
 

 

 University of Groningen

POLAR - I
Ma, Qing Bo; Ghara, Raghunath; Ciardi, Benedetta; Iliev, Ilian T.; Koopmans, Léon V.E.;
Mellema, Garrelt; Mondal, Rajesh; Zaroubi, Saleem
Published in:
Monthly Notices of the Royal Astronomical Society

DOI:
10.1093/mnras/stad1203

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ma, Q. B., Ghara, R., Ciardi, B., Iliev, I. T., Koopmans, L. V. E., Mellema, G., Mondal, R., & Zaroubi, S.
(2023). POLAR - I: linking the 21-cm signal from the epoch of reionization to galaxy formation. Monthly
Notices of the Royal Astronomical Society, 522(3), 3284-3297. https://doi.org/10.1093/mnras/stad1203

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 11-09-2023

https://doi.org/10.1093/mnras/stad1203
https://research.rug.nl/en/publications/b4f60d39-98c9-4541-a612-b3752a0abc7e
https://doi.org/10.1093/mnras/stad1203


MNRAS 522, 3284–3297 (2023) https://doi.org/10.1093/mnras/stad1203 
Advance Access publication 2023 April 24 

POLAR - I: linking the 21-cm signal from the epoch of reionization to 

galaxy formation 

Qing-Bo Ma, 1 , 2 ‹ Raghunath Ghara , 3 Benedetta Ciardi, 4 Ilian T. Iliev , 5 L ́eon V. E. Koopmans , 6 

Garrelt Mellema , 7 Rajesh Mondal 8 and Saleem Zaroubi 3 , 6 
1 School of Physics and Electronic Science, Guizhou Normal University, Guiyang 550001, PR China 
2 Guizhou Provincial Key Laboratory of Radio Astronomy and Data Processing, Guizhou Normal University, Guiyang 550001, PR China 
3 ARCO (Astrophysics Research Center), Department of Natural Sciences, The Open University of Israel, 1 University Road, PO Box 808, Ra’anana 4353701, 
Israel 
4 Max-Planck-Institut f ̈ur Astrophysik, Karl-Sc hwarzsc hild-Str aße 1, D-85748 Garching bei M ̈unchen, Germany 
5 Astronomy Centre, Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN19QH, UK 

6 Kapteyn Astronomical Institute, University of Groningen, P.O. Box 800, NL-9700AV Groningen, the Netherlands 
7 The Oskar Klein Centre, Department of Astronomy, Stockholm University, AlbaNova, SE-10691 Stockholm, Sweden 
8 Department of Astrophysics, School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel 

Accepted 2023 April 18. Received 2023 April 5; in original form 2023 January 20 

A B S T R A C T 

To self-consistently model galactic properties, reionization of the intergalactic medium, and the associated 21-cm signal, we 
hav e dev eloped the algorithm POLAR by inte grating the one-dimensional radiativ e 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. 
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 I N T RO D U C T I O N  

he Epoch of Reionization (EoR) refers to the period when the
niverse transitioned from a nearly fully neutral to a highly ionized
hase, following the formation of the first galaxies and stars (Furlan-
tto, Oh & Briggs 2006 ; Dayal & Ferrara 2018 ). Observations of
he Gunn–Peterson (GP) absorption trough in the spectra of high- z
SOs suggest that the EoR is finished at z ∼ 6 (e.g. Fan, Carilli &
eating 2006 ), although the long GP troughs detected in the Ly α

orest at z < 6 (e.g. Becker et al. 2015 ; Bosman et al. 2022 )
ndicate a later ending. The most recent observations of the Cosmic

icrowave Background (CMB), e.g. with the Planck satellite (Planck
ollaboration VI 2020 ), have measured a Thomson scattering optical
epth τ = 0.054 ± 0.007, which implies a mid-point redshift of the
oR (i.e. a global ionization fraction x̄ H II = 0 . 5) at z = 7.68 ± 0.79.
he initial phases of the EoR are still poorly known, although the
xperiment to Detect the Global EoR Signature (EDGES) project

eported 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
onstraints on the first sources of ionizing radiation. Note that this
esult is still strongly debated (e.g. Hills et al. 2018 ; Singh et al.
022 ), and has not been confirmed by the SARAS 3 project (Bevins
t al. 2022 ). 
 E-mail: maqb@gznu.edu.cn 
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The galaxies that formed during the EoR are expected to be the
ain sources of ionization of neutral hydrogen (H I ). The properties

f these z > 6 galaxies have been studied with hydrodynamical
nd/or radiative transfer simulations, such as THESAN (Kannan
t al. 2022 ), ASTRID (Bird et al. 2022 ), CROC (Esmerian & Gnedin
021 ), SPHINX (Rosdahl et al. 2018 ), and FIRE (Ma et al. 2018 ),
s well as with more efficient semi-analytical/numerical approaches
uch as the ReionYuga (Mondal, Bharadwaj & Majumdar 2017 ), the
STRAEUS (Hutter et al. 2021 ), and the MERAXES (Mutch et al.
016 ; Balu et al. 2023 ) models. All these simulations predict galactic
roperties that are generally consistent with high- z observations, e.g.
n terms of galaxy stellar mass functions, UV luminosity functions,
nd star formation history (see the comparisons by e.g. Kannan
t al. 2022 ). With the development of new observational facilities,
n increasing number of high- z galaxies have been detected (Stark
016 ). F or e xample, the Hubble Space Telescope ( HST ) and the
pitzer telescope have already provided abundant data to build rest-
rame UV luminosity functions and stellar mass functions of galaxies
t z > 6 (e.g. Bouwens et al. 2021 ; Stefanon et al. 2021 ). The
tacama Large Millimeter/submillimeter Array (ALMA) telescope
as also identified several high- z galaxies through e.g. the [C II ]
ine (Bouwens et al. 2020 ). Despite having been collecting data for
ess than one year, the JWST has already found many new high- z
alaxies (e.g. Donnan et al. 2023 ; Harikane et al. 2023 ), possibly as
igh as z ∼ 17 (Harikane et al. 2023 ). JWST is e xpected to observ e
any more such galaxies in the near future (Steinhardt, Jespersen &
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. Mass functions of haloes ( � halo ) 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. 
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inzer 2021 ), thus offering the possibility to massively improve our 
nowledge of primeval objects. 
The UV and X-ray radiation emitted in high- z galaxies, e.g. from

tellar sources, X-ray binaries, and accreting massive black holes, 
s expected to change the ionization and temperature state of the 
 I within the intergalactic medium (IGM) (Islam et al. 2019 ; Eide

t al. 2020 ). The radiation emitted through the hyperfine structure
ransition of high- z H I (with a rest-frame wavelength of ∼21-cm) can 
e measured by modern low-frequency radio facilities (Furlanetto 
t al. 2006 ). Some early results from 21-cm telescopes have put
pper limits on the 21-cm power spectra � 

