every redshift, the duration of 
steady star formation increases with the stellar mass. For example, 
in the Photoionization model shown in the first panel, galaxies with 
�★ = 1010 M at � = 5 escape the stochastic phase at �� ∼ 19, 
while galaxies with �★ = 106 M become non-stochastic only at 
�� ∼ 6. This is partly due to their longer lifetime and partly due to 
their deeper potentials that allow them to have a steady SFH (see 
bottom panels of Fig. 3). As they escape the stochastic phase at an 
earlier cosmic time (i.e at a deeper potential well for a given stellar 
mass), they build a lower mass in this phase, which leads to �c 

★ 

decreasing with increasing stellar mass. 
We would expect that �★ 

c , shown in Fig. 7, could be derived 
by multiplying the average fraction of stellar mass formed in the 
stochastic phase, h�★ 

c /�★i, with the stellar mass. However, we find 
�★ 

c to be lower than what we would derive from such a calculation. 
For example, for galaxies with �★ ∼ 108.4M , the value of �c 

★ 

in Fig. 4 suggests a value of h�★ 
c i ∼ 107.4M , while we find a 

value of �★ 
c ∼ 106M in Fig. 7. The reason for this deviation is the 

positively skewed distribution of �★ 
c , which results in the median 

(shown in Fig. 7) being lower than the mean (shown in Fig. 4). 
A few galaxies with a longer stochastic star formation phase than 
most other galaxies in the chosen stellar mass bin can increase the 
mean �c value considerably, while the median �c value remains ★ ★ 

unaffected. Moreover, we note that we only consider the combined 
SFH of all progenitors of a galaxy. Hence, summing up the stochastic 
star formation events in individual progenitors can lead to an apparent 
non-stochastic star formation in the combined SFH, leading to a lower 
�c value. In this respect, the �c values represent a lower limit of ★ ★ 

the stellar masses formed stochastically. 
We note that, unlike h�★ 

c /�★i which decreases with stellar mass 
at all redshift, the median value of �c increases with stellar mass for ★ 

galaxies below �★ = 107 M at � ' 5 − 6. This is a consequence of 
a high fraction of galaxies still being in the stochastic phase as shown 
by the white dashed line representing the limit below which more than 
50% of the stellar mass has been formed stochastically. Hence, the 
critical mass is skewed towards the current stellar mass and increases 
with it. We see that the first three models give similar results except 
for the slight decrease of the critical mass in Strong Heating model 
for galaxies below 106.4 M at � = 9 and � = 10. However, in the 
Jeans Mass model, we see that galaxies above 108 M escape the 
stochastic phase later and with a higher mass, e.g. galaxies with 
�h ∼ 1010 M at � = 10 going from �★ 

c ∼ 105.6 M (�� ∼ 23) in 
the Photoionization model to �★ 

c ∼ 106.2 M (�� ∼ 21) in the Jeans 
Mass model. Due to its instantaneous nature, the radiative feedback 
in this model strongly impacts these high-mass galaxies early in their 
history when they had a shallower potential well and ends up delaying 
their transition to steady star formation to a later time/higher stellar 
mass. 

To summarise, the emerging picture of the evolution of the SFHs of 
galaxies above � = 5 is as follows: at all redshifts, low-mass galaxies 
form most of their stellar mass stochastically. As they become more 
massive through mergers and accretion, their gravitational potential 
deepens and they can convert a higher fraction of their gas into stars, 
becoming steady star formers. Further, as galaxies of a given stellar 
mass have increasingly shallower potentials with decreasing redshift, 
the average transitional stellar mass between the stochastic and steady 
star forming phases increases with decreasing redshift as does the 
time required to build that mass. The choice of radiative feedback 

has a limited impact on the stochasticity: only the strongest model 
(Jeans Mass) increases the stellar mass and time needed to transit 
out of the stochastic star formation phase significantly. 

To assess the dependence of the stochasticity criteria on the time 
and mass resolution of the underlying N-body simulation, we carry 
out a resolution test using the Extremely Small MultiDark Planck 
(esmdpl) simulation. The esmdpl simulation has a smaller box size 
of 64 ℎ−1cMpc and a 20× higher mass resolution (DM particle mass 
of 3.3×105 ℎ−1M ) than the vsmdpl simulation. As we increase the 
mass resolution, lower mass galaxies are resolved at all redshifts and 
the emergence of their first progenitors shifts to earlier times, leading 
to longer lifetimes. Hence, compared to the vsmdpl simulation, we 
find the fractional lifetimes spent and stellar mass assembled in the 
stochastic phase for galaxies with �★ < 109 M to increase by up 
to ∼ 20% and ∼ 10% in the esmdpl simulation, respectively. These 
two quantities are similar for galaxies with �★ > 109 M in both 
simulations. Nevertheless, when we consider galaxies for which the 
halo mass functions of the esmdpl and vsmdpl simulations converge 
(�h ' 108.6 −1010M at � = 9 and �h ' 108.6 −1011M at � = 6), 
we find the �c values of galaxies in the esmdpl simulation to be in ★ 

rough agreement with those obtained from the vsmdpl simulation. 

