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A B S T R A C T 

The hyperfine 21-cm transition of neutral hydrogen from the early Universe ( z > 5) is a sensitive probe of the formation 

and evolution of the first luminous sources. Using the Fisher matrix formalism we explore the complex and degenerate high- 
dimensional parameter space associated with the high- z sources of this era and forecast quantitative constraints from a future 
21-cm power spectrum (21-cm PS) detection. This is achieved using MERAXES , a coupled semi-analytic galaxy formation model 
and reionization simulation, applied to an N -body halo merger tree with a statistically complete population of all atomically 

cooled galaxies out to z ∼ 20. Our mock observation assumes a 21-cm detection spanning z ∈ [5, 24] from a 1000 h mock 

observation with the forthcoming Square Kilometre Array, and is calibrated with respect to ultraviolet luminosity functions (UV 

LFs) at z ∈ [5, 10], the optical depth of CMB photons to Thompson scattering from Planck , and various constraints on the IGM 

neutral fraction at z > 5. In this work, we focus on the X-ray luminosity, ionizing UV photon escape fraction, star formation, 
and supernova feedback of the first galaxies. We demonstrate that it is possible to reco v er fiv e of the eight parameters describing 

these properties with better than 50 per cent precision using just the 21-cm PS. By combining with UV LFs, we are able to 

impro v e our forecast, with five of the eight parameters constrained to better than 10 per cent (and all below 50 per cent). 

K ey words: galaxies: e volution – galaxies: high redshift – dark ages, reionization, first stars. 
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 I N T RO D U C T I O N  

ollowing recombination, the early Universe entered the cosmic Dark
ges characterized by a neutral intergalactic medium (IGM) and the

bsence of luminous sources. The formation of the first stars and
alaxies ushered in the era of the Cosmic Dawn. The intense ionizing
ltraviolet (UV) radiation, characteristic of the young and massive
tars, as well as X-rays (possibly from high-mass X-ray binaries,
.g. Mesinger, Ferrara & Spiegel 2013 ) impacted the thermal and
onization state of the IGM. This period was brought to its conclusion
n the Epoch of Reionization (EoR) when the UV photons ionized
he neutral hydrogen (H I ) rendering it transparent to UV photons. 

Considerable effort has been expended in the last few decades to
nrav el the comple x physics of this period (see Mesinger 2019 and
eferences therein). The forbidden 21-cm hyperfine transition signal
s well-suited for this purpose because of its extreme sensitivity to
he formation and evolution of the first stars and galaxies ( z � 30),
s well as the various feedback mechanisms in the early Universe.
hough the ultimate goal of 21-cm interferometric experiments is

o map the tomography of the IGM as a function of frequency
redshift), the first set of observations will be statistical in nature.
he 21-cm signal is observed as a brightness temperature against a
ackground source (which is almost al w ays assumed to be the cosmic
icrowave background (CMB) radiation; e.g. Furlanetto, Peng Oh &
 E-mail: bsreedhar@student.unimelb.edu.au 

2

3

4

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
riggs 2006 ; Morales & Wyithe 2010 ; Pritchard & Loeb 2012 ).
he 21-cm power spectrum (21-cm PS) quantifies the fluctuations

n the brightness temperature of the 21-cm signal across the sky.
hough a detection has yet to be made, current experiments such as

he Murchison Widefield Array (MWA. 1 ; Tingay et al. 2013 ), Low
requency Array (LOFAR 

2 ; Van Haarlem et al. 2013 ), Hydrogen
poch of Reionization Array (HERA 

3 ; Deboer et al. 2017 ) have
lready begun setting upper limits on the 21-cm PS (see Mertens
t al. 2020 ; Trott et al. 2020 ; The HERA Collaboration 2022 ). The
pcoming Square Kilometre Array (SKA 

4 ; Koopmans et al. 2014 )
ill revolutionize 21-cm EoR cosmology with its unprecedented

ensitivity. 
The amplitude and shape of the 21-cm PS are e xtremely sensitiv e to

he thermal and ionization state of the IGM (Barkana & Loeb 2001 ),
nd hence the astrophysics of early galaxy formation and evolution
Geil et al. 2016 ; Mesinger 2019 ). It is therefore imperative that
ealistic and efficient models (see Gnedin & Madau 2022 for a recent
e vie w) are available to interpret current and upcoming observations.
espite significant progress in this direction, there is considerable
ncertainty about the properties of the underlying source populations
f these models. 
www.mwatelescope.org 
 www.astr on.nl/telescopes/lofar 
 reionization.org/
 www.skao.int
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In this paper, we ask: What can we learn about the underlying
hysical processes driving reionization from a successful detection 
f the 21-cm PS? Simulating reionization requires large volumes 
 � 200 h −1 Mpc according to Iliev et al. ( 2014 ); Kaur, Gillet &

esinger ( 2020 ) for convergent reionization and 21-cm statistics). 
s a result, a number of models hav e been dev eloped to make large-