2 
21 cm 

from the EoR, e.g.
 2 σ upper limit of � 

2 
21 cm 

< (73) 2 mK 

2 at k = 0 . 075 h cMpc −1 and
 ≈ 9.1 from the low-frequency array (LOFAR) (Mertens et al. 
020 ), of � 

2 
21 cm 

≤ (43) 2 mK 

2 at k = 0 . 14 h cMpc −1 and z = 6.5
rom the Murchison Widefield Array (MWA) (Trott et al. 2020 ), and
f � 

2 
21 cm 

≤ (30 . 76) 2 mK 

2 at k = 0 . 192 h cMpc −1 and z = 7.9 from
he Hydrogen Epoch of Reionization Array (HERA) (Abdurashidova 
t al. 2022b ). These results are already used to rule out some extreme
oR models (Ghara et al. 2020 ; Mondal et al. 2020 ; Ghara et al.
021 ; Greig et al. 2021a , b ; Abdurashidova et al. 2022a ). While
nalysis of more data from such facilities will set increasingly tighter 
pper limits (and possibly also a measurement) of the 21-cm power 
pectrum, the planned Square Kilometre Array (SKA) is expected to 
rovide also 3D topological images of the 21-cm signal (Koopmans 
t al. 2015 ; Mellema et al. 2015 ; Ghara et al. 2017 ). 

Since both the infrared to sub-mm radiation from high- z galaxies 
nd the 21-cm signal are produced during the EoR, the combination 
f observations in different frequency bands would provide a deeper 
nderstanding of the physical processes at play during the EoR. 
ith this idea in mind, some codes have been developed to constrain

oR models with Markov Chain Monte Carlo (MCMC) techniques 
sed in combination with multifrequency observations, e.g. the 
eminumerical model by Park et al. ( 2019 , 2020 ) based on 21CMMC

Greig & Mesinger 2015 ) and 21CMFAST (Mesinger, Furlanetto & 

en 2011 ), as well as analytical models for 21-cm power spectra and
alaxy luminosity functions (e.g. Zhang et al. 2022 ). While these 
pproaches take advantage of both observations of high- z galaxies 
e.g. the UV luminosity functions) and 21-cm power spectra, they do 
ot physically model the properties of galaxies, but estimate the UV 

uminosity functions and the budget of ionization photons based on 
he halo mass function model. 

In this paper, we describe POLAR , a no v el seminumerical model
esigned to obtain both the high- z galaxy properties and the 21-cm
ignal in a fast and robust way, by including the semi-analytical 
alaxy formation model L-GALAXIES 2020 (Henriques et al. 2020 ) 
ithin the one-dimensional radiative transfer code GRIZZLY (Ghara 

t al. 2018 ), which is an updated version of BEARS (Thomas et al.
009 ). Since POLAR is fast and thus able to produce a large number
f different galaxy and reionization models, we will use it in 
ombination with MCMC techniques and observations of e.g. UV 

uminosity functions and 21-cm power spectra to provide tighter 
onstraints on both the galaxy and IGM properties. In this paper, we
ntroduce the new algorithm and how some selected observables are 
ffected by different choices of the parameters used to describe the 
ormation and evolution of galaxies, as well as the escape of ionizing
adiation, while in a companion paper we will extend the formalism
o include an MCMC analysis and to constrain the parameters. 

The paper is organized as follows: we describe L-GALAXIES 

020 and GRIZZLY in Section 2 , the resulting galaxy properties and
oR signal are presented in Section 3 , while a discussion and the
onclusions are found in Section 4 . The cosmological parameters 
dopted in this paper are the final results of the Planck project (Planck
ollaboration VI 2020 ), i.e. �	 

= 0.685, �m 

= 0.315, �b = 0.0493,
 = 0.674, σ 8 = 0.811, and n s = 0.965. 

 M E T H O D S  

o follow the formation and evolution of galaxies, we combine 
erger trees from N -body dark-matter simulations with the semi- 

nalytic model (SAM) L-GALAXIES 2020 (abbreviated as LG20 in 
he following, Henriques et al. 2020 ), while the 1D radiative transfer
RT) code GRIZZLY (Ghara, Choudhury & Datta 2015 ; Ghara et al.
018 ) is used to model the gas ionization and 21-cm signal. While
e refer the readers to the original papers for the details about these

ools in the following section, we describe the key aspects that are
ele v ant to this work. 

.1 Dark-matter simulations 

he N -body dark-matter simulations are run with the GADGET-4 code
Springel et al. 2021 ), with a box length of 100 h 

−1 cMpc and a
article number of 1024 3 , i.e. a particle mass 1 . 2 × 10 8 M �. In the
ollowing, we will refer to these simulations as L100. The dark-
atter haloes are identified with a Friend-of-Friend (FoF) algorithm 

Springel et al. 2001 ), while Subfind is used to identify gravitationally
ound subhaloes within haloes. The merger trees are constructed by 
ollowing Springel et al. ( 2005 ). Note that the subhaloes are chosen
o have at least 20 dark-matter particles, i.e. the minimum mass is

2 . 4 × 10 9 M �. We employ a total of 56 snapshots equally spaced
n time in the redshift range z = 6–20. 

To resolve the effects of fainter galaxies during the EoR, we
lso run a smaller simulation with the same 1024 3 particles but
ox length 35 h 

−1 cMpc (abbreviated as L35), which able to resolve
ubhaloes with a minimum mass of ∼1 . 0 × 10 8 M �. As a reference,
ig. 1 shows the halo mass functions ( � halo ) at z = 7 from the

wo simulations, where � halo = d n halo / d log 10 ( M halo ), with n halo , the
umber density of haloes (in units of cMpc −3 ) and M halo halo mass.
s a reference, we also show the Sheth–Tormen (ST) halo mass

unction at z = 7, which is computed with the COLIBRI 1 library.
35 co v ers a halo mass range of (1 . 7 × 10 8 –3 . 6 × 10 11 ) M �, while
100 has haloes with mass (4 . 2 × 10 9 –10 12 ) M �. Within the range
MNRAS 522, 3284–3297 (2023) 
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4 . 2 × 10 9 –3 . 6 × 10 11 ) M �, the halo mass functions of these two
imulations are broadly consistent, and both of them are roughly
onsistent with the ST halo mass function. 

