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ABSTRACT

To self-consistently model galactic properties, reionization of the intergalactic medium, and the associated 21-cm signal, we
have developed the algorithm POLAR by integrating the one-dimensional radiative transfer code GRIZZLY with the semi-analytical
galaxy formation code L-GALAXIES 2020. Our proof-of-concept results are consistent with observations of the star formation
rate history, UV luminosity function, and the CMB Thomson scattering optical depth. We then investigate how different galaxy
formation models affect UV luminosity functions and 21-cm power spectra, and find that while the former are most sensitive to
the parameters describing the merger of haloes, the latter have a stronger dependence on the supernovae feedback parameters,

and both are affected by the escape fraction model.

Key words: methods: numerical — galaxies: formation —dark ages, reionization, first stars.

1 INTRODUCTION

The Epoch of Reionization (EoR) refers to the period when the
Universe transitioned from a nearly fully neutral to a highly ionized
phase, following the formation of the first galaxies and stars (Furlan-
etto, Oh & Briggs 2006; Dayal & Ferrara 2018). Observations of
the Gunn—Peterson (GP) absorption trough in the spectra of high-z
QSOs suggest that the EoR is finished at z ~ 6 (e.g. Fan, Carilli &
Keating 2006), although the long GP troughs detected in the Ly«
forest at z < 6 (e.g. Becker et al. 2015; Bosman et al. 2022)
indicate a later ending. The most recent observations of the Cosmic
Microwave Background (CMB), e.g. with the Planck satellite (Planck
Collaboration VI 2020), have measured a Thomson scattering optical
depth 7 = 0.054 &£ 0.007, which implies a mid-point redshift of the
EoR (i.e. a global ionization fraction Xy, = 0.5) at z = 7.68 £ 0.79.
The initial phases of the EoR are still poorly known, although the
Experiment to Detect the Global EoR Signature (EDGES) project
reported an absorption profile of global 21-cm signal at 78 MHz
(i.e. z ~ 17) (Bowman et al. 2018), which can be used to put some
constraints on the first sources of ionizing radiation. Note that this
result is still strongly debated (e.g. Hills et al. 2018; Singh et al.
2022), and has not been confirmed by the SARAS 3 project (Bevins
et al. 2022).

* E-mail: magb@gznu.edu.cn

The galaxies that formed during the EoR are expected to be the
main sources of ionization of neutral hydrogen (H1). The properties
of these z > 6 galaxies have been studied with hydrodynamical
and/or radiative transfer simulations, such as THESAN (Kannan
et al. 2022), ASTRID (Bird et al. 2022), CROC (Esmerian & Gnedin
2021), SPHINX (Rosdahl et al. 2018), and FIRE (Ma et al. 2018),
as well as with more efficient semi-analytical/numerical approaches
such as the ReionYuga (Mondal, Bharadwaj & Majumdar 2017), the
ASTRAEUS (Hutter et al. 2021), and the MERAXES (Mutch et al.
2016; Balu et al. 2023) models. All these simulations predict galactic
properties that are generally consistent with high-z observations, e.g.
in terms of galaxy stellar mass functions, UV luminosity functions,
and star formation history (see the comparisons by e.g. Kannan
et al. 2022). With the development of new observational facilities,
an increasing number of high-z galaxies have been detected (Stark
2016). For example, the Hubble Space Telescope (HST) and the
Spitzer telescope have already provided abundant data to build rest-
frame UV luminosity functions and stellar mass functions of galaxies
at z > 6 (e.g. Bouwens et al. 2021; Stefanon et al. 2021). The
Atacama Large Millimeter/submillimeter Array (ALMA) telescope
has also identified several high-z galaxies through e.g. the [C1I]
line (Bouwens et al. 2020). Despite having been collecting data for
less than one year, the JWST has already found many new high-z
galaxies (e.g. Donnan et al. 2023; Harikane et al. 2023), possibly as
high as z ~ 17 (Harikane et al. 2023). JWST is expected to observe
many more such galaxies in the near future (Steinhardt, Jespersen &
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Linzer 2021), thus offering the possibility to massively improve our
knowledge of primeval objects.

The UV and X-ray radiation emitted in high-z galaxies, e.g. from
stellar sources, X-ray binaries, and accreting massive black holes,
is expected to change the ionization and temperature state of the
HT within the intergalactic medium (IGM) (Islam et al. 2019; Eide
et al. 2020). The radiation emitted through the hyperfine structure
transition of high-z H1 (with a rest-frame wavelength of ~21-cm) can
be measured by modern low-frequency radio facilities (Furlanetto
et al. 2006). Some early results from 21-cm telescopes have put
upper limits on the 21-cm power spectra A2, . from the EoR, e.g.

21cm

a 20 upper limit of A2, .. < (73)>mK? at k = 0.075h cMpc™" and
z ~ 9.1 from the low-frequency array (LOFAR) (Mertens et al.
2020), of A3, <(43)*mK? at k =0.14hcMpc™! and z = 6.5
from the Murchison Widefield Array (MWA) (Trott et al. 2020), and
of A%, < (30.76)> mK? at k = 0.192 . cMpc~" and z = 7.9 from
the Hydrogen Epoch of Reionization Array (HERA) (Abdurashidova
etal. 2022b). These results are already used to rule out some extreme
EoR models (Ghara et al. 2020; Mondal et al. 2020; Ghara et al.
2021; Greig et al. 2021a, b; Abdurashidova et al. 2022a). While
analysis of more data from such facilities will set increasingly tighter
upper limits (and possibly also a measurement) of the 21-cm power
spectrum, the planned Square Kilometre Array (SKA) is expected to
provide also 3D topological images of the 21-cm signal (Koopmans
et al. 2015; Mellema et al. 2015; Ghara et al. 2017).