3.3 Fitting the SFH 

Using the method described in Sec. 2.3, we then fit the SFH of 
each galaxy following Eqn. 3 and recover its slope, �(�★, �), and 
normalization, �(�★, �). We start by showing �(�★, �) at � = 5−10, 
for the four different radiative feedback models studied, in Fig. 8. 
The solid lines represent the fits at different redshifts, presented in 
Appendix C. We note, since the SFHs of low-mass galaxies are too 
stochastic to be accurately fitted by a single parametric law, these fits 
account only for galaxies for which at least 80% of the stellar mass has 
been assembled in the steady star formation phase; this mass, �stoc, 
is represented by the vertical lines in the same plot. We see that in the 
Photoionization, Early and Strong models, the slope of the SFH of 
low-mass galaxies, with �★ ≤ 108 (109)M at � = 10 (5), increases 
with stellar mass, due to the rapid increase of �g

i (Fig. 1). As we 
go to higher stellar masses of �h > 108 (109) M at � = 10 (5)
and both the cumulative SN and radiative feedback remove only a 
negligible fraction of the gas mass. In this case, �g

i essentially scales 
with the halo mass, that steadily assembles as ∝ −(0.2 ∼ 0.25)�, 
leading to a constant slope of ∼ 0.185 The reduction of the scatter for 
�(�★, �) as �★ increases shows that, although low-mass galaxies 
display a variety of SFH, their assembly histories converge as their 
masses increase. 

While the Jeans Mass model shows the same slope and reduced 
scatter for high mass galaxies as the other models, � decreases with 
increasing stellar mass just above �stoc at � ≥ 8. This result is to be 
weighed by the fact that there is a big dispersion in the SFH slope 
at the low-mass end. Unlike in the other models, in the Jeans Mass 
model the gas mass in a galaxy is immediately reduced as soon as 
the surrounding region is ionized. This instantaneous feedback leads 
to a strong reduction of star formation especially in the early history 
of galaxies. Hence, the slope of the SFH increases compared to the 
other models. 

Considering the normalization of the SFH (Fig. 9), at a given 

5 We note that the SFHs show shallower slopes than the dark matter mass 
assembly histories due to the star formation stochasticity in the early SFHs of 
galaxies. On average, the latter slightly reduces the slope of the SFH and is 
not present in the dark matter assembly. 
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Figure 6. Median critical redshift �c (color-coded as per the color-bar at the bottom) as a function of redshift and stellar mass for the 4 different radiative 
feedback models used. The solid, dashed and dotted lines represent the stellar mass below which 20%, 50% and 80% of the stellar mass has been formed in the 
stochastic phase, respectively. 

redshift, the mass-independent slope of high-mass galaxies, with 
�∗ ≥ 108 (109)M at � = 10 (5), naturally results in �(�★, �)
scaling positively with the stellar mass. For lower stellar masses, 
�(�★, �) scales strongly with �(�★, �), leading to a variety of 
assembly histories (see blue region in Fig. 10): a galaxy of mass 
�★ < 108 (109)M at � = 10 (5) can build up its stellar mass either 
by (i) an early starburst that is followed by a declining star forma-
tion rate in the absence of gas accretion i.e. a negative �(�★, �) and 
low �(�★, �); (ii) forming stars at a somewhat constant rate when 
gas heating/ejection through feedback processes and gas accretion 
balance each other i.e. null �(�★, �), intermediate �(�★, �); or (iii) 
forming increasingly more stars over time as gas accretion dominates 
i.e. positive �(�★, �), high �(�★, �). Towards lower masses, SN and 
radiative feedback become more efficient in preventing star forma-
tion, leading to a flattening of the average SFH and thus a decrease 
in �(�★, �) as well as to a decrease in �(�★, �) due to �(�★, �)
and �(�★, �) being correlated. It is also this correlation and the abil-
ity of feedback to suppress star formation completely that explain 
the increase of scatter with decreasing stellar mass. The fit of � is 
presented in Appendix C. 

Additionally, at every stellar mass, �(�★, �) increases with in-
creasing redshift, e.g going from a value of 1 at � = 5 to 3 at � = 10 
for galaxies with �★ = 109 M . As noted in previous sections, this 
is due to the fact that a galaxy of a given stellar mass has a higher 
halo mass at higher redshifts, resulting in a higher value of the SFR 
throughout its history. 