.2 The semi-analytic code L-GALAXIES 2020 

G20 includes almost all the known physical processes related to
alaxy formation (Henriques et al. 2020 ), e.g. gas cooling, star
ormation, galaxy merger, supernovae feedback, black hole growth,
nd AGN feedback. Compared to the previous version (i.e. Henriques
t al. 2015 ), LG20 adds molecular hydrogen formation, chemical
nrichment, and spatial tracking of the gas and stellar disc in
alaxies, models of stellar population synthesis, dust, tidal effects,
nd reincorporation of ejected gas. 

Specifically, the star formation rate (SFR) is proportional to the
 2 surface density (Fu et al. 2013 ), i.e. 
 SFR = αH 2 
 H 2 /t dyn , where

he star formation efficiency αH 2 is a free parameter, and t dyn is the
alactic dynamical time-scale as a function of halo mass. The H 2 

urface density 
 H 2 is modelled through the cold gas mass, the H 2 

raction within the H surface density, and the metallicity. 
A burst of star formation happens after a halo falls into a larger

ystem, i.e. halo merger, with a time delay t friction due to dynamical
riction. In LG20, t friction is computed with the formulation of
inney & Tremaine ( 1987 ), which depends on the mass and radius
f the two merging haloes: 

 friction = αfriction 
V 200c r 

2 
sat 

GM sat, tot ln 	 

, (1) 

here the efficiency factor αfriction is a free parameter, G is the
ravitational constant, r sat is the radius of the satellite galaxy,
 sat, tot is the sum of dark-matter and baryonic mass of the satellite

alaxy, ln 	 = ln(1 + M 200c / M sat, tot ) is the Coulomb logarithm, M 200c 

nd V 200c are the virial mass and velocity of the major halo with
 v erdensity larger than 200 times the critical value of cosmic density.
he SFR triggered by mergers is modelled through the ‘collisional
tarburst’ formulation (Somerville, Primack & Faber 2001 ): 

FR burst = αSF , burst 

(
M 1 

M 2 

)βSF , burst 

M cold , tot , (2) 

here αSF , burst and βSF , burst are two free parameters describing the
tar formation efficiency of a burst, M 1 and M 2 are the baryonic mass
f the two merging galaxies with M 1 < M 2 , and M cold, tot is their total
old gas mass. 

Superno vae e xplosions happen at the end of the stellar lifetime,
eheating the cold gas and enriching the ISM with metals. In LG20,
he mass reheated by supernovae is proportional to the stellar mass
eturned into the ISM ( � M � ), i.e. � M reheat = εdisc � M � , where εdisc 

s the efficiency factor given by (Henriques et al. 2020 ): 

disk = εreheat ×
[ 

0 . 5 + 

(
V max 

V reheat 

)−βreheat 
] 

, (3) 

here εreheat , V reheat , and β reheat are three free parameters. V max is
he maximum circular velocity of the dark-matter halo, which is
elated to the halo mass. Note that the energy required to heat such
ass, i.e. �E reheat = 

1 
2 �M reheat V 

2 
200c , should be lower than the energy

 E SN released by supernovae that is ef fecti vely av ailable to the gas
omponents. Since haloes at z > 6 are generally not very massive,
e assume that the condition � E reheat < � E SN is al w ays satisfied. 
There are two channels to grow the mass of massive black holes

ithin galaxies (Croton et al. 2006 ). The main channel is the halo
erger, that can trigger a strong accretion of the central black holes
NRAS 522, 3284–3297 (2023) 
i.e. quasar mode). The accreted gas mass of the merger between two
eighbouring snapshots (with time difference t diff ) depends on the
roperties of the two galaxies (Henriques et al. 2015 ): 

M BH , Q = 

f BH M cold , tot × ( M sat /M cen ) 

1 + ( V BH /V 200c ) 2 
, (4) 

here M cen and M sat are the baryon masses of the central galaxy
nd satellite galaxy, the fraction of accreted cold gas into black hole
 BH , and the virial velocity V BH at which the accretion saturates are
wo free parameters. The accretion rate can be simply estimated as
 M BH, Q / t diff , while the actual accretion rate might be higher, as t diff 

ight be larger than the real lifetime of the quasar. The other channel
s the accretion of hot gas (i.e. radio mode), which is also the main
ource of the AGN feedback on star formation. Its accretion rate is
omputed with a modified version of the model proposed by Croton
t al. ( 2006 ): 

˙
 BH = k AGN 

(
M hot 

10 11 M �

)(
M BH 

10 8 M �

)
, (5) 

here the accretion efficiency k AGN is a free parameter, M hot is the
ass of hot gas within the host galaxy, and M BH is the black hole
ass. 
In this work, we only focus on the star formation efficiency,

alo merger, supernovae feedback and AGN feedback, and keep the
efault models for other processes, e.g. the gas cooling, the chemical
nrichment, the reincorporation of ejected gas, the tidal and ram-
ressure stripping, and the tidal disruption. We do not apply the dust
odel of LG20, but assume the escape fraction to compute the UV

uminosity function and the budget of ionization photons following
ark et al. ( 2019 ): 

 es ,λ = f 0 ,λ

(
M star 

10 8 M �

)βes 

, (6) 

here f 0, λ is a function of the photon wavelength λ in rest-frame,
 star is the stellar mass within the galaxy, and the index factor βes is a

ree parameter to describe the dependence of f es, λ on the stellar mass
f the galaxy. Note that f 0, λ includes the dependence of absorption
f dust and neutral gas on the frequency of the emitted photons, so
hat its value should be lower for H ionizing photons than for non-
onizing photons, as in the latter case only absorption from dust is
f fecti ve. To simplify the discussion, we use only two values for f 0, λ,
.e. f 0, λ = 0.25 at λ = 1600 Å (to match the UV luminosity function
f our fiducial model with observations at z = 7; see Fig. 5 ), and
 0, λ = 0.1 for ionizing photons (in order for our fiducial reionization
istory to be consistent with the Thomson scattering optical depth
easured by CMB experiments; see discussion in Section 3.2 ). In

he following therefore only βes is a free parameter. 
In summary, in the models considered here, we have 11 free

arameters, which are summarized in Table 1 . In Section 3 , we
ill investigate how these parameters affect the global SFR history,

he UV luminosity function, the reionization history, and the 21-cm
ower spectrum during the EoR. 