Since both the infrared to sub-mm radiation from high-z galaxies
and the 21-cm signal are produced during the EoR, the combination
of observations in different frequency bands would provide a deeper
understanding of the physical processes at play during the EoR.
With this idea in mind, some codes have been developed to constrain
EoR models with Markov Chain Monte Carlo (MCMC) techniques
used in combination with multifrequency observations, e.g. the
seminumerical model by Park et al. (2019, 2020) based on 21CMMC
(Greig & Mesinger 2015) and 21CMFAST (Mesinger, Furlanetto &
Cen 2011), as well as analytical models for 21-cm power spectra and
galaxy luminosity functions (e.g. Zhang et al. 2022). While these
approaches take advantage of both observations of high-z galaxies
(e.g. the UV luminosity functions) and 21-cm power spectra, they do
not physically model the properties of galaxies, but estimate the UV
luminosity functions and the budget of ionization photons based on
the halo mass function model.

In this paper, we describe POLAR, a novel seminumerical model
designed to obtain both the high-z galaxy properties and the 21-cm
signal in a fast and robust way, by including the semi-analytical
galaxy formation model L-GALAXIES 2020 (Henriques et al. 2020)
within the one-dimensional radiative transfer code GR1zZLY (Ghara
et al. 2018), which is an updated version of BEARS (Thomas et al.
2009). Since POLAR is fast and thus able to produce a large number
of different galaxy and reionization models, we will use it in
combination with MCMC techniques and observations of e.g. UV
luminosity functions and 21-cm power spectra to provide tighter
constraints on both the galaxy and IGM properties. In this paper, we
introduce the new algorithm and how some selected observables are
affected by different choices of the parameters used to describe the
formation and evolution of galaxies, as well as the escape of ionizing
radiation, while in a companion paper we will extend the formalism
to include an MCMC analysis and to constrain the parameters.

The paper is organized as follows: we describe L-GALAXIES
2020 and GRIZZLY in Section 2, the resulting galaxy properties and
EoR signal are presented in Section 3, while a discussion and the
conclusions are found in Section 4. The cosmological parameters
adopted in this paper are the final results of the Planck project (Planck
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Figure 1. Mass functions of haloes (®Ppy10) at z = 7 from simulations L100
(cyan thick line) and L35 (magenta thin line). As a reference, the Sheth—
Tormen (ST) halo mass function is shown as dashed black line.

Collaboration VI12020), i.e. 24 = 0.685, Q;, = 0.315, 2, = 0.0493,
h=0.674, 03 = 0.811, and ny = 0.965.

2 METHODS

To follow the formation and evolution of galaxies, we combine
merger trees from N-body dark-matter simulations with the semi-
analytic model (SAM) L-GALAXIES 2020 (abbreviated as LG20 in
the following, Henriques et al. 2020), while the 1D radiative transfer
(RT) code GRIZZLY (Ghara, Choudhury & Datta 2015; Ghara et al.
2018) is used to model the gas ionization and 21-cm signal. While
we refer the readers to the original papers for the details about these
tools in the following section, we describe the key aspects that are
relevant to this work.

2.1 Dark-matter simulations

The N-body dark-matter simulations are run with the GADGET-4 code
(Springel et al. 2021), with a box length of 1004~!cMpc and a
particle number of 10243, i.e. a particle mass 1.2 x 10% M. In the
following, we will refer to these simulations as L100. The dark-
matter haloes are identified with a Friend-of-Friend (FoF) algorithm
(Springel etal. 2001), while Subfind is used to identify gravitationally
bound subhaloes within haloes. The merger trees are constructed by
following Springel et al. (2005). Note that the subhaloes are chosen
to have at least 20 dark-matter particles, i.e. the minimum mass is
~2.4 x 10° M. We employ a total of 56 snapshots equally spaced
in time in the redshift range z = 6-20.

To resolve the effects of fainter galaxies during the EoR, we
also run a smaller simulation with the same 1024% particles but
box length 35 h~!' cMpc (abbreviated as L.35), which able to resolve
subhaloes with a minimum mass of ~1.0 x 10% M. As areference,
Fig. 1 shows the halo mass functions (®pa,) at z = 7 from the
two simulations, where @y, = d npae/d 10g,o(Mhalo), With 1pg,, the
number density of haloes (in units of cMpc~?) and M, halo mass.
As a reference, we also show the Sheth-Tormen (ST) halo mass
function at z = 7, which is computed with the COLIBRI' library.
L35 covers a halo mass range of (1.7 x 108-3.6 x 10'") M, while
L100 has haloes with mass (4.2 x 10°~10'?) M. Within the range

Thttps://github.com/GabrieleParimbelli/COLIBRI
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(4.2 x 10°-3.6 x 10'") M, the halo mass functions of these two
simulations are broadly consistent, and both of them are roughly
consistent with the ST halo mass function.

2.2 The semi-analytic code L-GALAXIES 2020

LG20 includes almost all the known physical processes related to
galaxy formation (Henriques et al. 2020), e.g. gas cooling, star
formation, galaxy merger, supernovae feedback, black hole growth,
and AGN feedback. Compared to the previous version (i.e. Henriques
et al. 2015), LG20 adds molecular hydrogen formation, chemical
enrichment, and spatial tracking of the gas and stellar disc in
galaxies, models of stellar population synthesis, dust, tidal effects,
and reincorporation of ejected gas.

Specifically, the star formation rate (SFR) is proportional to the
H, surface density (Fu et al. 2013), i.e. Xgpr = @y, Xn, /fayn, Where
the star formation efficiency ay, is a free parameter, and 4y, is the
galactic dynamical time-scale as a function of halo mass. The H,
surface density Xy, is modelled through the cold gas mass, the H,
fraction within the H surface density, and the metallicity.

A burst of star formation happens after a halo falls into a larger
system, i.e. halo merger, with a time delay f;cion due to dynamical
friction. In LG20, fgicion 18 computed with the formulation of
Binney & Tremaine (1987), which depends on the mass and radius
of the two merging haloes:

2
V200eT 5

— (H
GMsat,tollnA

Ifriction = O'friction
where the efficiency factor ogicion 1S @ free parameter, G is the
gravitational constant, rg, is the radius of the satellite galaxy,
Mt 1or 1s the sum of dark-matter and baryonic mass of the satellite
galaxy, InA = In(1 4+ Maooc/ My, 101) 1s the Coulomb logarithm, M>go.
and V. are the virial mass and velocity of the major halo with
overdensity larger than 200 times the critical value of cosmic density.
The SFR triggered by mergers is modelled through the ‘collisional
starburst” formulation (Somerville, Primack & Faber 2001):

M, PBSF, burst

SFRbursl = O'SF, burst (7) Mcold, tots (2)
M,

where osp, purst a0d Bsk, burst are two free parameters describing the

star formation efficiency of a burst, M| and M, are the baryonic mass

of the two merging galaxies with M| < M», and M4, 1o 18 their total

cold gas mass.