cale but computationally efficient realisations of the early Universe 
e.g. Battaglia et al. 2013 ; Ghara, Choudhury & Datta 2015 ; Hassan
t al. 2016 ; Choudhury & Paranjape 2018 ; Murray et al. 2020 ).
o investigate the utility of the 21-cm PS as a probe of galaxy
ormation, MCMC methods have been utilized to place constraints 
n the parametrized properties (e.g. UV and X-ray) of population 
I & III star-forming galaxies (e.g. Greig & Mesinger 2015 , 2017 ;
ark et al. 2019 ; Qin et al. 2020 , 2021a ; Maity & Choudhury 2022 ;
evins et al. 2023 ). 
In this work, we use MERAXES (Mutch et al. 2016 ) – a semi-

nalytic model (SAM) of galaxy formation (see Somerville & Dav ́e 
015 for a recent re vie w) and evolution self-consistently coupled 
o a reionization model 5 – to forecast constraints on astrophysical 
roperties of the early galaxies. 
Unlike seminumerical models (for example, Mesinger, Furlan- 

tto & Cen 2011 ; Choudhury & Paranjape 2018 ), which focus on
opulation-averaged quantities (i.e. these models generally have no 
alaxies), MERAXES provides a realistic population of galaxies as 
ources of photons. MERAXES incorporates a detailed, physically 
oti v ated galaxy formation, and evolution model that includes 

aryonic infall, gas cooling, star formation, supernova feedback, 
GN feedback, galaxy mergers, etc. Another essential feature of 
ERAXES , important for its application to reionization, is the 

imultaneous processing of all the galaxies in the simulation volume, 
hereby enabling the spatial coupling of reionization to galaxy 
volution. 

By efficiently coupling the reionization of the IGM via a modified 
ersion of 21CMFAST (Mesinger et al. 2011 ; Murray et al. 2020 )
nd an underlying galaxy population sourced from a dark matter 
nly N -body simulation, MERAXES is thus well-suited to explore the 
nderlying parameter space of the complex astrophysics of this era. 
e deploy MERAXES on a 210 h −1 Mpc cosmological simulation 
hich resolves all the atomically cooled galaxies down from z ∼
0. The large-volume and high-mass resolution of our simulation 
ake an MCMC analysis using MERAXES prohibitively expensive 

omputationally. 6 

Using a Fisher matrix analysis, we forecast the constraints on a 
otal of eight astrophysical parameters in our model that directly 
ontrol the X-ray luminosity, UV escape fraction, star formation 
ates, and supernova feedback of the galaxies of the high- z Universe.
ocusing on the upcoming SKA1-low, we forecast constraints from 

he 21-cm PS before exploring the improvements available when 
ombining information from the UV LFs. 

The paper is organized as follows: In Section 2 , we introduce our
 -body simulation (Section 2.1 ), galaxy SAM (Section 2.2 ), and the

eionization model (Section 2.3 ). We also introduce our set of eight
strophysical parameters in this section. In Section 3 , we introduce 
 For alternate approaches see (e.g. Seiler et al. 2019 ; Visbal, Bryan & Haiman 
020 ; Hutter et al. 2021 ; Ma et al. 2023 ) 
 Recently, Mutch et al. ( 2023 ) utilized MERAXES to place constraints on the 
V escape fraction of the early galaxies using existing high- z observations 
ithin an MCMC framework. This was only feasible owing to (i) not 

onsidering the thermal state of the IGM and (ii) using a simulation volume 
0 times smaller with a 6 times lower mass resolution for the galaxies. 

f
o
m  

a

2

A  

i  
ur mock observation, in Section 4 , we describe the Fisher Matrix
ormalism and we analyse our results in Section 5 . Our simulations
se the best-fitting parameters from the Planck Collaboration ( 2016 ):
 = 0.6751, �m 

= 0.3121, �b = 0.0490, �� 

= 0 . 6879, σ 8 = 0.8150,
nd n s = 0.9653. All quantities quoted are in comoving units unless
therwise stated. 

 SIMULATING  T H E  2 1 - C M  S I G NA L  

e give a brief review of our underlying dark matter-only N -body
imulation and the MERAXES SAM in this section. We focus on a
ubset of the free parameters in our model that directly impact the
tar formation, supernova feedback, UV escape fraction, and X-ray 
uminosity of the galaxies. 

.1 N-body merger trees 

e use the L210 N4320 dark matter-only N -body simulation of the
enesis suite of simulations (Power et al., in preparation). Containing 
320 3 particles in a 210 3 h −3 Mpc 3 volume, the simulation has
 mass resolution of ∼ 5 × 10 8 h −1 M �. L210 N4320 was run
ith the SWIFT (Schaller et al. 2018 ) cosmological code, using

he VELOCIRAPTOR (Elahi et al. 2019a ) halo identifier and merger
rees generated using TREEFROG (Elahi et al. 2019b ). The simulation
onsists of 120 snapshots between redshifts 30 and 5. 