Fig. 9 also shows that the choice of radiative feedback has little 
effect on �(�★, �) above �stoc. Here again, only the Jeans Mass 
model shows a noticeable difference for galaxies with stellar masses 
close to �stoc. Furthermore, the correlation between �(�★, �) and 
�(�★, �) combined with the increase of �(�★, �) with decreasing 
stellar mass at the low-mass end leads to a higher �(�★, �) in this 
model. 

We note that applying the same stellar mass cut as in the vsdmpl 
simulation to the esmdpl simulation (�★ > �stoc) yields �stoc ∼
107.7 (108.8)M at � = 10 (5). In this mass range, we find that the 
� and � values are slightly higher for galaxies at � = 6 − 10 in the 
esmdpl simulation but remain within the 1� uncertainties shown as 
the shaded area in Fig. 8 and 9. 

We also compare our results to those obtained with empirical 
models (Behroozi et al. 2013), hydrodynamical simulations assum-
ing a uniform UVB (Finlator et al. 2011) and radiative hydrody-
namical simulations (Ocvirk et al. 2020). Using an empirical model 
that populates the halos of an N-body simulation with galaxies and 
is constrained by the observed stellar mass functions, the specific 
star formation rates of galaxies and the cosmic star formation rate 
at � = 0 − 8, Behroozi et al. (2013) find the best-fitting SFHs of 
galaxies with �h ≥ 1011M at � ≥ 3 to scale as SFR(�) ∝ �3−4. 
These SFHs are steeper than the SFHs derived from the astraeus 
simulations (resulting in galaxies of a given �★ having younger stel-
lar populations and thus a higher UV magnitude), since the SFHs 
in Behroozi et al. (2013) consider only the main branch while our 
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Figure 7. Median critical mass (color-coded as per the color-bar at the bottom) as a function of redshift and stellar mass for the 4 different radiative feedback 
models used. The solid, dashed and dotted lines represent the stellar mass below which 20%, 50% and 80% of the stellar mass has been formed in the stochastic 
phase, respectively. 

SFHs represent the sum of the SFHs of all progenitors of a galaxy. 
While the recent SFR of a massive galaxy (�h ≥ 1011M ) is dom-
inated by its main branch, the SFRs of its progenitors during the 
early phases of its assembly have similar values. Accounting only 
for the main branch results in a SFH with lower SFRs during the 
initial phase of the galaxy’s mass assembly and leads to a steeper 
slope of the SFH. For this reason, we find works that include the 
star formation of all progenitors in a galaxy’s SFH to be in better 
agreement with our results. For instance, from their hydrodynamical 
simulations Finlator et al. (2011) find the average SFHs of galaxies 
with �★ ≥ 108.2M at � ≥ 5 to follow SFR(�) ∝ �1.7, which is 
also echoed by the evolution of the cosmologically averaged SFRs 
derived from observations in Papovich et al. (2011). Similarly, the 
average SFHs of �h ' 1010−11M galaxies in the radiative hy-
drodynamical simulation codaii (Ocvirk et al. 2020) exhibit slopes 
that are very similar to those found in our simulations. Fitting their 
published SFHs using our methodology yields �(�★, �) ∼ 0.2 for 
�h (�★) ≥ 1010 (108.5)M . These and our results are also in agree-
ment with the SFHs found for lower redshift (� < 5) galaxies, yielding 
increasing SFHs during the EoR (e.g Diemer et al. 2017; Ciesla et al. 
2017). However, the increasing SFH slope of a � < 5 galaxy at � > 6 
depends on its detailed mass assembly history: while a galaxy with a 
major merger at � < 5 will exhibit a shallower SFH slope at � > 5, a 
galaxy with (a) minor merger(s) at � < 5 will show a steeper SFH at 
� > 5. For this reason, the exact shape of the � > 5 SFHs including 

all progenitors depends on whether the SFHs of low- or high-redshift 
galaxies are considered. 

4 VALIDATION OF THE MODEL 

We have quantified the SFHs of galaxies above � = 5 and derived 
a general formula (Eqn. 3) and parameters (Appendix C) to express 
them as a function of stellar mass and redshift in the different radiative 
feedback scenarios explored in this work. In this section, we assess 
the capacity of our fits to recover two key properties of galaxies: their 
stellar mass and UV magnitude. 