Supernovae explosions happen at the end of the stellar lifetime,
reheating the cold gas and enriching the ISM with metals. In LG20,
the mass reheated by supernovae is proportional to the stellar mass
returned into the ISM (AM,), i.e. AM cheat = €disc AM,, Where € g
is the efficiency factor given by (Henriques et al. 2020):

Vmax —Breheat
054+ —— , 3
< Vrcheat ) :|

where €reheats Vieheats aNd Prenear are three free parameters. Viax 1s
the maximum circular velocity of the dark-matter halo, which is
related to the halo mass. Note that the energy required to heat such
mass, i.e. A Eehear = % A M eheat szooc’ should be lower than the energy
AEgy released by supernovae that is effectively available to the gas
components. Since haloes at z > 6 are generally not very massive,
we assume that the condition AE\eper < AEsy is always satisfied.
There are two channels to grow the mass of massive black holes
within galaxies (Croton et al. 2006). The main channel is the halo
merger, that can trigger a strong accretion of the central black holes

€disk = €reheat X

MNRAS 522, 3284-3297 (2023)

(i.e. quasar mode). The accreted gas mass of the merger between two
neighbouring snapshots (with time difference #4i¢r) depends on the
properties of the two galaxies (Henriques et al. 2015):

fBHMcold,tot X (Msul/Mccn)
1+ (Ve / Vaooe)?

where M, and M, are the baryon masses of the central galaxy
and satellite galaxy, the fraction of accreted cold gas into black hole
fsu, and the virial velocity Vgy at which the accretion saturates are
two free parameters. The accretion rate can be simply estimated as
AMpgy, o/taisr, while the actual accretion rate might be higher, as g
might be larger than the real lifetime of the quasar. The other channel
is the accretion of hot gas (i.e. radio mode), which is also the main
source of the AGN feedback on star formation. Its accretion rate is
computed with a modified version of the model proposed by Croton
et al. (2006):

. Mo Mpu
Mgy =k , 5
s (20 () 5

where the accretion efficiency kagn is a free parameter, My, is the
mass of hot gas within the host galaxy, and Mgy is the black hole
mass.

In this work, we only focus on the star formation efficiency,
halo merger, supernovae feedback and AGN feedback, and keep the
default models for other processes, e.g. the gas cooling, the chemical
enrichment, the reincorporation of ejected gas, the tidal and ram-
pressure stripping, and the tidal disruption. We do not apply the dust
model of LG20, but assume the escape fraction to compute the UV
luminosity function and the budget of ionization photons following
Park et al. (2019):

for = f ( M )ﬁ“ ©
es,h — JO.u s
' 108 M,

where fo ; is a function of the photon wavelength A in rest-frame,
Mg, 1s the stellar mass within the galaxy, and the index factor S is a
free parameter to describe the dependence of f; ; on the stellar mass
of the galaxy. Note that f; ;, includes the dependence of absorption
of dust and neutral gas on the frequency of the emitted photons, so
that its value should be lower for H ionizing photons than for non-
ionizing photons, as in the latter case only absorption from dust is
effective. To simplify the discussion, we use only two values for fj ;,
ie. fo» = 0.25 at L = 1600 A (to match the UV luminosity function
of our fiducial model with observations at z = 7; see Fig. 5), and
fo., = 0.1 for ionizing photons (in order for our fiducial reionization
history to be consistent with the Thomson scattering optical depth
measured by CMB experiments; see discussion in Section 3.2). In
the following therefore only S, is a free parameter.

In summary, in the models considered here, we have 11 free
parameters, which are summarized in Table 1. In Section 3, we
will investigate how these parameters affect the global SFR history,
the UV luminosity function, the reionization history, and the 21-cm
power spectrum during the EoR.

AMgyqg = , 4)

2.3 The radiative transfer code GRIZZLY

Since the above simulations and formalism do not include radiative
transfer, which is crucial to properly model the EoR, we use the
results of the N-body dark-matter simulations and LG20 as input for
the 1-D radiative transfer code GRIZZLY to describe the H1ionization
and heating. GRIZZLY is very efficient in evaluating the ionization
and heating processes and the differential brightness temperature of
the 21-cm signal (677 ¢m). The algorithm is based on pre-computed

€202 AINF GO U Jasn uaBuluoiD yeYsIEAIUNSYITY AQ ZHS0V L L/Y8ZE/E/Z2G/RI0IMe/SeIuwW /W0 dno-olWapeo.//:Sdjy WOy papeojumod



Galaxy formation and 21-cm signal 3287

Table 1. Galaxy formation model parameters with their fiducial values from LG20 (see text for details). The smaller one refers to 20 per cent of the
fiducial value, and the larger one to five times the fiducial value. Differently, the escape fraction model parameter B.s has a fiducial value of 0, while the

smaller/larger is —0.5/0.5.

aH, Ufriction QSF, burst ﬂSF, burst €reheat Vieheat ,3 reheat f BH VBH kaGN ﬁ es
fiducial 0.06 1.8 0.5 0.38 5.6 110 2.9 0.066 700 0.0025 0
smaller 0.012 0.36 0.1 0.076 1.12 22 0.58 0.0132 140 0.0005 —-0.5
larger 0.3 9 2.5 1.9 28 550 14.5 0.33 3500 0.0125 0.5
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Figure 2. Average iSED ((iSED)) after normalization by the stellar mass of
the galaxies (black), with the 1o area (grey) of ~2.8 x 10° galaxies at z =7
in the simulation L100 with fiducial parameter values.

ionization and temperature profiles of gas for different source and
density properties at various redshifts. During the later stages of the
EoR, when the ionized bubbles merge into bigger ones, GRIZZLY also
corrects for the effects of overlap by conserving the ionizing budget.