.3 The radiati v e transfer code GRIZZLY 

ince the abo v e simulations and formalism do not include radiative
ransfer, which is crucial to properly model the EoR, we use the
esults of the N -body dark-matter simulations and LG20 as input for
he 1-D radiative transfer code GRIZZLY to describe the H I ionization
nd heating. GRIZZLY is very efficient in e v aluating the ionization
nd heating processes and the differential brightness temperature of
he 21-cm signal ( δT 21 cm 

). The algorithm is based on pre-computed
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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 v alue. Dif ferently, the escape fraction model parameter βes has a fiducial value of 0, while the 
smaller/larger is −0.5/0.5. 

αH 2 αfriction αSF, burst βSF, burst εreheat V reheat βreheat f BH V BH k AGN βes 

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 

Figure 2. Average iSED ( 〈 iSED 〉 ) after normalization by the stellar mass of 
the galaxies (black), with the 1 σ area (grey) of ∼2.8 × 10 5 galaxies at z = 7 
in the simulation L100 with fiducial parameter values. 
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onization and temperature profiles of gas for different source and 
ensity properties at various redshifts. During the later stages of the 
oR, when the ionized bubbles merge into bigger ones, GRIZZLY also 
orrects for the effects of o v erlap by conserving the ionizing budget.

We use the gridded density fields derived from the N -body simula-
ions and the galactic properties (i.e. stellar mass and stellar age, see
elow) computed from LG20, as inputs for GRIZZLY . Note that the
as density is assumed to scale constantly with the dark-matter. The 
atter density and galactic properties from the simulations L100 and 
35 are gridded with 100 3 and 35 3 cells, respectively, ensuring the 
ame cell resolution of 1 h 

−1 cMpc for the RT calculation. 
The spectral energy distributions (SEDs) of stellar sources are 

alculated using the Binary Population and Spectral Synthesis 
BPASS) code (Stanway & Eldridge 2018 ). To take into account the
istory of star formation in the e v aluation of the physical properties
f the ionized regions, we integrate the SED over the stellar age, i.e.
he time from the birth of stars to the output redshifts. We refer to this
s an integrated SED (iSED). Although LG20 can output iSEDs for
ach galaxy, for convenience, we adopt the one obtained by averaging 
he iSEDs normalized by the stellar mass of galaxies. In this case,
he outputs from LG20 required to run GRIZZLY are only the stellar

ass and the stellar age of galaxies, but not the full SED for each
alaxy, that saves computing time both for LG20 and GRIZZLY . As a
eference in Fig. 2 , we present the average iSED after normalization
y the stellar mass of the galaxies with the 1 σ area of ∼2.8 × 10 5 

alaxies at z = 7, obtained from the simulation L100 with fiducial
arameter values. This shows that the stellar mass normalized iSEDs 
ave a very small scatter (e.g. root mean square σ value is < 10
er cent of the mean value). We also check that the stellar mass
ormalized iSEDs are sensitive neither to the galaxy models (i.e. the 
arameters listed in Table 1 except βes ) nor the output redshifts (see
he discussion in Appendix A ). This is due to the fact that although
he UV emission of stellar sources is dominated by massive young
tars, both the stellar mass and the iSEDs are inte grated o v er the
hole star formation history, i.e. the iSEDs are proportional to the

tellar mass of galaxies. 
Finally, GRIZZLY computes the δT 21 cm 

and the associated power 
pectrum, where δT 21 cm 

is defined as: 

T 21 cm 

= 27 mK 

�b h 

2 

0 . 023 

(
0 . 14 

�m 

h 

2 

1 + z 

10 

)0 . 5 

× (1 + δm 

)(1 − x H II ) , 

(7) 

here x H II is the ionization fraction and δm 

is the o v erdensity of mat-
er. As the main goal of this work is to introduce POLAR , we neglect
he effect of redshift space distortions, as well as the contribution of
-ray sources, and we assume that the spin temperature ( T S ) is al w ays
uch larger than the CMB temperature, i.e. T S � T CMB , focusing

nstead on the effect of different galaxy formation models. The 

ower spectrum is estimated as P 21 cm 

( k) = 

〈 

δT 21 cm 

( 	 k ) δT 21 cm 

( −	 k ) 
〉 

, 

here δT 21 cm 

( 	 k ) is the Fourier transfer of δT 21 cm 

. We will use its di-
ensionless form � 

2 
21 cm 

( k) = k 3 / (2 π2 ) × P 21 cm 

( k) in the following
iscussions. 

 RESULTS  

o test how the parameters of galaxy formation and escape fraction
odels affect the observed galaxy properties and 21-cm statistics, 
e take three values for each parameter: the fiducial ones for the
alaxy 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
f the escape fraction parameter βes is 0, −0.5, and 0.5, respectively.
ll these values are listed in Table 1 . 
We note that running POLAR for 56 outputs takes less than two

PU hours, i.e. only a few minutes for each output, with the exact
unning time depending on the parameter values and the redshift 
outputs at lower z are typically more computationally e xpensiv e). 

.1 Properties of galaxies 

ig. 3 shows the evolution of the SFR density ρSFR as a function
f redshift for the 10 parameters (except βes ) describing galaxy 
ormation and evolution as listed in Table 1 . As a supplement in
ppendix B , we also present the evolution of the stellar mass density
M ∗ , which presents features similar to those of the ρSFR shown here.
With smaller (larger) star formation efficiency αH 2 , the ρSFR are as 

xpected lower (higher) at z > 10, while they converge at z < 8 due
o supernova feedback effects, i.e. higher star formation results in 

ore supernova feedback that further reduces the star formation (see 
iscussion of Fig. 4 in the following). The two series of simulations
how similar ev olution features, b ut L35 has a higher ρSFR at z >
MNRAS 522, 3284–3297 (2023) 
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Figure 3. Evolution of SFR density ρSFR as a function of redshift z, for dif ferent v alues of the galaxy formation parameters αH 2 , αfriction , αSF , burst , βSF , burst , 
εreheat , V reheat , βreheat , f BH , V BH , and k AGN , 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 ). 