In order to resolve haloes down to the atomic cooling limit
t z = 20, the L210 N4320 simulation was augmented using the
onte Carlo algorithm-based code DARKFOREST (Qiu et al. 2020 ) 

chie ving an ef fecti ve halo mass resolution of ∼ 2 × 10 7 h −1 M �
 L210 AUG of Balu et al. 2023 ). DARKFOREST achieves this by
ampling from a conditional mass function based on the extended 
ress–Schechter theory (Bond et al. 1991 ; Bower 1991 ; Lacey & Cole
993 ) that has been modified to match the halo mass functions from
 -body simulations. These ne w lo w-mass haloes are introduced into

he simulation volume and appended to the merger trees. Importantly, 
ARKFOREST also assigns positions to these newly added haloes 
ased on the local halo density field (Ahn et al. 2015 ) and the linear
alo bias (Tinker et al. 2010 ). For the rest of this work, we use
210 AUG as our fiducial simulation. 

.2 A realistic galaxy population from MERAXES 

ERAXES (Mutch et al. 2016 ) contains detailed and physically 
oti v ated prescriptions for galaxy formation and evolution. These 

nclude, for example, gas infall into dark matter haloes from the IGM
ollowed by its radiative cooling and subsequent star formation, as 
ell as ev entual superno va feedback and metal enrichment of the

nterstellar medium (ISM). Active galactic Nuclei (AGN) feedback 
rom central black holes of the galaxies was implemented in Qin
t al. ( 2017 ) and calculations of the galaxies’ UV luminosity in Qiu
t al. ( 2019 ). In addition, MERAXES also has a coupled treatment of
eionization based on the 21CMFAST seminumerical code (Mesinger 
t al. 2011 ; Murray et al. 2020 , see Section 2.3 for more details). In the
ollowing sections, we give detailed but non-e xhaustiv e descriptions 
f the various physics implementations pertinent to our astrophysical 
odel. Table 1 lists the free parameters of our model along with their

dopted fiducial values. 

.2.1 Star formation prescription 

t every snapshot, the baryonic content of a dark matter halo
ncreases by (1 − f mod ) f b M vir , where f b = �b / �m 

is the baryonic
MNRAS 525, 3032–3047 (2023) 



3034 S. Balu, B. Greig and J. S. B. Wyithe 
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Table 1. The first column lists the free astrophysical model parameters for which we forecast the uncertainties with a Fisher matrix formalism. The next 
three columns give a short description, the corresponding equation in the text, and their adopted fiducial values in this work respectively. The fifth and sixth 
columns list the forecasted 1 σ constraints using just the 21-cm PS and just the UV LFs, respectively, and the final column gives the same for a joint analysis 
of both the 21-cm and the UV LFs. The fractional uncertainties are given in brackets as a percentage. We do not vary the X-ray parameters, L X / SFR , and E 0 , 
for the UV LFs analysis as they do not have an impact on the UV LFs. 

21-cm PS alone UV LF alone 21-cm PS & UV LF 
Parameter Description Equation Fiducial value 1 σ values 1 σ values 1 σ values 

(% uncertainty) (% uncertainty) 

log 10 

(
L X 

SFR 

)
X-ray luminosity per SFR ( 14 ) 40 .50 0.0043 0.0027 

(1.1 × 10 −2 ) – (7.0 × 10 −3 ) 
E 0 Minimum X-ray photon energy ( 14 ) 500 .00 54.5058 27.708 

(10.9) – (5.54) 
f esc,0 Escape fraction normalization ( 10 ) 0 .14 0.0092 0.1172 0.0069 

(6.55) (83.71) (4.91) 
αesc Escape fraction redshift scaling ( 10 ) 0 .20 0.1339 0.2552 0.0965 

(66.93) (127.6) (48.25) 
log 10 ( � SF ) Critical mass normalization ( 1 ) − 1 .86 4.3496 0.9511 0.7401 

(233.9) (51.13) (39.8) 
log 10 ( αSF ) Star formation efficiency ( 2 ) − 1 .00 0.0883 0.0661 0.0436 

(8.82) (6.61) (4.35) 
log 10 ( ε0 ) Supernova ejection efficiency ( 8 ) 0 .19 0.0470 0.0668 0.0309 

(25.1) (35.16) (16.56) 
log 10 ( η0 ) Supernova reheat efficiency ( 9 ) 0 .84 0.9876 0.0991 0.0658 