For each galaxy of mass �★ observed at redshift �, we compute 
the stellar mass predicted by integrating our fitted SFH (�fit)★ ∫ � 
�★ 

fit (�★, �) = �★
� (�★, �) + d�0

d� 
10� (�

0,�★,�) M 
�� (�★,�) d�0 yr 

(4) 
�∑ 

= �★
� (�★, �) + 10� (� � ,�★,�) M × (� (� � ) − � (� �−1))yr

�=�� 

Here �(� � , �★, �) = −�(�★, �) (1+� � ) +�(�★, �) is our fitted SFH; 
�c, �c and �c are the critical redshift, mass and snapshot at which ★ 

galaxies transition from stochastic to steady star formation, respec-
tively; � is the number of snapshots until and including �, and � (�)
the cosmic time at �. We note that we apply the same redshift bins 
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Figure 8. Mean slope (�) of the SFH of galaxies as a function of stellar mass at � = 5 − 10 (as marked) for the 4 different radiative feedback models used in 
this work. The vertical lines demarcate the stellar mass above (below) which less (more) than 20% of the stellar mass has been formed stochastically. The dots 
represent the results of the simulation while the lines are the fits. The fits for � are shown in Appendix C. 

for the fitted SFH �(� � , �★, �) as have been used for the astraeus 
simulations, i.e. � � denotes the redshifts of the snapshots of the vs-
mdpl simulation. Essentially, this equation states that the total stellar 
mass is a sum of that built up in the stochastic phase (first term on 
the RHS) and in the continuously star forming phase fit by a simple 
power-law (second term on the RHS). In Fig. 11 we validate our 
model by comparing the stellar mass we recover by using Eqn. 5 to 
the stellar mass directly obtained from the astraeus simulation for 
the Photoionization model at � = 10 − 5. To do so, we bin the galaxy 
sample in stellar mass (�★), compute their predicted stellar mass 
using our fitted SFH (�fit) and take the median of �fit in each bin. ★ ★ 

This comparison is done down to �stoc, the minimum stellar mass 
at which more than 80% of the stellar mass has been formed in a 
steady phase. To evaluate how robustly we recover the stellar mass, 
we introduce an uncertainty on the fitted SFH by drawing its nor-
malization from a Gaussian distribution centered around �(�, �★)
(shown in Fig. 9) with a standard deviation of � = 0.3. 

At all redshifts, we recover the stellar mass to an excellent de-
gree for most of the mass range considered. The uncertainty in the 
normalization results in an uncertainty of ∼ 0.3 dex in �★ 

fit . At the 
highest stellar masses, for example, above �★ ∼ 109.5 (1010.8) M 
at � = 10 (5), the predicted mass �fit oscillates around the one ob-★ 

tained from astraeus, as a result of the uncertainty in �(�, �★)
associated with the low number of galaxies at such high masses. This 
is a validation of the fact that observed stellar mass values can be suc-
cessfully used to derive a SFH using our fits for �★ ∼ 107.5−9.8M 
at � ∼ 10 and �★ ∼ 108−10.5M at � ∼ 5. 

Next, we check the mass-to-light ratios obtained from our fits 
as compared to those from astraeus; this is a crucial test of the 

. 

model given that the UV luminosity is essentially dominated by 
star formation in the last few tens of Myrs. For each galaxy, we 
calculate its UV luminosity, �UV,tot, by convolving its fitted SFH, 
10� (�,�,�) M /yr, with the UV luminosity evolution of a starburst, 
�SP (�), (see Eq. 16 in Hutter et al. 2021a). To model �SP (�), we use 
the starburst99 stellar population synthesis model assuming the 
previously specified Salpeter IMF and a metallicity of � = 0.05� . 

�UV,tot (�★, �) = �★
� (�★, �) × �(� (�), � (�� (�★, �))) (5) 

+
∫ � 

d�0
d� 

10� (�
0,�★,�) M × �SP (� (�), � (�0))

�� (�★,�) d�0 yr 

= �★
� (�★, �) × �(� (�), � (�� (�★, �)))

�∑ 
+ [10� (� � ,�★,�) M × �(� (�), � (� � ))yr

�=�� 

× [� (� � ) − � (� �−1)]]

Analogous to the computation of the stellar mass from the fitted SFH, 
we apply the vsmdpl redshift bins to the fitted SFH and assume that 
the SFR within a redshift step remains constant. This reduces the 
integral to a sum, where we account for the constant star formation 
within a redshift step by introducing a correction factor �lin, and 
�(�, � � ) = �SP (�, � � ) �lin (�, � � , � �−1) (see Eq. 14 and 15 in Hutter et al. 
2021a). The first term on the right-hand side is the UV luminosity 
from the stochastically formed stellar mass, while the second term 
on the right-hand side depicts the UV luminosity from the SFH part 
that is described by our fitting function. Assuming a Gaussian error 
with � = 0.3 for �(�★, �), we find the scatter in the �★ − �UV 
relation to be less than 0.3 dex (see Fig. 12). 
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Figure 9. Mean normalisation (�) of the SFH of galaxies as a function of stellar mass at � = 5 − 10 (as marked) for the 4 different radiative feedback models 
used in this work. The vertical lines demarcate the stellar mass above (below) which less (more) than 20% of the stellar mass has been formed stochastically. 
The dots represent the results of the simulation while the lines are the fits. The fits for � are shown in Appendix C. 