Figure 4. SFR distributions at z = 7 as functions of the halo virial mass M vir , for different values of the galaxy formation parameters αH 2 , αfriction , αSF , burst , 
βSF , burst , εreheat , V reheat , βreheat , f BH , V BH , and k AGN , 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). 
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2, as the simulation with higher resolution can resolve more small
aloes that dominate star formation at such high z. 
Changing the merger and starburst parameters (i.e. αfriction , 

SF , burst , and βSF , burst ) has negligible effects on ρSFR of L100. 
ifferently, it changes the results of the higher resolution simulation 
35, e.g. the SFR becomes lower by increasing αfriction (i.e. higher 

ime delay of mergers), while it increases by increasing the starburst
fficiency αSF , burst . Since in equation ( 2 ) M 1 < M 2 , an increase of
SF , burst results in a lower SFR. As discussed in the following Fig. 4 ,

his is because the high resolution N -body simulation resolves more 
eighboring haloes that can more easily merge. 
The supernova feedback parameters (i.e. εreheat , V reheat , and β reheat ) 

ffect ρSFR in both series of simulations. A smaller (larger) feedback 
fficiency (i.e. εreheat ) leads to a higher (lower) ρSFR in both simu-
ations. While in L100 the impact is more significant at z < 10, in
35 ρSFR converges at z ∼ 6, as star formation here is dominated 
y merger induced starbursts, thus reducing the effect of supernova 
eedback on the total SFR. The parameters V reheat and β reheat regulate 
he dependence of supernovae feedback on the halo mass (see the 
quation ( 3 ) and Fig. 4 ), which results in different evolution features
f ρSFR in simulations L100 and L35, specifically the latter shows 
uch larger differences than the former at z > 10. 
The AGN parameters (i.e. f BH , V BH , and k AGN ) do not have large

ffects on ρSFR in both series of simulations. It is because the energy
f AGN is proportional to the black hole mass and the hot gas mass
n the galaxies (see equation ( 5 )), i.e. the AGN feedback is more
ignificant in the most massive haloes, which are very rare during 
he EoR. 

As a reference, we also display observational data as summarized 
n Ma et al. ( 2017 ). These are roughly consistent with our predicted
SFR from both series of simulations, although the observations still 
ave large error-bars. 
To better understand some of the features emerging in Figs 3, 4 we

resent the SFR distributions at z = 7 as functions of the halo virial
ass M vir . They are computed as � SFR /� log 10 ( M vir ) / 

∑ 

SFR , where
 log 10 ( M vir ) is the bin-width of M vir , � SFR is the sum of the SFRs of

aloes within the bin, and 
∑ 

SFR denotes the total SFR. Note that, to
ave a consistent comparison, the 

∑ 

SFR used here is the same for
ll lines, i.e. from the L100 simulation with the fiducial parameter 
alues. A smaller (larger) αH 2 results in a lower (higher) SFR in 
assive haloes (i.e. M vir > 10 10 M �), while the trend is reversed in

he less massive ones, especially in the L35 simulation. This is due to
he effects of supernovae feedback on star formation, i.e. supernovae 
ormed at early times can reduce the SFR in the less massive haloes
y reheating the cold gas, while this effect is weaker in the massive
aloes that have higher cooling rates and more cold gas. Note that
uperno vae e xplosions happen with a time delay after the formation
f stars, which is very short for massive stars. 
The merger and starburst parameters do not affect the SFR 

istributions as a function of M vir in simulation L100, while they 
ignificantly change the SFR of haloes with M vir < 10 10 M � in
imulation L35, e.g. the distribution amplitudes with the smaller 
nd larger αSF , burst values hav e ∼1 de x difference at M vir ∼ 10 8 . 8 M �.
ince more small haloes are resolved in the high resolution simulation 
i.e. L35), and they are close to each other, mergers happen more
ften than in simulation L100. Ho we ver, the SFR within haloes with
 vir > 10 10 M � is not very sensitive to the merger models for either

imulation. 
A smaller (larger) supernovae feedback efficiency factor εreheat 

ncreases (decreases) the SFR within haloes with M vir < 10 10 M �
n simulation L100, while it has no such obvious effect in L35.
ne reason is that the star formation of less massive haloes in L35
s dominated by mergers, which reduces the impact of supernovae 
eedback on the SFR. As mentioned before, V reheat and β reheat relate 
he supernovae feedback to the halo mass, and thus shape the
ependence of SFR on M vir . For example, in L35, with smaller V reheat 

nd β reheat values the SFR of less massive haloes ( M vir < 10 9 M �)
s much higher than the corresponding one with fiducial and larger
alues, and the latter two cases show similar SFRs. This is because
ith smaller V reheat and β reheat v alues, the supernov ae feedback within

ess massive haloes are much smaller (see equation ( 3 )), with the
onsequence of significantly increasing the SFR of these haloes. 
ince the SFR of less massive haloes in L35 is dominated by
ergers, these o v ercome the effect of superno vae e xplosions, so

hat a higher supernovae feedback (i.e. larger V reheat and β reheat ) does
ot visibly reduce the SFR. At M vir > 10 9 M � the SFR is similar for
ll values of V reheat and β reheat , i.e. the supernovae feedback effect
s weak on SFR within massive haloes. In L100, the SFRs with
maller V reheat and β reheat are higher than those with fiducial values at
 vir < 10 10 M �, while they are similar within more massive haloes.
ith larger parameter values, the SFRs are lower than those with

ducial values at M vir < 10 10 M �, while they also increase the SFRs
f some more massive haloes. 
Consistent with earlier results, the effects of the AGN model 

re only important for the very massive haloes, that are rare in
ur simulations. Changing all three related parameters does not 
bviously affect the SFR distributions in the haloes of either series
f simulations. 
Fig. 5 shows the UV luminosity function φ at the rest-frame wave-

ength λ = 1600 Å for different galaxy formation and escape fraction 
odel parameters. The absolute magnitude of galaxy luminosity at 
= 1600 Å is computed as: 

 1600 , AB = −5 

2 
log 10 

(
f es ,λ

F 1600 

4 πR 

2 

)
− 48 . 6 , (8) 

here F 1600 is the galaxy brightness at λ = 1600 Å, and R = 10 pc.
s a comparison, we also show the observations of φ at z = 7

Bouwens et al. 2021 ) (see Appendix C for more comparisons
t different redshifts). Note that, as mentioned earlier, we fix the
arameter f 0, λ = 0.25 at λ = 1600 Å to match our results with
bservations. The shape and amplitude of the measured φ are 
onsistent with our fiducial model in simulation L35, while they 
re slightly lower than the φ at M 1600 , AB < −22 from simulation
100. This may be caused by the bias associated to the small field
f view of surv e ys (see e.g. Bouwens et al. 2021 ), which might not
o v er enough bright objects. 

In general, the differences induced on φ by different parameters 
re much smaller than those on the SFR distributions shown in
ig. 4 . Specifically, three star formation efficiency αH 2 values result 

n similar φ for both simulations, except that the smaller (larger) αH 2 
roduces a lower (higher) φ at M 1600 , AB > −15 in L100. We note
hat, limited by the resolution of N -body simulations, the luminosity
unctions are not robust at the faint end, due to the lack of low mass
aloes (see Fig. 1 ). 
Although the merger parameters αfriction , αSF , burst , and βSF , burst 

bviously affect the SFR density (Fig. 3 ) and the SFR distribution
Fig. 4 ) of simulation L35, their effects on φ are not very significant.
he slight differences are mostly at the bright end (i.e. M 1600 , AB <

18). Similarly, some small differences appear in simulation L100, 
t the very bright end e.g. M 1600 , AB < −21. The reason for this is
hat mergers can trigger very strong star formation, thus leading to
ery high UV radiation. 