We use the gridded density fields derived from the N-body simula-
tions and the galactic properties (i.e. stellar mass and stellar age, see
below) computed from LG20, as inputs for GRIZZLY. Note that the
gas density is assumed to scale constantly with the dark-matter. The
matter density and galactic properties from the simulations L.100 and
L35 are gridded with 100* and 35° cells, respectively, ensuring the
same cell resolution of 1 4~! cMpc for the RT calculation.

The spectral energy distributions (SEDs) of stellar sources are
calculated using the Binary Population and Spectral Synthesis
(BPASS) code (Stanway & Eldridge 2018). To take into account the
history of star formation in the evaluation of the physical properties
of the ionized regions, we integrate the SED over the stellar age, i.e.
the time from the birth of stars to the output redshifts. We refer to this
as an integrated SED (iSED). Although LG20 can output iSEDs for
each galaxy, for convenience, we adopt the one obtained by averaging
the iSEDs normalized by the stellar mass of galaxies. In this case,
the outputs from LG20 required to run GRIZZLY are only the stellar
mass and the stellar age of galaxies, but not the full SED for each
galaxy, that saves computing time both for LG20 and GRIZZLY. As a
reference in Fig. 2, we present the average iSED after normalization
by the stellar mass of the galaxies with the 1o area of ~2.8 x 103
galaxies at z = 7, obtained from the simulation L100 with fiducial
parameter values. This shows that the stellar mass normalized iSEDs
have a very small scatter (e.g. root mean square o value is <10
per cent of the mean value). We also check that the stellar mass
normalized iSEDs are sensitive neither to the galaxy models (i.e. the
parameters listed in Table 1 except Bs) nor the output redshifts (see

the discussion in Appendix A). This is due to the fact that although
the UV emission of stellar sources is dominated by massive young
stars, both the stellar mass and the iSEDs are integrated over the
whole star formation history, i.e. the iSEDs are proportional to the
stellar mass of galaxies.

Finally, GRIZZLY computes the 875 ., and the associated power
spectrum, where 675 ¢ 1S defined as:

6171 em = 27mK

Quh? /014 142
0.023 \ Quh? 10

0.5
) X (1 + 8m)(1 — xun),
(7)

where xy; is the ionization fraction and 4., is the overdensity of mat-
ter. As the main goal of this work is to introduce POLAR, we neglect
the effect of redshift space distortions, as well as the contribution of
X-ray sources, and we assume that the spin temperature (7s) is always
much larger than the CMB temperature, i.e. Ts > Tcump, focusing
instead on the effect of different galaxy formation models. The

power spectrum is estimated as Py (k) = <8 T Cm(l_c))ﬁ T Cm(—I_c))>,

where 675, Cm(/?) is the Fourier transfer of 7% .. We will use its di-
mensionless form A%l emk) = k3/(21%) X Py (k) in the following
discussions.

3 RESULTS

To test how the parameters of galaxy formation and escape fraction
models affect the observed galaxy properties and 21-cm statistics,
we take three values for each parameter: the fiducial ones for the
galaxy formation model correspond to the best-fitting values by LG20
(Henriques et al. 2020), while the smaller (larger) ones are 20 per cent
(5 times) to the fiducial values. The fiducial, smaller and larger value
of the escape fraction parameter S is 0, —0.5, and 0.5, respectively.
All these values are listed in Table 1.

We note that running POLAR for 56 outputs takes less than two
CPU hours, i.e. only a few minutes for each output, with the exact
running time depending on the parameter values and the redshift
(outputs at lower z are typically more computationally expensive).

3.1 Properties of galaxies

Fig. 3 shows the evolution of the SFR density pspr as a function
of redshift for the 10 parameters (except B.s) describing galaxy
formation and evolution as listed in Table 1. As a supplement in
Appendix B, we also present the evolution of the stellar mass density
pum,, which presents features similar to those of the pspr shown here.

With smaller (larger) star formation efficiency oy, , the pspr are as
expected lower (higher) at z > 10, while they converge at z < 8 due
to supernova feedback effects, i.e. higher star formation results in
more supernova feedback that further reduces the star formation (see
discussion of Fig. 4 in the following). The two series of simulations
show similar evolution features, but L35 has a higher pgpr at z >

MNRAS 522, 3284-3297 (2023)
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Figure 3. Evolution of SFR density pspr as a function of redshift z, for different values of the galaxy formation parameters i, , Cfrictions SF, burst> BSF, bursts
€reheats Vreheats Breheats fBH» VBH, and kagn, from left to right and from top to bottom. Each panel shows the results of the corresponding parameter with smaller
value (dashed line), fiducial value (solid line), and larger value (dash—dotted line) in simulation L100 (cyan thick lines) and L35 (magenta thin lines). The black
data points with error-bars refer to the observational data as summarized in Ma et al. (2017).
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12, as the simulation with higher resolution can resolve more small
haloes that dominate star formation at such high z.

Changing the merger and starburst parameters (i.e. frictions
ask burst: and  Bsg purst) has negligible effects on pgpr of L100.
Differently, it changes the results of the higher resolution simulation
L35, e.g. the SFR becomes lower by increasing ®cion (i.€. higher
time delay of mergers), while it increases by increasing the starburst
efficiency osp, purst- Since in equation (2) M; < M,, an increase of
BsF, burst Tesults in a lower SFR. As discussed in the following Fig. 4,
this is because the high resolution N-body simulation resolves more
neighboring haloes that can more easily merge.

The supernova feedback parameters (i.€. € eheats Vieheats and Breheat)
affect pspr in both series of simulations. A smaller (larger) feedback
efficiency (i.e. €ehear) leads to a higher (lower) pspr in both simu-
lations. While in L100 the impact is more significant at z < 10, in
L35 pspr converges at z ~ 6, as star formation here is dominated
by merger induced starbursts, thus reducing the effect of supernova
feedback on the total SFR. The parameters Viehear and Brepear regulate
the dependence of supernovae feedback on the halo mass (see the
equation (3) and Fig. 4), which results in different evolution features
of pspr in simulations 100 and L35, specifically the latter shows
much larger differences than the former at z > 10.