Figure 10. Schematic illustrating the range of possible SFHs for galaxies as 
a function of their stellar mass and redshift. While high-mass galaxies have 
similar SFHs, low-mass galaxies display a wide range of SFHs, from an initial 
burst followed by a declining SFH to an early low SFR that rapidly increases 
with redshift. 

Fig. 12 shows the stellar mass as a function of the UV magni-
tude at � = 5 − 10 for both galaxies simulated with astraeus and 
using our fitted SFH. Firstly, we note that the shown �★ -�UV rela-
tions includes only galaxies with �★ > �stoc.6 Secondly, our fitted 

6 Due to their stochastic star formation, the star formation rates and hence 
UV luminosities of low-mass galaxies will greatly vary among galaxies with 

SFHs yield a M★-MUV relation in agreement, within uncertainties, 
to the astraeus results for MUV ∼ −15.5 to −20.5 at � ∼ 10 and 
MUV ∼ −17 to −23 at � ∼ 5. At the bright end (MUV ∼< −20.5 (−23)
at � ∼ 10 (5)), however, we find the �★ − �UV relation directly in-
ferred from astraeus to randomly over- or underpredict the one 
derived from our fitted SFHs. This is due to the low numbers of 
luminous galaxies (< 5) that are not sufficient to reproduce the av-
erage trend that is obtained with our fitted SFH. In order to put the 
difference between astraeus and our fitted SFH into perspective, 
we compare these relations to observations. Overall, we find our and 
the observational �★ -�UV relations to agree within their uncertain-
ties. However, we see that we overpredict the stellar mass of fainter 
galaxies with �UV & −20 at � = 5 − 6 by about 0.2 dex compared 
to the observations. This systematic deviation could be explained as 
follows: Firstly, the luminosities of our simulated galaxies do not 
include nebular emission. Its inclusion would shift the �★ -�UV 
relation towards higher UV luminosities for a given stellar mass. 
Nevertheless, when comparing the relations including (red circles) 
and not including nebular emission (red stars) from Duncan et al. 
(2014), we can see that the inclusion of nebular emission can shift 
the �★ -�UV relation to lower stellar masses by only ∼ 0.1 dex. 
Secondly, the stellar masses derived from the observed SEDs depend 
strongly on the assumed slope of the SFHs (see Sec. D in Behroozi 
et al. 2019). For instance, re-analysing the Song et al. (2016) data 
with shallower SFHs i.e. with SFR ∝ �2 instead of SFR ∝ �5.5 as 
in Song et al. (2016), that better match the evolution of the cosmic 

similar stellar masses. For this reason, applying a sharp cut in stellar or halo 
mass leads to a flattening of the �★ -�UV relation at low UV luminosities. 

MNRAS 000, 1–19 (2021) 



�

�

�

SFHs in the EoR 15 

Figure 11. Median predicted stellar mass (� fit) as a function of the stellar mass directly obtained from the astraeus simulation at � = 5 − 10 for the★ 

Photoionization model. The shaded area represents the standard deviation obtained by assuming a Gaussian spread (� = 0.3) around the average value of 
� (�, �★) . 

star formation rate, UV LF and SMF evolution, increases the inferred 
stellar masses of the Song et al. (2016) data points by ∼ 0.2 dex at 
all UV luminosities (Behroozi et al. 2019). This brings them into 
perfect agreement with our simulation results. Thus, we note that 
the uncertainties introduced by our SFH fitting function (Eqn. 3) are 
negligible compared to the observational uncertainties. 

Finally, we compare our �★ -�UV relations to those obtained with 
the meraxes (black dotted line; Liu et al. 2016) and Tacchella (green 
dash-dotted line; Tacchella et al. 2018) semi-analytic models. Firstly, 
while the �★ -�UV relations of these models agree with those ob-
tained from astraeus for bright galaxies (�UV . −20), they show 
a steeper slope and thus lower stellar masses for UV faint galaxies 
(�UV & −20). The reason for this difference can be explained as 
follows: the astraeus simulations do not include dust or account for 
dust attenuation but adjust the limiting star formation efficiency �★ 
to the dust attenuated UV luminosity functions (UV LFs). However, 
since massive and bright galaxies experience stronger dust attenua-
tion than low-mass and faint galaxies, the slopes of the simulated UV 
LFs and �★ -�UV relations become shallower as when accounting 
for dust attenuation. Secondly, we note that the difference between 
the normalization offsets of the astraeus and meraxes or Tacchella 
�★ -�UV relations decrease with decreasing redshift; albeit this dif-
ference remains small. While both the meraxes and Tacchella mod-
els basically assume redshift-independent star formation efficiencies, 
the star formation efficiency in astraeus is redshift dependent and 
decreases for low-mass galaxies with decreasing redshift (see Fig. 1). 
The fact that the difference of the normalization offsets is smallest 
at the lowest redshifts shown is then expected, as Tacchella et al. 
(2018) derive their model star formation efficiencies by calibrating 
to the � = 4 UV LF. 