(117.03) (11.8) (7.803) 
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7 As the largest time-step of our simulation is ∼16 Myr, newly formed massive 
stars can go SNe in the same time-step and less-massive stars can survive for 
a few snapshots. 
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raction and f mod (equation 16 ) is the baryon fraction modifier –
et by the local IGM ionization state from the previous snapshot
coupling galaxy growth to the ionization state of the IGM (see

ection 2.3.2 for details), and M vir is the halo virial mass. This newly
ccreted baryonic gas is deposited to a ‘hot-gas reservoir’ of the
alo from where it cools radiatively to a ‘cold-gas component’ from
hich it can form stars. 
Star formation in MERAXES follows the disc stability argument of

auffmann ( 1996 ), wherein gas participates in star formation when
he cold-gas mass is higher than a critical mass ( m crit ) given by 

 crit = � SF 

(
V max 

100 kms −1 

)(
r disc 

10 kpc 

)
× 10 10 M �, (1) 

here � SF is the critical mass normalization, V max is the maximum
alo circular speed, and r disc is the scale radius of the galactic disc.
he new stellar mass, 
 M star , formed in the time-step 
 t is given by 

M star = αSF 
m cold − m crit 

t dyn , disc 

t, (2) 

here αSF is the star formation efficiency, m cold is the mass locked
p in the cold-gas component, and t dyn,disc is the dynamical time of
he disc given by r disc / V max . 

In this work, both � SF and αSF are free parameters in our
strophysical model whose fractional uncertainty we predict in
ection 5 . 

.2.2 Supernova feedback prescription 

he star formation rates and the stellar mass of galaxies are regulated
y a number of feedback mechanisms including supernovae (SNe)
eedback from evolved stars, AGN feedback, and the ionization state
f the IGM regulated by the progress of reionization. Mutch et al.
 2016 ) showed that SNe feedback dominates o v er self-re gulation by
he EoR. In this subsection, we detail the SNe implementation in our

odel. 
NRAS 525, 3032–3047 (2023) 
The primary impact of SNe feedback is to heat the gas reservoirs of
he halo resulting in the transfer of the gas from the cold to the hot gas
eservoirs and in extreme cases the removal of the gas from the hot
alo (i.e. altogether from the galaxy). Our implementation, modified
rom Guo et al. ( 2011 ) to take advantage of our high-cadence merger
rees (see Qiu et al. 2019 ), is based on energy conservation. The
otal stellar mass going SNe ( 
 m new ) at a particular snapshot of the
imulation depends on both the current and previous star formation. 7 

o account for this, we track the stars formed in the present and
our previous snapshots. The stellar mass going SNe at a particular
napshot is calculated as a weighted average star formation history 

m new = 

∫ t+ 
t 

t 
d t ′ 

∫ ∞ 

0 d τ d ε 
d τ ψ 

(
t ′ − τ

)
∫ ∞ 

0 d τ dε 
d τ

, (3) 

here 
 t is the simulation time-step, d ε/d τ is the rate of energy
elease per unit stellar mass via Type-II SN by stars within age τ
nd τ + d τ , and ψ( t ) is the star formation rate at time t of the
alaxy. We calculate d ε/d τ from STARBURST99 (Leitherer et al. 1999 ,
010 , 2014 ) accounting for both metallicity as well as a Kroupa
 2002 ) initial mass function. The energy released by SNe can then
e calculated as 

E SN = ε

∫ t+ 
t 

t 

d t ′ 
∫ ∞ 

0 
d τ

d ε 

d τ
ψ 

(
t ′ − τ

)
, (4) 

here ε is the energy coupling efficiency. 
The amount of gas reheated from the cold gas reservoir ( 
 m reheat )

r ejected altogether from the halo ( 
 m eject ) is calculated as 

m reheat = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

η
m new , 
E SN ≥ 
E hot 


E SN 

1 / 2 V 

2 
vir 

, 
E SN < 
E hot 

, (5) 
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8 Note that this SFR is an average quantity of all the galaxies in a grid and is 
different from the ψ in equation ( 3 ), which is for each galaxy. 
9 Note, our L X / SFR is equi v alent to L X < 2keV / SFR in 21CMFAST . 
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nd 

m eject = 


E SN − 
E hot 

1 / 2 V 

2 
vir 

, (6) 

here 

E hot = 

1 

2 
η
m new V 

2 
vir , (7) 

is the mass loading factor and V vir is the halo virial velocity.
ollowing Qiu et al. ( 2019 ), ε and η are implemented as 

= 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

ε0 

(
1 + z 

4 

)(
V max 

70 kms −1 

)−1 

, V max ≥ 70 kms −1 

ε0 

(
1 + z 

4 

)(
V max 

70 kms −1 

)−3 . 2 

, V max < 70 kms −1 , 

(8) 

nd, 

= 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

η0 

(
1 + z 

4 

)2 (
V max 

60 kms −1 

)−1 

, V max ≥ 60 kms −1 

η0 

(
1 + z 

4 

)2 (
V max 

60 kms −1 

)−3 . 2 

, V max < 60 kms −1 , 

(9) 

espectively, where V max is the maximum halo circular velocity, ε0 is 
he supernova energy coupling normalization, and η0 is the supernova 
jection efficiency. 

We forecast the fractional uncertainty on both ε0 and η0 and 
ummarize their values in Table 1 . 