The AGN parameters (i.e. fgu, Viu, and kagn) do not have large
effects on pgpgr in both series of simulations. It is because the energy
of AGN is proportional to the black hole mass and the hot gas mass
in the galaxies (see equation (5)), i.e. the AGN feedback is more
significant in the most massive haloes, which are very rare during
the EoR.

As a reference, we also display observational data as summarized
in Ma et al. (2017). These are roughly consistent with our predicted
psrr from both series of simulations, although the observations still
have large error-bars.

To better understand some of the features emerging in Figs 3, 4 we
present the SFR distributions at z = 7 as functions of the halo virial
mass M. They are computed as Asgr/Alog;o(Myir)/ ZSFR, where
Ajog oMy 18 the bin-width of My, Agr is the sum of the SFRs of
haloes within the bin, and > spr denotes the total SFR. Note that, to
have a consistent comparison, the > sgr used here is the same for
all lines, i.e. from the L100 simulation with the fiducial parameter
values. A smaller (larger) oy, results in a lower (higher) SFR in
massive haloes (i.e. My, > 10'° M), while the trend is reversed in
the less massive ones, especially in the L35 simulation. This is due to
the effects of supernovae feedback on star formation, i.e. supernovae
formed at early times can reduce the SFR in the less massive haloes
by reheating the cold gas, while this effect is weaker in the massive
haloes that have higher cooling rates and more cold gas. Note that
supernovae explosions happen with a time delay after the formation
of stars, which is very short for massive stars.

The merger and starburst parameters do not affect the SFR
distributions as a function of M,; in simulation L100, while they
significantly change the SFR of haloes with M, < 10'°Mg in
simulation L35, e.g. the distribution amplitudes with the smaller
and larger arsp purs; values have ~1 dex difference at My; ~ 1088 M.
Since more small haloes are resolved in the high resolution simulation
(i.e. L35), and they are close to each other, mergers happen more
often than in simulation L100. However, the SFR within haloes with
M., > 10'° My, is not very sensitive to the merger models for either
simulation.

A smaller (larger) supernovae feedback efficiency factor €repeat
increases (decreases) the SFR within haloes with M,;; < 10'°Mg
in simulation L100, while it has no such obvious effect in L35.
One reason is that the star formation of less massive haloes in L35
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is dominated by mergers, which reduces the impact of supernovae
feedback on the SFR. As mentioned before, Vienear and Brepea relate
the supernovae feedback to the halo mass, and thus shape the
dependence of SFR on M,;,. For example, in L35, with smaller Viepea
and Breheat values the SFR of less massive haloes (M.;; < 10° M)
is much higher than the corresponding one with fiducial and larger
values, and the latter two cases show similar SFRs. This is because
with smaller Viehear and Brenear Values, the supernovae feedback within
less massive haloes are much smaller (see equation (3)), with the
consequence of significantly increasing the SFR of these haloes.
Since the SFR of less massive haloes in L35 is dominated by
mergers, these overcome the effect of supernovae explosions, so
that a higher supernovae feedback (i.e. larger Viepea and Bienear) does
not visibly reduce the SFR. At M;; > 10° Mg, the SFR is similar for
all values of Vienear and PBrenears 1.€. the supernovae feedback effect
is weak on SFR within massive haloes. In L100, the SFRs with
smaller Vienear and Brenear are higher than those with fiducial values at
M < 1010 Mg, while they are similar within more massive haloes.
With larger parameter values, the SFRs are lower than those with
fiducial values at My;; < 10'° M, while they also increase the SFRs
of some more massive haloes.

Consistent with earlier results, the effects of the AGN model
are only important for the very massive haloes, that are rare in
our simulations. Changing all three related parameters does not
obviously affect the SFR distributions in the haloes of either series
of simulations.

Fig. 5 shows the UV luminosity function ¢ at the rest-frame wave-

length A = 1600 A for different galaxy formation and escape fraction
model parameters. The absolute magnitude of galaxy luminosity at
% = 1600 A is computed as:
Mie00, AB = —g log,, (fes.k%) —48.6, (3)
where Figo is the galaxy brightness at & = 1600 A, and R = 10 pc.
As a comparison, we also show the observations of ¢ at z = 7
(Bouwens et al. 2021) (see Appendix C for more comparisons
at different redshifts). Note that, as mentioned earlier, we fix the
parameter fy, = 0.25 at A = 1600 A to match our results with
observations. The shape and amplitude of the measured ¢ are
consistent with our fiducial model in simulation L35, while they
are slightly lower than the ¢ at M 600 ap < —22 from simulation
L100. This may be caused by the bias associated to the small field
of view of surveys (see e.g. Bouwens et al. 2021), which might not
cover enough bright objects.

In general, the differences induced on ¢ by different parameters
are much smaller than those on the SFR distributions shown in
Fig. 4. Specifically, three star formation efficiency ay, values result
in similar ¢ for both simulations, except that the smaller (larger) ay,
produces a lower (higher) ¢ at M09, A > —15 in L100. We note
that, limited by the resolution of N-body simulations, the luminosity
functions are not robust at the faint end, due to the lack of low mass
haloes (see Fig. 1).

Although the merger parameters Cfiiction, SF. bursts aNd BSF, burst
obviously affect the SFR density (Fig. 3) and the SFR distribution
(Fig. 4) of simulation L35, their effects on ¢ are not very significant.
The slight differences are mostly at the bright end (i.e. Mj¢00, aB <
—18). Similarly, some small differences appear in simulation L100,
at the very bright end e.g. Mep0, o < —21. The reason for this is
that mergers can trigger very strong star formation, thus leading to
very high UV radiation.

The effects of supernovae feedback on ¢ are only visible at the
faint end (e.g. Mi600, ap > —18 of simulation L100 and M 00, aB >
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Figure 5. UV luminosity function ¢ at the rest-frame wavelength A = 1600 A and z = 7 for different values of the galaxy formation parameters o, , friction»
O(SF, bursts BSF. bursts €reheat> Vreheats Breheats /BH> VBH,> KAGN, and Bes, from left to right and from top to bottom. Each panel shows the results of the corresponding
parameter with smaller value (dashed line), fiducial value (solid line), and larger value (dash—dotted line) in the simulation L100 (cyan thick lines) and L35
(magenta thin lines). The blue triangle with error-bars are observations at z = 7 from Bouwens et al. (2021).