The effects of supernovae feedback on φ are only visible at the
aint end (e.g. M 1600 , AB > −18 of simulation L100 and M 1600 , AB >
MNRAS 522, 3284–3297 (2023) 
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Figure 5. UV luminosity function φ at the rest-frame wavelength λ = 1600 Å and z = 7 for different values of the galaxy formation parameters αH 2 , αfriction , 
αSF , burst , βSF , burst , εreheat , V reheat , βreheat , f BH , V BH , k AGN , and βes , 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 ). 
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16 of simulation L35), as supernovae explosions mainly affect
tar formation in the less massive haloes (see the Fig. 4 ), that have
ow SFR and thus low UV luminosity. Since the fainter galaxies
re very hard to detect even for JWST , the impact on φ caused by
upernovae feedback might be hard to confirm with observations
f UV luminosity functions. Consistently to Figs 3 and 4 , the UV
uminosity function φ is not sensitive to the AGN model. 

The escape fraction parameter (i.e. βes ) dramatically affects the
hape of φ, e.g. with βes = −0.5, both simulations present more
aint UV luminosities but fewer bright ones, while with positive
es , the UV luminosities of massive galaxies are increased, thus the
imulations show more bright UV luminosities, but the number of
aint ones is reduced. Compared to the observational results, it seems
hat they are consistent with βes = 0. 

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

.2 Reionization and 21-cm signal 

ig. 6 shows the history of volume averaged ionization fraction
 ̄x H II ) with different galaxy formation and escape fraction model
arameters. Because the number of ionizing photons is related to the
tellar mass (see the discussions in Section 2.3 ), the behaviour of x̄ H II 
ooks similar to the one of the stellar mass density (see Fig. B1 ). In
he fiducial model, x̄ from L100 is lower than that of L35 at z > 11
NRAS 522, 3284–3297 (2023) 

H II 
ue to the lower SFR density of L100 (see Fig. 3 ), while it becomes
imilar at lower z, with x̄ H II = 0 . 5 at z ≈ 7.8. Assuming x̄ He II = x̄ H II 
nd that helium is fully ionized at z = 3, the corresponding CMB
ptical depth is τ ≈ 0.059. As a reference, the one measured by the
lanck satellite is 0.054 ± 0.007 (Planck Collaboration VI 2020 ). 
Similarly to the evolution of stellar mass density in Fig. B1 , with

 smaller (larger) star formation efficiency αH 2 , x̄ H II is lower (higher)
t z > 12 in both L100 and L35, while they converge towards the
nd of the EoR. The merger and starburst models affect x̄ H II only
n L35, with visible differences at z < 10, when mergers are more
requent. F or e xample, a smaller (larger) αfriction and βSF , burst leads
o higher (lower) x̄ H II , while a smaller (larger) αSF , burst results in
ower (higher) x̄ H II . As supernovae feedback can reduce the SFR and
tellar mass density (see Figs 3 and B1 ), it also affects the evolution
f x̄ H II . F or e xample, with smaller (larger) εreheat , V reheat , and β reheat ,

¯ H II throughout the whole EoR period becomes much higher (lower)
n both simulations. The AGN models do not appreciably affect
he ionization process. As a ne gativ e βes (i.e. −0.5) increases the
udget of ionizing photons from low mass galaxies (stellar mass M ∗
 10 8 M �), it dramatically speeds up the ionization process in both

imulations. Instead, a positive βes (i.e. 0.5) reduces the output of
onization photon radiation from low mass galaxies, while it increases
he one from massi ve galaxies. Ho we ver, since there is a paucity of

assive galaxies, the net effect is that the positive βes delays the
onization process, especially in simulation L35. 

.2.1 21-cm power spectra at halfway point of EoR 

ig. 7 shows the power spectra � 

2 
21 cm 

( k) of the δT 21 cm 

at x̄ H II = 0 . 5
f simulation L100. The results from L35 are not shown, as its small

art/stad1203_f5.eps
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Figure 6. Evolution of the volume averaged ionization fraction ( ̄x H II ) for different values of the parameters αH 2 , αfriction , αSF , burst , βSF , burst , εreheat , V reheat , 
βreheat , f BH , V BH , k AGN , and βes , 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). 

Figure 7. Power spectra � 

2 
21 cm 

at x̄ H II = 0 . 5 with parameters αH 2 , αfriction , αSF , burst , βSF , burst , εreheat , V reheat , βreheat , f BH , V BH , k AGN , and βes , 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. 
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ell number (i.e. 35 3 ) leads to very large sample variance on the
ower spectra. The different values of parameters, e.g. star formation
fficiency αH 2 , time delay factor of mergers αfriction , supernovae
eedback models ( εreheat , V reheat , and β reheat ), and escape fraction index
actor βes , result in obviously different � 

2 
21 cm 

at k > 0 . 15 cMpc −1 ,
hile other parameters – i.e. starburst model ( αSF , burst and βSF , burst )

nd AGN model ( f BH , V BH , and k AGN ) – have no significant effects
n � 

2 
21 cm 

. 
Specifically, a higher (lower) SFR speeds up (delays) the ionization

rocess, so that the x̄ H II = 0 . 5 value is reached at different redshifts
see Fig. 6 ). When x̄ H II = 0 . 5 happens at higher (lower) redshifts,
he δT 21 cm 

presents larger (smaller) amplitudes of � 

2 
21 cm 

, especially
t small scales. For example, with a smaller (larger) εreheat , the SFR
nd stellar mass densities are much higher (lower), thus the ionizing
rocess is faster (slower), with the consequence that � 

2 
21 cm 

at k >
 . 15 cMpc −1 is ∼10 per cent higher (lower) than in the case with the
ducial εreheat v alue. A similar ef fect is associated with the parameters
H 2 and αfriction , although the differences induced on � 

2 
21 cm 

are only
e w per cents. Dif ferently, both the smaller and larger V reheat and
reheat values result in an amplitude of � 

2 
21 cm 

higher than the fiducial
ne, due to their complicated relation to the star formation of haloes
see Fig. 4 ). Although a larger V reheat and β reheat reduce the global
FR and thus delay the ionization process (see Figs 3 and 6 ), they
lso increase the SFR of some massive haloes (see Fig. 4 ), leading to
arger size of ionized bubbles around these haloes, and thus to higher
uctuations of δT 21 cm 

, and to a higher � 

2 
21 cm 

. With βes = −0.5,
¯ H II = 0 . 5 is obtained at very high z (i.e. 9.3), which results in a
 

2 
21 cm 

much higher than the fiducial one. With βes = 0.5, the � 

2 
21 cm 

s similar to the fiducial one at k > 0 . 2 Mpc −1 (i.e. small scales),
hile much higher than the latter at k < 0 . 1 Mpc −1 (large scales).

t is because the positive βes significantly increases the size of the
onized bubbles surrounding very massive galaxies, which in turn
hanges the fluctuations of δT 21 cm 

. 