.2.3 Escape fraction of the UV ionizing photons 

he fraction of ionizing photons escaping into the IGM from 

alaxies plays an important role in regulating the ionization fraction 
nd morphology. The model parameters that directly impact the 
onization state have a pronounced effect on the 21-cm PS. Following 

utch et al. ( 2016 ) we employ an escape fraction ( f esc ) prescription
or galaxies that is solely redshift dependent (though see e.g. Kimm 

t al. 2017 ; Yeh et al. 2023 ). This results in an f esc that is skewed
owards higher z, motivated by two factors. First, it is easier for the
hotons to climb out of the shallower potential well of low-mass
igh-z galaxies. Secondly, early galaxies are also characterized by 
ess dust attenuation compared to their low-redshift counterparts 

 esc = f esc , 0 

(
1 + z 

6 

)αesc 

. (10) 

e allow both the escape fraction normalization f esc,0 and redshift 
caling αesc to be free parameters in this work. 

.3 Evolution of the IGM 

he thermal evolution and ionization state of the IGM follows 
1CMFAST (Mesinger et al. 2011 ; Murray et al. 2020 ), modified to
ake advantage of our realistic galaxy population. MERAXES sources 
he dark matter density and velocity fields from the underlying N -
ody simulation. We begin by gridding our simulation volume and 
ssigning the galaxies to voxels based on their positions. In the 
resent work, moti v ated by the typical H ii bubble sizes during the
oR (Furlanetto, Zaldarriaga & Hernquist 2004 , Wyithe & Loeb 
004 ), we divide our simulation into 1024 3 voxels corresponding to 
 cell dimension of ∼0.21 h −1 Mpc. We give a brief summary of our
ethod in the following subsections. 
.3.1 Thermal state of the IGM 

he thermal state of a H I cloud, characterized by the spin temperature
 S , depends upon the radiation that is impinging upon it. Even though
 S is influenced by both UV and X-ray photons, the latter has a
onsiderably more pronounced impact (e.g. Mesinger et al. 2013 ) 
nd is computed as 

 

−1 
S = 

T −1 
CMB + x αT −1 

α + x c T 
−1 

K 

1 + x α + x c 
, (11) 

here T CMB is the temperature of the CMB, T K is the gas kinetic
emperature, T α , which we take to be equal to T K , is the colour tem-
erature, x α is the Wouthuysen–Field coupling constant (Wouthuysen 
952 ; Field 1958 ), and x c is the collisional coupling coefficient
hich accounts for the collisional coupling of the gas with other
 I atoms, free electrons, and free protons. Here, we summarize only

he implementation of the X-rays (which largely impacts the T K ) and
efer the reader to Balu et al. ( 2023 ) for further details. 

An X-ray photon with energy E e when emitted at redshift z 
′ 
,

edshifts to energy E = E e (1 + z) / (1 + z 
′ 
) at redshift z. We compute

he comoving X-ray emissivity εX ( x , E e , z 
′ ) in the emitted frame at

ocation x as 

X ( x , E e , z 
′ ) = ( L 

′ 
X / SFR ) × SFRD ( x , z ′ ) , (12) 

here L 

′ 
X / SFR is the specific X-ray luminosity per SFR 

8 and
FRD( x , z ′ ) is the star formation rate density. The SFRD grid
epends on the local galaxy population, enabling us to couple galaxy
volution with the thermal state of the IGM. L 

′ 
X / SFR is implemented

s a power-law of the X-ray energy as 

 

′ 
X / SFR ∝ E 

−αX , (13) 

here αX is the X-ray spectral index and is normalized as 

 X / SFR = 

∫ 2keV 

E 0 

d E e L 

′ 
X / SFR . (14) 

 X / SFR is one of the free parameters of our model and has units
erg s −1 M 

−1 
� yr ]. 9 We impose an upper limit of 2 keV since X-ray

hotons with higher energies have mean-free paths longer than the 
ubble length and are unlikely to impact T S (McQuinn 2012 ; Das

t al. 2017 ). The lower limit E 0 is motivated by the absorption of
ow-energy X-rays within the galaxy itself. 

We forecast constraints on both E 0 and L X / SFR in this work, and
heir fiducial values are summarized in Table 1 . 

.3.2 Ionization state of the IGM 

e compute the ionization ( x H ii ) grid by employing an excursion-
et formalism (Furlanetto et al. 2004 ) by comparing the total number
f ionizing photons to the combined number of neutral atoms and
ecombinations within spheres of decreasing radii. Grid voxels inside 
 sphere of radius R , with centre x , and at redshift z are deemed to
e ionized if 

 b ∗( x , z| R) N γ f esc ≥ N atom 

( x , z| R)(1 + n̄ rec )(1 − x̄ e ) , (15) 

here N b ∗( x , z| R) is the cumulative number of stellar baryons, N γ is
he average number of ionizing photons per stellar baryon, and f esc is
heir escape fraction. The left-hand side of equation ( 15 ) thus gives
MNRAS 525, 3032–3047 (2023) 
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he total number of ionizing photons in the volume. On the right-hand
ide, N atom 

( x , z| R) is the total number of baryons, (1 + n̄ rec ) accounts
or the recombinations inside Lyman limit systems (see Sobacchi &

esinger 2014 ), and (1 − x̄ e ) accounts for secondary ionizations
aused by the X-ray photons, giving the number of neutral H I atoms
n the same volume. We fix the maximum value of R to be 50 Mpc
see Songaila & Cowie 2010 ; Becker et al. 2021 ). 