5 CONCLUSIONS AND DISCUSSION 

In this work, we have used the astraeus (semi-numerical rAdiative 
tranSfer coupling of galaxy formaTion and Reionization in N-body 
dArk mattEr simUlationS) framework, which couples an N-body 
simulation with a semi-analytical galaxy formation model and a 
semi-numerical reionization scheme. Our aim is to quantify the star 
formation histories of galaxies during the EoR for different radiative 
feedback models, ranging from weak and delayed feedback to strong 
and instantaneous feedback. 

We find the star formation in low-mass galaxies (�h . 109.3M ) 
to be stochastic (stars form at a rate that deviates from the SFH fit 
described by Eq. 3 by more than ΔSFR = 0.6 dex), and to transition 
to continuous as galaxies become more massive and less governed 
by SN and radiative feedback. In order to describe the SFH of a 
given galaxy, we have investigated in a first step how the fraction 
of stellar mass formed during the initial phase of stochastic star 
formation evolves with redshift, stellar mass, and depends on the 
assumed radiative feedback model. In a second step, we have fit the 
SFHs of galaxies at � ≥ 5 with a power law such that � �

SFR(�)
log10 = −�(�★, �obs) (1 + �) + �(�★, �obs).M /yr 

Our four radiative feedback models comprise scenarios where the gas 
mass that a galaxy in an ionized region can maintain is given by the 
filtering mass (Gnedin 2000; Naoz et al. 2013) that is determined by 
the temperature of the photo-heated gas or the photoionization rate 
when the region becomes reionized, or the Jeans mass at the virial 
over-density. Our main results are: 

(i) At every redshift, the fraction of stellar mass formed stochas-
tically �★ 

c /�★ and the fraction of time spent in the stochastic phase 
�stoc/�tot decrease with increasing stellar mass �★ and decreasing 
redshift for galaxies with �★ < 108.5 M . These quantities hardly 
vary for the different time delayed radiative feedback models. Only 
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Figure 12. Median stellar mass (�★) as a function of the absolute UV magnitude directly obtained from the astraeus simulation (purple dashed line) and 
using our fitted SFH (blue solid line) for each galaxy in the Photoionization model. The shaded purple area represents the standard deviation within astraeus 
and the shaded blue area is the standard deviation obtained by assuming a Gaussian spread (� = 0.3) around the average value of � (�, �★) . We also plot 
observations from Stark et al. (2011), Duncan et al. (2014), Song et al. (2016) and Bhatawdekar et al. (2019), and results from simulations from Liu et al. (2016) 
and Tacchella et al. (2018), as marked. 

for the instantaneous strong radiative feedback model, the Jeans 
Mass model, we find �★ 

c /�★ and �stoc/�tot to show higher values for 
low-mass galaxies with �★ < 108.5 M . 

(ii) For galaxies with �★ & 108.5 M the SFH increases con-
tinuously with time following the power law specified in Eqn. 3. Its 
slope � scales with the effective star formation efficiency of a galaxy. 
The lower the galaxy’s stellar mass is, the stronger is on average the 
suppression of star formation by SN and radiative feedback and the 
lower the average � value for the delayed radiative feedback models. 
However, for the strong instantaneous radiative feedback model, we 
find the average � values to increase towards lower stellar masses due 
to galaxies more affected by radiative feedback being removed from 
the sample. As the star formation in a galaxy becomes less affected by 
the feedback processes, its SFH slope � converges to a constant value 
of ∼ 0.18. The stellar mass �stoc, at which this transition from rising 
to constant occurs, increases as the galaxy’s gravitational potential 
becomes shallower with decreasing redshift, going from ∼ 108 M 
at � = 10 to ∼ 109 M at � = 5. 

(iii) Given that the SFH slopes � converge to a single value for 
massive galaxies (�★ > �stoc), the corresponding normalization � 
of the power law describing the SFH increases with rising stellar 
mass, going from ∼ 0 for galaxies with �★ = 108.2M to ∼ 3.5 
for galaxies with �★ = 1011M at � = 5. � also increases with 
increasing redshift, e.g increasing for galaxies with �★ = 109M 
from � = 1 at � = 5 to � = 3 at � = 10. For low-mass galaxies 
(�★ ∼ �stoc), the normalization is strongly correlated with the SFH 
slope �, reflecting that the same stellar mass can be accumulated 
either over a long time with a low SFR or over a shorter time with a 
higher SFR. 