—16 of simulation L35), as supernovae explosions mainly affect
star formation in the less massive haloes (see the Fig. 4), that have
low SFR and thus low UV luminosity. Since the fainter galaxies
are very hard to detect even for JWST, the impact on ¢ caused by
supernovae feedback might be hard to confirm with observations
of UV luminosity functions. Consistently to Figs 3 and 4, the UV
luminosity function ¢ is not sensitive to the AGN model.

The escape fraction parameter (i.e. S.s) dramatically affects the
shape of ¢, e.g. with B.; = —0.5, both simulations present more
faint UV luminosities but fewer bright ones, while with positive
Bes, the UV luminosities of massive galaxies are increased, thus the
simulations show more bright UV luminosities, but the number of
faint ones is reduced. Compared to the observational results, it seems
that they are consistent with Bes = 0.

In summary, the observed UV objects during the EoR are mostly
bright ones, their luminosity functions are not very sensitive to
the changing of many galaxy formation parameters, thus the UV
luminosity function by itself is not enough to constrain the galaxy
formation model. However, some parameters, e.g. the starburst and
the escape fraction ones, should be possibly limited by the UV
luminosity functions.

3.2 Reionization and 21-cm signal

Fig. 6 shows the history of volume averaged ionization fraction
(X¥gy) with different galaxy formation and escape fraction model
parameters. Because the number of ionizing photons is related to the
stellar mass (see the discussions in Section 2.3), the behaviour of Xy
looks similar to the one of the stellar mass density (see Fig. B1). In
the fiducial model, Xy from L100 is lower than that of L35 at z > 11
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due to the lower SFR density of L100 (see Fig. 3), while it becomes
similar at lower z, with Xy, = 0.5 at z & 7.8. Assuming Xge; = Xgu
and that helium is fully ionized at z = 3, the corresponding CMB
optical depth is 7 & 0.059. As a reference, the one measured by the
Planck satellite is 0.054 £ 0.007 (Planck Collaboration VI 2020).

Similarly to the evolution of stellar mass density in Fig. B1, with
a smaller (larger) star formation efficiency oy, , Xuy is lower (higher)
at z > 12 in both L100 and L35, while they converge towards the
end of the EoR. The merger and starburst models affect Xy, only
in L35, with visible differences at z < 10, when mergers are more
frequent. For example, a smaller (larger) cfiction @and Bsk. burst leads
to higher (lower) Xy, while a smaller (larger) asg, purst results in
lower (higher) Xy ;. As supernovae feedback can reduce the SFR and
stellar mass density (see Figs 3 and B1), it also affects the evolution
of Xy . For example, with smaller (larger) € epears Vieheat> and Breheats
Xuu throughout the whole EoR period becomes much higher (lower)
in both simulations. The AGN models do not appreciably affect
the ionization process. As a negative f. (i.e. —0.5) increases the
budget of ionizing photons from low mass galaxies (stellar mass M,
< 108 M), it dramatically speeds up the ionization process in both
simulations. Instead, a positive B (i.e. 0.5) reduces the output of
ionization photon radiation from low mass galaxies, while it increases
the one from massive galaxies. However, since there is a paucity of
massive galaxies, the net effect is that the positive B¢, delays the
ionization process, especially in simulation L35.

3.2.1 21-cm power spectra at halfway point of EoR
Fig. 7 shows the power spectra A2, (k) of the 8T o at Xyy = 0.5

2lcm
of simulation L100. The results from L35 are not shown, as its small
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cell number (i.e. 35%) leads to very large sample variance on the
power spectra. The different values of parameters, e.g. star formation
efficiency op,, time delay factor of mergers @gicion, SuUpernovae
feedback models (€ cheats Vreheats A0 Breheat), and escape fraction index
factor Bes, result in obviously different A2, . at k > 0.15cMpc™!,
while other parameters — i.e. starburst model (¢sp, purst and Bsk, burst)
and AGN model (fgu, Vau, and kagn) — have no significant effects
on A3,

Specifically, a higher (lower) SFR speeds up (delays) the ionization
process, so that the Xy, = 0.5 value is reached at different redshifts
(see Fig. 6). When Xy, = 0.5 happens at higher (lower) redshifts,
the 67, .m presents larger (smaller) amplitudes of A§1 m> €specially
at small scales. For example, with a smaller (larger) € chear, the SFR
and stellar mass densities are much higher (lower), thus the ionizing
process is faster (slower), with the consequence that A%, at k >
0.15cMpc~" is ~10 per cent higher (lower) than in the case with the
fiducial €epeqe Value. A similar effect is associated with the parameters
ap, and Aicion, although the differences induced on A%l om are only
few percents. Differently, both the smaller and larger Viehear and
Brenear Values result in an amplitude of A%l «m higher than the fiducial
one, due to their complicated relation to the star formation of haloes
(see Fig. 4). Although a larger Vienear and Brenear reduce the global
SFR and thus delay the ionization process (see Figs 3 and 6), they
also increase the SFR of some massive haloes (see Fig. 4), leading to
larger size of ionized bubbles around these haloes, and thus to higher
fluctuations of 675 .m, and to a higher A%lcm. With B, = —0.5,
Xyn = 0.5 is obtained at very high z (i.e. 9.3), which results in a
A3, .., much higher than the fiducial one. With B = 0.5, the A3, .,
is similar to the fiducial one at k > 0.2Mpc~! (i.e. small scales),
while much higher than the latter at k < 0.1 Mpc™' (large scales).
It is because the positive S significantly increases the size of the
ionized bubbles surrounding very massive galaxies, which in turn

changes the fluctuations of 675 ¢

3.2.2 Evolution of 21-cm power spectra

Fig. 8 shows the evolution of A3, of simulation L100 at k =
0.29cMpc™', as a function of redshift. We do not show A3, at
k = 0.1 cMpc~' as it is dominated by sample variance, and thus it is
not robust. Note that the assumption of Ts >> Tcmp only works after
heating from X-ray sources, thus the results of A3, . are valid only
below a certain z, which depends on the X-ray source model adopted
(Ma et al. 2021).