The number of stellar baryons, N b ∗, is inferred from the stellar
ass that is dependent on the star formation histories of all star-

orming galaxies. We compute a f mod for each galaxy based on their
ocal x H I value, enabling us to couple a galaxy’s growth to its local
GM ionization state. In the next snapshot, the amount of fresh gas
ccreting on to the galaxy is modulated by f mod which is calculated,
ollowing Sobacchi & Mesinger ( 2013 ), as 

 mod = 2 −M filt /M vir , (16) 

here M filt is the ‘filtering mass’, corresponding to when the baryon
raction of the host halo is half of the cosmic IGM value and is given
y 

 filt = M 0 J 
a 
21 

(
1 + z 

10 

)b [
1 −

(
1 + z 

1 + z ion 

)c ]d 

, (17) 

here z is the current redshift, z ion is the redshift when the voxel was
rst ionized, and J 21 is the local average UVB. The values [ M 0 , a , b ,
 , d ] are taken from (Sobacchi & Mesinger 2013 ) (see Mutch et al.
016 for more details). In this manner, by coupling galaxy growth to
he local ionization state as well as the local UV ionizing background,

ERAXES enables a self-consistent reionization scenario. See Geil
t al. ( 2016 ) for an exploration of the self-consistent and UV
ackground regulated reionization within MERAXES . 

.4 21-cm brightness temperature 

 radio telescope measures the brightness temperature ( δT b ) of a
 I cloud, which is the offset of the spin temperature ( T S ) against a
ackground radiation source (assumed to be the CMB) of tempera-
ure T γ as a function of frequency ν, given by 

T b ( ν) = 

T S − T γ

1 + z 
(1 − e −τν0 ) 

≈ 27 x H I (1 + δnl ) 

(
H 

d v r / d r + H 

)(
1 − T γ

T S 

)

×
(

1 + z 

10 

0 . 15 

�M 

h 2 

)(
�b h 2 

0 . 023 

)
mK , (18) 

here τν0 is the optical depth at the 21-cm transition frequency ν0 ,
 H I is the neutral hydrogen fraction, δnl is the fluctuations in the
nderlying dark matter density field, H is the Hubble parameter, and
 v r /d r is the line-of-sight component of the radial deri v ati ve of the
eculiar velocity. All of the terms in equation ( 18 ) are e v aluated at
 = ν0 / ν − 1. 

 F I D U C I A L  SIMULATION  A N D  M O C K  

B SERVATIONS  

n this section, we describe our fiducial model as well as the
ock observations which are used to forecast constraints on our

strophysical model parameters. 

.1 Fiducial model parameters 

he L210 AUG simulation from Balu et al. ( 2023 ) was calibrated
gainst existing observables including UV LFs from Bouwens et al.
NRAS 525, 3032–3047 (2023) 
 2015 , 2021 ), and stellar mass functions from Song et al. ( 2016 )
nd Stefanon et al. ( 2021 ). The reionization history was calibrated
sing the Thomson scattering optical depth of free electrons to CMB
hotons from the Planck Collaboration ( 2020 ) (see figs 3 and 4 of
alu et al. 2023 ). 
The fiducial values of our eight astrophysical model parameters

re given in the fourth column of Table 1 . These parameters can be
ivided into four groups of two in the order they are shown in the
able, having direct control on the X-ray properties ( L X / SFR and
 0 ), the ionizing UV photon escape fraction ( f esc,0 and αesc ), star

ormation ( � SF and αSF ), and the supernova feedback ( ε 0 and η0 ) of
he galaxies. 

.2 21-cm power spectra 

he frequency dependence of the 21-cm signal imparts a line-of-sight
volution to the 21-signal. To account for this, MERAXES produces a
1-cm light-cone by stitching together (linearly) interpolated δT b co-
 volution grids. Follo wing Greig & Mesinger ( 2018 ), we subdivide
ur 21-cm light-cone into cubical grids of a size equi v alent to our
imulation volume (1024 3 ) and calculate the spherically averaged
imensionless 21-cm PS in each (shown as the solid blue curve in
ig. 1 ). We obtain 11 redshift chunks spanning z ∈ [5, 24], and assign
edshift values to them corresponding to the mid-point of each chunk.