(iv) For each radiative feedback model, we provide the fitting 
function to the continuously rising part of our simulated SFHs. Inte-

grating these fitting functions over time and accounting for the stellar 
mass accumulated in the stochastic phase at the beginning, we recover 
the stellar masses of all simulated galaxies within an uncertainty of 
0.1 dex for �★ ∼ 107.5−9.8M at � ∼ 10 and �★ ∼ 108−10.5M 
at � ∼ 5. Our fitted SFHs yield a M★-MUV relation in agreement, 
within uncertainties, to the astraeus results for MUV ∼ −15.5 to 
−20.5 at � ∼ 10 and MUV ∼ −17 to −23 at � ∼ 5. 

There are a few caveats to the work presented in this paper. Firstly, 
as mentioned in Sec. 2.3 and Appendix A and B, the stellar mass 
formed and time spent in the stochastic phase, �★ 

c /�★ and �stoc/�tot , 
depend on the stochasticity and selection criteria. Nevertheless, we 
note that the found trends and values of the SFH slope �(�★, �)
and normalization �(�★, �) are robust and are not dependent on the 
stochasticity criteria. Secondly, as we mention in Sec. 3.1, we define 
the lifetime of a galaxy as the duration of its mass assembly, which 
depends on the mass resolution of the underlying merger trees. As-
suming a mass-weighted lifetime would yield more robust results 
when changing the underlying mass resolution of the merger trees 
and/or N-body simulation, and shift the time spent in the stochastic 
phase, �stoc/�tot, to lower values as galaxies with higher stellar masses 
are considered. Thirdly, the functional form of our SFH fitting func-
tion can not reproduce the flattening of the SFHs (and DM assembly 
histories) that we see for the massive galaxies in our simulation. 
Hence, we overpredict the recent SFRs and hence UV luminosities 
of bright galaxies i.e. those with MUV ∼< − 20.5 (−23) at � ∼ 10 (5)
in Fig. 12. Lastly, the astraeus model used in this work does not 
account for dust attenuation of the UV. Including a description for 
dust and its attenuation of the UV would predominantly affect the 
properties of massive galaxies. The stellar masses for a given UV 
luminosity would increase and steepen the stellar mass - UV lumi-
nosity relation in Fig. 12 at the bright end. We will assess the effects 
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of dusts in a forthcoming astraeus version that incorporates a dust 
model. 

With the launch of JWST, NGRST and Euclid, the number of 
observed high-redshift galaxies during the EoR will increase greatly. 
The NGRST High Latitude Survey (HLS) and Euclid will probe 
only the brightest galaxies that are well into the phase of continuous 
star formation: while Euclid will integrate down to and �UV ≤
−21 (−23) at � = 5 (10)7, the HLS survey has a UV magnitude limit 
of �UV ≤ −20.4 and −20.6 at � = 8 and 10, respectively (Waters 
et al. 2016). Further, JWST surveys, such as JADES, will have the 
potential to observe even galaxies that form stars stochastically with 
limits of MUV ≤ −16 and −18 at � = 5 and 10, respectively (Williams 
et al. 2018). As shown, our model, that can recover the M★-MUV 
relation and SFHs for galaxies with MUV ∼ −15.5 to −20.5 at 
� ∼ 10 and MUV ∼ −17 to −23 at � ∼ 5, will be extremely useful in 
shedding light on the assembly histories of the galaxies observed by 
these forthcoming facilities. 
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Figure A1. Number of galaxies as a function of halo mass for different 
selection criteria at � = 10 (top panel) and at � = 5 (bottom panel) in the 
Photoionization model. 
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APPENDIX A: GALAXY SAMPLE CUTS 

While we have applied two selection cuts to the galaxy sample used 
for the results in Sec. 3 - considering only galaxies with converged 
SFHs (�ℎ ≥ 108.95M ) and with star formation in at least the 
last 10 consecutive redshift steps (�SF ≥ 10) -, we comment in this 
Section on how our results, in particular the stellar mass accumulated 
in the stochastic phase (�c ), change as we relax the convergence ★ 

criterion or alter the necessary number of consecutive redshift steps 
with star formation �SF. We show how the different selection cuts 
alter the number of galaxies as a function of halo mass �ℎ at � =
10 and � = 5 in Fig. A1, respectively. Relaxing the convergence 
criterion, i.e. including also galaxies with �ℎ < 108.95M and 
�SF ≥ 10 (c.f. dashed lines), enhances the number of low-mass 
galaxies (�★ . 106.5M ) with continuous star formation and leads 
to a decrease of the stellar mass formed during the phase of stochastic 
star formation, lowering the corresponding �★ 

c /�★ and �stoc/�tot 

and �c values while enhancing the �� values. In contrast, increasing ★ 

�SF removes short-lived galaxies, which correspond to removing 
increasingly lower mass galaxies with decreasing redshift (c.f. dash-
dotted lines): �★ 

c /�★ and �stoc/�tot decreases towards lower mass 
galaxies. From Fig. A1, we also note that selecting galaxies with 
�SF ≥ 30 would result in selecting only galaxies in the phase of 
continuous star formation at � = 10, while would include galaxies in 
the stochastic phase at � = 5 (c.f. dash-dotted lines). 