Since ionization is very weak in the beginning of the EoR, the
fluctuations of 67%;.n are dominated by the matter density, thus
all models present a similar A}, . at z > 13. With decreasing
redshift, the fluctuations of ionization fraction xy start to dominate
the amplitude of A3, ., which peaks at z ~ 8 (¥gy ~ 0.45) in the
fiducial model.

The differences of A3, caused by the different values of param-
eters, are mostly at z < 10. Specifically, the supernovae feedback
models (i.e. parameters €eheats Vieheat> aNd Prenear) show the most
pronounced differences, as supernovae feedback strongly affects the
star formation during the EoR (see Fig. 3) and thus the ionization
history (see Fig. 6). Instead, only slight differences are visible for
different values of the star formation efficiency oy, and the time
delay parameter of merger cgicion. Lypically, the higher the redshift
at which the peak in A%, happens, the larger its amplitude is e.g. for
parameters oy, and €rheqr. Differently, both the smaller and larger
values of Viepear and Brenear have peak amplitudes of A%lcm higher
than the fiducial ones, although their ionization histories are clearly
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different from each other (see Fig. 6). As mentioned earlier, this is
due to the complicated dependence of the galactic star formation on
Vieheat and Prenear for different halo masses. The negative B (i.e.
—0.5) leads to very early ionization, and thus to a clearly different
A3, .., evolution history, while the A3, .. with positive Be (.. 0.5)
is roughly consistent with the fiducial one. Changing the starburst
parameters asg, purst a0d Bsk, purst, as well as the AGN models (i.e. fzn,
Veu, and kagn) does not visibly affect the evolution of A% Lom-

4 DISCUSSION AND CONCLUSIONS

Ongoing and upcoming observations, e.g. with the JWST and SKA
telescopes, respectively, will enable us to measure both the galaxy
properties and the 21-cm signal during the EoR. In order to optimally
exploit these forthcoming data, we have designed POLAR, a novel
seminumeric algorithm obtained by including the semi-analytical
model for galaxy formation L-GALAXIES 2020 (Henriques et al.
2020) within the 1D radiative transfer code GR1ZZLY (Ghara et al.
2018). POLAR is then able to describe consistently both the galaxy
formation and the reionization process. Compared to previous works
(e.g. Park et al. 2020; Zhang et al. 2022), our framework is based on
a well established and widely used semi-analytic model of galaxy
formation, which allows for the inclusion of an extensive network
of physical processes. POLAR is similar to the seminumerical models
ASTRAEUS (Hutteret al. 2021) and MERAXES (Mutch et al. 2016),
but with different modelling for galaxy formation and radiative
transfer. More specifically, while POLAR is based on a 1D radiative
transfer approach, which allows also for a more accurate modelling of
the source spectra and their effect on the temperature and ionization
state of the gas, in ASTRAEUS and MERAXES the evolution of the
ionized regions is followed by essentially comparing the number of
emitted photons to the number of absorptions. While in this paper,
we only introduce POLAR and explore the effect of a few selected
parameters on the galaxy and reionization process in the future, we
will use it to perform a parameter fitting based on MCMC techniques,
which is possible due to the low computation requirements of POLAR.

With the newly published GADGET-4 code (Springel et al. 2021),
we ran two N-body simulations of limited box length 100 cMpc 2!
(named L100) and 35 cMpc 4~! (named L35), which resolve a min-
imum halo mass of ~4.2 x 10° and ~1.7 x 108 Mg, respectively.
These simulations have a consistent halo mass function within the
range (4.2 x 10°-3.6 x 10'") M. Using the merger trees and dark-
matter density fields as inputs, and adopting the best-fitting values for
the galaxy formation parameters from Henriques et al. (2020), with
POLAR we obtain a star formation history, UV luminosity function and
CMB Thomson scattering optical depth consistent with observations
in the literature.

As this first paper is meant as a proof of concept of our new
method, the N-body simulations do not reach sizes necessary for
21-cm studies (i.e. several hundreds of cMpc), nor do they resolve
small-mass haloes which could be relevant during the earlier stages
of the reionization process. We note that, although POLAR has so
far proven to be very efficient, the computation time required to
run it on larger or higher resolution simulations will necessarily
increase and possibly render an MCMC approach inefficient. In this
case, we expect to rely on the additional use of specifically designed
emulators, similarly to what were done in Ghara et al. (2020); Mondal
et al. (2022). We also note that the inclusion of smaller haloes should
be accompanied by a modelling of radiative feedback effects, which
are expected to affect their star formation (see e.g. Hutter et al. 2021;
Legrand et al. 2023).
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We investigate how the galaxy formation and escape fraction
models affect the results in terms of star formation history, UV
luminosity function, ionization history, and 21-cm power spectrum.
We find that the star formation and the ionization history are
very sensitive to the supernovae feedback models, as supernovae
explosion can efficiently reduce star formation within low mass
haloes. They are also significantly affected by the star formation
efficiency during the early stage of the EoR, while towards the end of
the EoR supernovae feedback can offset the effects of star formation
efficiency. The starburst triggered by mergers is important in our
high resolution simulation L35, while its effects on star formation
and ionization are negligible in L100. The ionization history is very
sensitive to the escape fraction model, as it can significantly affect
the budget of ionizing photons. On the contrary, the AGN feedback
model does not affect significantly any of the results.

The UV luminosity function is very sensitive to the escape fraction
model (e.g. the slope of UV luminosity function), and indeed not all
our models are consistent with observations (e.g. Bouwens et al.
2021). The parameters describing supernovae feedback and star
formation efficiency may be difficult to constrain with observations
of the UV luminosity function, as they have an effect only on its
faint end, but these faint galaxies are hardly observed. Differently,
since galaxy mergers can trigger very strong star formation and
consequently high UV radiation, the merger and starburst model can
affect the bright end of the UV luminosity function.