.2.2 Evolution of 21-cm power spectra 

ig. 8 shows the evolution of � 

2 
21 cm 

of simulation L100 at k =
 . 29 cMpc −1 , as a function of redshift. We do not show � 

2 
21 cm 

at
 = 0 . 1 cMpc −1 as it is dominated by sample variance, and thus it is
ot robust. Note that the assumption of T S � T CMB only works after
eating from X-ray sources, thus the results of � 

2 
21 cm 

are valid only
elow 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
uctuations of δT 21 cm 

are dominated by the matter density, thus
ll models present a similar � 

2 
21 cm 

at z > 13. With decreasing
edshift, the fluctuations of ionization fraction x H II start to dominate
he amplitude of � 

2 
21 cm 

, which peaks at z ≈ 8 ( ̄x H II ≈ 0 . 45) in the
ducial model. 
The differences of � 

2 
21 cm 

caused by the different values of param-
ters, are mostly at z < 10. Specifically, the supernovae feedback
odels (i.e. parameters εreheat , V reheat , and β reheat ) show the most

ronounced dif ferences, as supernov ae feedback strongly af fects the
tar formation during the EoR (see Fig. 3 ) and thus the ionization
istory (see Fig. 6 ). Instead, only slight differences are visible for
if ferent v alues of the star formation ef ficiency αH 2 and the time
elay parameter of merger αfriction . Typically, the higher the redshift
t which the peak in � 

2 
21 cm 

happens, the larger its amplitude is e.g. for
arameters αH 2 and εreheat . Differently, both the smaller and larger
alues of V reheat and β reheat have peak amplitudes of � 

2 
21 cm 

higher
han the fiducial ones, although their ionization histories are clearly
NRAS 522, 3284–3297 (2023) 
ifferent from each other (see Fig. 6 ). As mentioned earlier, this is
ue to the complicated dependence of the galactic star formation on
 reheat and β reheat for different halo masses. The ne gativ e βes (i.e.
0.5) leads to very early ionization, and thus to a clearly different
 

2 
21 cm 

evolution history, while the � 

2 
21 cm 

with positive βes (i.e. 0.5)
s roughly consistent with the fiducial one. Changing the starburst
arameters αSF , burst and βSF , burst , as well as the AGN models (i.e. f BH ,
 BH , and k AGN ) does not visibly affect the evolution of � 

2 
21 cm 

. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

ngoing and upcoming observations, e.g. with the JWST and SKA
elescopes, respectively, will enable us to measure both the galaxy
roperties and the 21-cm signal during the EoR. In order to optimally
xploit these forthcoming data, we have designed POLAR , a novel
eminumeric algorithm obtained by including the semi-analytical
odel for galaxy formation L-GALAXIES 2020 (Henriques et al.

020 ) within the 1D radiative transfer code GRIZZLY (Ghara et al.
018 ). POLAR is then able to describe consistently both the galaxy
ormation and the reionization process. Compared to previous works
e.g. Park et al. 2020 ; Zhang et al. 2022 ), our framework is based on
 well established and widely used semi-analytic model of galaxy
ormation, which allows for the inclusion of an e xtensiv e network
f physical processes. POLAR is similar to the seminumerical models
STRAEUS (Hutter et al. 2021 ) and MERAXES (Mutch et al. 2016 ),
ut with different modelling for galaxy formation and radiative
ransfer. More specifically, while POLAR is based on a 1D radiative
ransfer approach, which allows also for a more accurate modelling of
he source spectra and their effect on the temperature and ionization
tate of the gas, in ASTRAEUS and MERAXES the evolution of the
onized regions is followed by essentially comparing the number of
mitted photons to the number of absorptions. While in this paper,
e only introduce POLAR and explore the effect of a few selected
arameters on the galaxy and reionization process in the future, we
ill use it to perform a parameter fitting based on MCMC techniques,
hich is possible due to the low computation requirements of POLAR .
With the newly published GADGET-4 code (Springel et al. 2021 ),

e ran two N -body simulations of limited box length 100 cMpc h 

−1 

named L100) and 35 cMpc h 

−1 (named L35), which resolve a min-
mum halo mass of ∼4 . 2 × 10 9 and ∼1 . 7 × 10 8 M �, respectively.
hese simulations have a consistent halo mass function within the

ange (4 . 2 × 10 9 –3 . 6 × 10 11 ) M �. Using the merger trees and dark-
atter density fields as inputs, and adopting the best-fitting values for

he galaxy formation parameters from Henriques et al. ( 2020 ), with
OLAR we obtain a star formation history, UV luminosity function and
MB Thomson scattering optical depth consistent with observations

n the literature. 
As this first paper is meant as a proof of concept of our new
ethod, the N -body simulations do not reach sizes necessary for

1-cm studies (i.e. several hundreds of cMpc), nor do the y resolv e
mall-mass haloes which could be rele v ant during the earlier stages
f the reionization process. We note that, although POLAR has so
ar pro v en to be v ery efficient, the computation time required to
un it on larger or higher resolution simulations will necessarily
ncrease and possibly render an MCMC approach inefficient. In this
ase, we expect to rely on the additional use of specifically designed
mulators, similarly to what were done in Ghara et al. ( 2020 ); Mondal
t al. ( 2022 ). We also note that the inclusion of smaller haloes should
e accompanied by a modelling of radiative feedback effects, which
re expected to affect their star formation (see e.g. Hutter et al. 2021 ;
egrand et al. 2023 ). 
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Figure 8. Evolution of 21-cm power spectra � 