APPENDIX B: DETERMINING THE STOCHASTICITY 
CRITERION 

As outlined in Sec. 2.3, the key criterion that defines whether a 
galaxy forms stars stochastically is the deviation from the linear re-
gression from its SFH, ΔSFR. Here we briefly discuss how our results 
change as the criterion ΔSFR = 0.6 assumed throughout the paper 
is altered. As the ΔSFR value is increased, galaxies that would have 
been identified as being in the stochastic phase before are classified 
then as galaxies with continuous star formation. As a consequence, 
less stellar mass is formed in the stochastic phase, which we can see 
when we compare the �★ 

c /�★ values for ΔSFR = 1 in the bottom 
panel of Fig. B1 with those for ΔSFR = 0.6 in Fig. 4. However, the 
trends of �★ 

c /�★ with stellar mass and redshift persist. In contrast, 
as the ΔSFR value is reduced, we find a higher fraction of stellar mass 
being formed stochastically as can be seen when comparing the top 
panel of Fig. B1 for ΔSFR = 0.2 with Fig. 4 for ΔSFR = 0.6. Interest-
ingly, we also find that �★ 

c /�★ increases as we go from intermediate 
massive (�★ ∼ 1010 (108.5) M at � = 5 (10)) to the most massive 
galaxies (�★ ≥ 1010.8 (109.8) M at � = 5 (10)). This trend traces 
back to the DM assembly histories of the massive galaxies that shape 
the corresponding SFHs. Since the flattening of their slopes towards 
lower redshifts is not captured by our SFH fitting function, the cor-
responding shallower SFHs lie then outside the ΔSFR margin and are 
marked as forming stars stochastically. 

APPENDIX C: SFH FITTING PARAMETERS 

In this Section we present the fitting parameters � and � in Eqn. 3 
for all stellar masses �★, redshifts � and radiative feedback models 
covered in this work. For the Photoionization, Early Heating and 
Strong Heating models, we fit �(�, �★) with the following fitting 
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Figure B1. Mean fraction of stellar mass formed in the stochastic phase as a 
function of redshift and stellar mass for Photoionization model, assuming that 
a galaxy is stochastic if its instantaneous SFR deviates by more than 0.2 dex 
(top panel) or 1 dex (bottom panel) compared to the linear regression of its 
SFH. 

function � � 
�� 

(�−�� )�� −Log(�★)�(�, �★) = (�� × � + ��)exp − 10 , (C1) 

while for the Jeans Mass model, we use � � 
�(�, �★) = (�� × � + ��)exp 10��×�+��−Log(�★) . (C2) 

For each model, we show the values of all free parameters present in 
Eqn. C1 and Eqn. C2 in Table C1. 

For the Photoionization, Early Heating and Strong Heating mod-
els, we fit �(�, �★) with the following fitting function 

�(�, �★) = (�� × � + ��)Log(�★)2 + (�� × � + ��) ∗ Log(�★)+
�� × � + �� , (C3) 
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Table C1. For the radiative feedback model shown in column 1, we show 
the value taken by the parameters in Eq. C1 for the first three models and in 
Eq. C2 for the Jeans Mass model. 

Models a� b� c� d� e� 

Phoionization 0.0025 0.1661 6.9344 4.7825 0.0366 

Early Heating 0.0024 0.1662 6.9312 4.7931 0.03517 

Strong Heating 0.0023 0.1665 7.0920 4.6371 0.0467 

Jeans Mass 0.0054 0.1669 -0.4117 9.8585 X 

Table C2. For the radiative feedback model shown in column 1, we show 
the value taken by the parameters in Eq. C3 for the first three models and in 
Eq. C4 for the Jeans Mass model. 

Models �� �� �� �� �� �� 

Phoionization -0.028 0.126 0.481 -1.008 -1.720 -1.358 

Early Heating -0.028 0.125 0.478 -1.012 -1.710 -1.313 

Strong Heating -0.029 0.129 0.501 -1.040 -1.790 -1.400 

Jeans Mass -0.031 0.943 0.364 -8.499 X X 

while for the Jeans Mass model, we use 

�(�, �★) = (�� × � + ��)Log(�★) + �� × � + �� . (C4) 

For each model, we show the values of all free parameters present in 
Eqn. C3 and Eqn. C4 in Table C2. 

This paper has been typeset from a TEX/LATEX file prepared by the author. 
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