.3 Modelling obser v ational noise 

he sensitivity of a radio interferometer to the 21-cm PS can be
ivided into two components: (1) thermal noise, which is important
n the small scales and (2) sample (cosmic) variance, prominent on
he large scales. The total noise power σ [ 
 

2 
21 ( k)] is given by adding

hese two in quadrature: 

[
1 

σ [ 
 

2 
21 ( k)] 

]2 

= 

∑ 

i 

( 

1 


 

2 
N , i + 
 

2 
21 

) 2 

, (19) 

here 
 

2 
N ( k) is the thermal noise given by (Morales 2005 ; McQuinn

t al. 2006 ; Parsons et al. 2012 ): 

 

2 
N ( k) ≈ X 

2 Y 

k 3 

2 π2 

�′ 

2 t 
T 2 sys , (20) 

here X and Y relate the bandwidths and solid angles to the comoving
istance to the source, �

′ 
is a factor dependant on the beam of the

elescope (see Parsons et al. 2014 ), t is the integration time for the
ode k , and T sys is the system temperature given by T sys = T sky 

 T rec with T sky and T rec being the sky and receiver temperature,
espectively. The quadrature addition and the form of the cosmic
ariance noise in equation ( 19 ) assume that the errors are Gaussian
istributed, which is reasonable for the rele v ant scales in this work
see Qin et al. 2021a , b ; Prelogovi ́c & Mesinger 2023 ). 

In this work, we focus on a future observation of the 21-cm PS
y the SKA. We limit our attention to the upcoming first phase
f SKA – the so-called SKA1-low. 10 We only include the stations
n the ‘Central Area’ of the SKA1-low, resulting in 296 stations
f diameter 35 m distributed across a circular area with 1.7 km
iameter, we calculate the interferometer’s sensitivity to the 21-
m PS using the 21CMSENSE . 11 PYTHON package (Pober et al.
013 , 2014 ). We assume an observational campaign corresponding
o six hours per night for 180 d, i.e. a total of 1080 h, and sky

https://www.skatelescope.org/wp-content/uploads/2012/07/SKA-TEL-SKO-DD-001-1_BaselineDesign1.pdf
https://www.github.com/steven-murray/21cmSense
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Figure 1. The blue curve shows the dimensionless 21-cm PS 
 

2 
21 (mK 

2 ) from our fiducial model. The gre y-shaded re gion represents the sensitivity (including 
both thermal and cosmic variance noise) to the 21-cm PS for a 1000 h observation with the upcoming SKA1-low. We use the ‘moderate’ foreground removal 
case from Pober et al. 2014 , ef fecti vely ignoring (pink-shaded region) all the k -modes falling within the 21-cm foreground wedge (setting a k min = 0.16 Mpc −1 ). 
The k max = 1.4 Mpc −1 is set by a combination of the spatial scales resolved by SKA1-low (set by the longest baseline in our model for the core) as well as 
scales we trust not to be dominated by the Poisson noise of the sources. 
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12 We explored different choices of the step-size and (visually) ensured the 
convergence of the deri v ati ves. 
13 Polynomial fitting with different orders as well as in linear scales were 
explored to ensure convergence. 
14 The primary impact of the X-ray photons is to set the spin temperature of the 
IGM gas. For scenarios with extremely high values of the X-ray luminosity, 
they can cause ∼10–15 per cent impact on the ionizations of the H I (Mesinger 
et al. 2013 ). In these extreme cases, the X-ray can provide some constraints 
from UV LFs via the baryon modifier f mod . We have visually checked the 
constraints and have found them to be negligible for our fiducial model. 
15 A single model e v aluation takes ∼16 h on two 48-core nodes. 
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emperature T sky to be dominated by galactic synchrotron emission
Thompson, Moran & Swenson 2017 ) scaling with frequency ν
s T sky = 60( ν/ 300 MHz ) −2 . 55 K. Additionally, assuming that the
elescope reflects 10 per cent of the response to the sky (Pober
t al. 2014 ), we set T rec = 40 mK + 0 . 1T sky . We combine partially
oherent baselines to impro v e po wer-spectrum sensiti vity and use
he ‘moderate’ foreground removal scenario of 21CMSENSE , wherein
e a v oid the modes that are contained within the so-called fore-
round wedge (Datta, Bowman & Carilli 2010 ) extending k � =
.1 h Mpc −1 beyond the horizon limit. As we ignore the modes
hat fall within the foreground wedge, we are limited to k min =
.16 Mpc −1 for our analysis. We also have an upper limit of
 max = 1.4 Mpc −1 which arises from a combination of both the
patial scales that are probed by the SKA1-low (set by the longest
aseline we consider in our modelling of the array), as well as
oisson, shot noise from our simulation. Fig. 1 shows the PS
oise (grey shaded region) that is generated for our fiducial 21-cm
S. The red-shaded region shows k -modes that are ignored in this
ork. 