2 
21 cm 

at k = 0 . 29 cMpc −1 with the parameters αH 2 , αfriction , αSF , burst , βSF , burst , εreheat , V reheat , βreheat , f BH , V BH , 
k AGN , and βes , 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. 
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We investigate how the galaxy formation and escape fraction 
odels affect the results in terms of star formation history, UV 

uminosity function, ionization history, and 21-cm power spectrum. 
e find that the star formation and the ionization history are 
 ery sensitiv e to the superno vae feedback models, as superno vae
xplosion can efficiently reduce star formation within low mass 
aloes. They are also significantly affected by the star formation 
fficiency during the early stage of the EoR, while towards the end of
he EoR supernovae feedback can offset the effects of star formation 
fficiency. The starburst triggered by mergers is important in our 
igh resolution simulation L35, while its effects on star formation 
nd ionization are negligible in L100. The ionization history is very 
ensitive to the escape fraction model, as it can significantly affect 
he budget of ionizing photons. On the contrary, the AGN feedback 
odel does not affect significantly any of the results. 
The UV luminosity function is very sensitive to the escape fraction 
odel (e.g. the slope of UV luminosity function), and indeed not all

ur models are consistent with observations (e.g. Bouwens et al. 
021 ). The parameters describing supernovae feedback and star 
ormation efficiency may be difficult to constrain with observations 
f the UV luminosity function, as they have an effect only on its
aint end, but these faint galaxies are hardly observed. Differently, 
ince galaxy mergers can trigger very strong star formation and 
onsequently high UV radiation, the merger and starburst model can 
ffect the bright end of the UV luminosity function. 

As the 21-cm power spectra from simulation L35 are dominated 
y sample variance in this paper, we have only discussed those from
100. We find that they are very sensitive to the supernovae feedback
nd the escape fraction model, while only weakly sensitive to the star
ormation efficiency and the galaxy merger model. Usually, an earlier 
onization results in higher amplitudes of the 21-cm power spectra, 
hile we find that both the smaller and larger value of the parameters
escribing supernovae feedback give a 21-cm power spectrum larger 
han the one obtained with the fiducial parameter. This is because of
heir complex dependence on the halo mass. 

POLAR , the new tool introduced in this paper, provides an ef-
cient way build a consistent and realistic galaxy formation and 
eionization process. In this frame work, the dif ferent dependence 
f e.g. UV luminosity functions and 21-cm power spectra on the
alaxy formation and escape fraction models would help to reduce 
he de generac y between parameters and to exploit at best state-of-the-
rt multiwavelength observations from the high-redshift universe, as 
ffered by e.g. HST , JWST , ALMA, LOFAR, and the planned SKA
nd EELT (European Extremely Large Telescope). 
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PPENDI X  A :  I N D E P E N D E N C E  O F  ISED  O N  

H E  REDSHIFT  A N D  M O D E L  PA R A M E T E R S  

ig. A1 shows the average iSED ( 〈 iSED 〉 ) from simulation L100
ith fiducial parameter values at eight redshifts between 15 and 6.
ote that, to clearly presents the differences caused by the redshift

volution, the 1 σ areas are not shown. From Fig. A1 , we can see
hat 〈 iSED 〉 does not evolve significantly during the EoR. This is
ecause, following the integration along cosmic time, the iSED of
alaxies is proportional to the stellar mass within galaxies, so that
fter normalization by the stellar mass, 〈 iSED 〉 shows negligible
volution with redshift. 

Fig. A2 shows 〈 iSED 〉 at z = 7 from simulations with different
alues of the ten free parameters describing the galaxy formation
odel. 〈 iSED 〉 displays no clearly visible changes due to the galaxy

ormation model, and they are almost the same from simulation L100
nd L35. 
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Figure A1. 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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Figure A2. Average iSED ( 〈 iSED 〉 ) after normalization by the stellar mass of the g
βSF , burst , εreheat , V reheat , βreheat , f BH , V BH , and k AGN , from left to right and from top 
smaller value (dashed line), fiducial value (solid line), and larger value (dash–dotted

D
ow

nloaded from
 https://academ

ic.ou
PPENDI X  B:  E VO L U T I O N  O F  STELLAR  MASS  

ENSITY  

ig. B1 shows the evolution of the stellar mass density ρM ∗ as a
unction of redshift for different values of the ten free parameters
escribing the galaxy formation model. The evolution features are 
oughly consistent with those of the SFR shown in Fig. 3 . Specifically,
hanging star formation efficiency αH 2 and supernova feedback 
arameters (i.e. εreheat , V reheat , and β reheat ) visibly affect the evolution
f ρM ∗ . The curves corresponding to different values of αH 2 converge 
t end of the EoR, due to the supernova feedback that offsets the
ffects of increasing/decreasing αH 2 . The impact of starburst due to 
ergers is significant only in simulation L35, but negligible in L100.
he AGN feedback models have no obvious effects on ρM ∗ . 
The curves look much smoother than those of the SFR shown in

ig. 3 because the stellar mass within the galaxies results from an
ntegration of the SFR history. 
MNRAS 522, 3284–3297 (2023) 

alaxies at z = 7, for the galaxy formation parameters αH 2 , αfriction , αSF , burst , 
to bottom. Each panel shows the results of the corresponding parameter with 
 line) in the simulation L100 (cyan thick lines) and L35 (magenta thin lines). 
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M

Figure B1. Evolution of stellar mass density ρM ∗ versus redshift z for the galaxy formation parameters αH 2 , αfriction , αSF , burst , βSF , burst , εreheat , V reheat , βreheat , 
f BH , V BH , and k AGN , 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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PPENDIX  C :  C O M PA R I S O N  O F  U V  

UMINOSITY  F U N C T I O N S  WITH  

B SERVATIONS  

s a supplement to the UV luminosity function φ shown in Fig. 5 ,
ig. C1 presents the φ of the fiducial model at four redshifts in both
imulation L100 and L35, together with recent high- z observations
rom HST (Oesch et al. 2018 ; Stefanon et al. 2019 ; Bowler et al.
020 ; Bouwens et al. 2021 ) and JWST (Donnan et al. 2023 ). The
NRAS 522, 3284–3297 (2023) 
uminosity functions of the fiducial model are broadly consistent
ith the observations at four redshifts. Due to the lack of low
ass haloes in L100, the corresponding luminosity functions at
 1600 , AB > −18 are not robust, while those from L35 in the same

ange are consistent with observations. Note that the φ from Bowler
t al. ( 2020 ) and Donnan et al. ( 2023 ) are at λ = 1500 Å, while
ur computed luminosity functions are at λ = 1600 Å. Ho we ver, the
ifferences are expected to be very small. 
ersiteit G
roningen user on 05 July 2023
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Figure C1. UV luminosity functions φ at the rest-frame wavelength λ = 1600 Å 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, respecti vely. The observ ation 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 λ = 1500 Å. 
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