As the 21-cm power spectra from simulation L35 are dominated
by sample variance in this paper, we have only discussed those from
L100. We find that they are very sensitive to the supernovae feedback
and the escape fraction model, while only weakly sensitive to the star
formation efficiency and the galaxy merger model. Usually, an earlier
ionization results in higher amplitudes of the 21-cm power spectra,
while we find that both the smaller and larger value of the parameters

describing supernovae feedback give a 21-cm power spectrum larger
than the one obtained with the fiducial parameter. This is because of
their complex dependence on the halo mass.

POLAR, the new tool introduced in this paper, provides an ef-
ficient way build a consistent and realistic galaxy formation and
reionization process. In this framework, the different dependence
of e.g. UV luminosity functions and 21-cm power spectra on the
galaxy formation and escape fraction models would help to reduce
the degeneracy between parameters and to exploit at best state-of-the-
art multiwavelength observations from the high-redshift universe, as
offered by e.g. HST, JWST, ALMA, LOFAR, and the planned SKA
and EELT (European Extremely Large Telescope).
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APPENDIX A: INDEPENDENCE OF ISED ON
THE REDSHIFT AND MODEL PARAMETERS

Fig. Al shows the average iSED ((iSED)) from simulation L100
with fiducial parameter values at eight redshifts between 15 and 6.
Note that, to clearly presents the differences caused by the redshift
evolution, the 1o areas are not shown. From Fig. Al, we can see
that (iSED) does not evolve significantly during the EoR. This is
because, following the integration along cosmic time, the iSED of
galaxies is proportional to the stellar mass within galaxies, so that
after normalization by the stellar mass, (iSED) shows negligible
evolution with redshift.

Fig. A2 shows (iSED) at z = 7 from simulations with different
values of the ten free parameters describing the galaxy formation
model. (iSED) displays no clearly visible changes due to the galaxy
formation model, and they are almost the same from simulation L100
and L35.
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Figure Al. Average iSED ((iSED)) after normalization by the stellar mass
of the galaxies at eight redshifts from 15 to 6 in simulation L100 with fiducial
parameter values.
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APPENDIX B: EVOLUTION OF STELLAR MASS
DENSITY

Fig. B1 shows the evolution of the stellar mass density py, as a
function of redshift for different values of the ten free parameters
describing the galaxy formation model. The evolution features are
roughly consistent with those of the SFR shown in Fig. 3. Specifically,
changing star formation efficiency ay, and supernova feedback
parameters (i.€. €rehears Vieheat> aNd PBrenear) Visibly affect the evolution
of py, . The curves corresponding to different values of oy, converge
at end of the EoR, due to the supernova feedback that offsets the
effects of increasing/decreasing oy,. The impact of starburst due to
mergers is significant only in simulation L35, but negligible in L100.
The AGN feedback models have no obvious effects on pyy, .

The curves look much smoother than those of the SFR shown in
Fig. 3 because the stellar mass within the galaxies results from an
integration of the SFR history.
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Figure A2. Average iSED ((iSED)) after normalization by the stellar mass of the galaxies at z = 7, for the galaxy formation parameters oy, , Cfriction» O'SF, burst»
BSF, burst> €reheats Vieheat> Breheat» fBH»> VBH, and kagn, from left to right and from top to bottom. Each panel shows the results of the corresponding parameter with
smaller value (dashed line), fiducial value (solid line), and larger value (dash—dotted line) in the simulation L100 (cyan thick lines) and L35 (magenta thin lines).
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Figure B1. Evolution of stellar mass density py, versus redshift z for the galaxy formation parameters oy, , Ofriction> @SF, burst> BSF, burst> €reheat> Vreheat> Breheats
fsu, VBu, and kagN, from left to right and from top to bottom. Each panel shows the results of the corresponding parameter with smaller value (dashed line),
fiducial value (solid line), and larger value (dash—dotted line) in the simulation L100 (cyan thick lines) and L35 (magenta thin lines).

APPENDIX C: COMPARISON OF UV
LUMINOSITY FUNCTIONS WITH
OBSERVATIONS

As a supplement to the UV luminosity function ¢ shown in Fig. 5,
Fig. C1 presents the ¢ of the fiducial model at four redshifts in both
simulation L100 and L35, together with recent high-z observations
from HST (Oesch et al. 2018; Stefanon et al. 2019; Bowler et al.
2020; Bouwens et al. 2021) and JWST (Donnan et al. 2023). The

MNRAS 522, 3284-3297 (2023)

luminosity functions of the fiducial model are broadly consistent
with the observations at four redshifts. Due to the lack of low
mass haloes in L100, the corresponding luminosity functions at
M600, A > —18 are not robust, while those from L35 in the same
range are consistent with observations. Note that the ¢ from Bowler
et al. (2020) and Donnan et al. (2023) are at » = 1500 A, while
our computed luminosity functions are at A = 1600 A. However, the
differences are expected to be very small.
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Figure C1. UV luminosity functions ¢ at the rest-frame wavelength A = 1600 A of the fiducial model in the simulation L100 (cyan thick lines) and L35

(magenta thin lines). From left to right, top to bottom, the four panels are the results at z = 7, 8, 9, and 10, respectively. The observation data points are from
Oesch et al. (2018) (green diamond), Stefanon et al. (2019) (red circle), Bowler et al. (2020) (green down triangle), Bouwens et al. (2021) (blue up triangle),

and Donnan et al. (2023) (yellow square). Note that the results of Bowler et al. (2020) and Donnan et al. (2023) are at > = 1500 A.

This paper has been typeset from a TeX/IATEX file prepared by the author.

MNRAS 522, 3284-3297 (2023)

€202 AINF GO U Jasn uaBuluoiD yeYsIEAIUNSYITY AQ ZHS0V L L/Y8ZE/E/Z2G/RI0IMe/SeIuwW /W0 dno-olWapeo.//:Sdjy WOy papeojumod


art/stad1203_fC1.eps

	1 INTRODUCTION
	2 METHODS
	3 RESULTS
	4 DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: INDEPENDENCE OF ISED ON THE REDSHIFT AND MODEL PARAMETERS
	APPENDIX B: EVOLUTION OF STELLAR MASS DENSITY
	APPENDIX C: COMPARISON OF UV LUMINOSITY FUNCTIONS WITH OBSERVATIONS