.4 Luminosity Functions 

n addition to exploring the possible constraints on our fiducial model
rom the 21-cm PS, we also consider the impro v ements that are
chie v able with a joint analysis of both the 21-cm PS and the UV
Fs. 
In addition to updates on the SNe feedback (see Section 2.2.2 ), Qiu

t al. ( 2019 ) explored different implementations of dust attenuation
n MERAXES . Here, we adopt the parametrization for the UV optical
epth that depends on the dust-to-gas ratio (Charlot & Fall 2000 )
f the galaxies. The model differentiates between a short-lived birth
loud of the stars as well as the ISM of the galaxy. Photons are
bsorbed by both the birth cloud (albeit for a short while until it
ets depleted by star formation) and the ISM. The free parameters
f MERAXES – particularly the ones impacting the galaxy physics –
ave been calibrated (see Qiu et al. 2019 ; Balu et al. 2023 ) to their
ducial values against infrared excess (IRX)- β, UV LFs, and stellar
ass functions at z > 5. 
The blue curves in Fig. 2 are the UV LFs from our calibrated

imulation. The error bars are determined by multiplying our
imulated UV LF data by the corresponding fractional uncertainty
n each data point from the Bouwens et al. ( 2021 ) observational
ata. In addition to the 21-cm PS, we thus have six UV LFs from
 ∈ [5, 10]. 

 FOREC A STS  U SING  FISHER  MATRICES  

o place quantitative constraints on the model parameters we use
he Fisher information matrix ( F ij ; Tegmark, Taylor & Heavens
997 ; Albrecht et al. 2009 ). For any set of observations, the Fisher
atrix provides the best possible constraints on the parameters of an

ssumed model. An implicit assumption is that the errors on these
arameters are Gaussian and that the observational data points are
tatistically independent. In this limit, by the Cramer–Rao theorem,
he covariance matrix ( C ij ) of the parameters is given by the inverse
f the Fisher matrix 

 ij = F 

−1 
ij . (21) 

he 1 σ error on the i th parameter is given by the corresponding term
n the diagonal of the covariance matrix i.e. C ii . Another relevant
roperty of the Fisher matrices is their additive nature enabling one to
o joint analyses of a different set of observations. This is achieved by
NRAS 525, 3032–3047 (2023) 
dding the corresponding Fisher matrices together before calculating
he joint C ij . 

Given the likelihood function L (the probability of the data given
he model parameters θ ) F ij is given by 

 ij ≡ −
〈 

∂ 2 ln L 

∂ θi ∂ θj 

〉 

. (22) 

or the present work, we compute F ij as 

 ij = 

∑ 

k,z 

1 

σ 2 ( k, z) 

∂ 
 

2 ( k, z) 

∂ θi 

∂ 
 

2 ( k, z) 

∂ θj 

, (23) 

here 
 

2 ( k , z) is the dimensionless 21-cm PS, σ ( k , z) is the
bservational uncertainty on a measured 
 

2 ( k , z) (see equation
9 ), and the summation is o v er all the k -modes and z-bins. Fisher
atrices are thus sensitive to the deri v ati ves of the 21-cm PS, with
 larger value indicating increased sensitivity of the statistic to the
odel parameter. This translates into tighter constraining power on

he model parameter. Parameters with a similar structure for the
eri v ati ves, as a function of k , will be degenerate (Pober et al. 2014 ).
n Fig. A1 of appendix A , we show the noise [ σ ( k , z)] weighted
eri v ati ves of the 21-cm PS with respect to each parameter we
tudy in this work. Fig. 1 makes it evident that the noise levels
orresponding to a ∼1000 h observation with SKA1-low is lowest
or the redshifts z � 8. Thus, from equation ( 23 ), the constraining
ower will be dominated by these redshifts. Since the 21-cm PS is
ensiti ve to dif ferent astrophysical parameters at dif ferent epochs
Furlanetto et al. 2006 ), this will be reflected in our forecasted
onstraints. 

Except for E 0 , f esc,0 and αesc , all other parameters are varied in
og-space as they can vary by at least an order of magnitude. For
alculating the Fisher matrix we vary each parameter by ±4 per
ent around its fiducial value. 12 In order to further a v oid numerical
rtefacts while computing the deri v ati ves, we fitted the mock 21-cm
S with a 5 th -order polynomial in log-space and interpolated the
alues for k -bins evenly spaced in log 10 ( k ). 13 

The F ij corresponding to the UV LFs are computed by appropri-
tely modifying equation ( 23 ). Fig. B1 shows the deri v ati ves of the
V LFs with respect to our model parameters after being weighted
y the error [ σ ( M UV , z)]. We note here that while constructing the
isher matrix corresponding to the UV LFs, we do not consider the
nes varying the X-ray properties (i.e. E 0 and log 10 (L X / SFR)) as
hey do not have any impact on the galaxy properties which affect its
uminosity. 14 

The primary advantage of a Fisher matrix analysis is the associated
omputational efficiency as they are quick and easy to calculate.
his is particularly important when a single model e v aluation is

oo computationally e xpensiv e for an MCMC, as is the case for
ERAXES . 15 
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Figure 2. The solid blue curve shows the fiducial UV LFs from our calibrated simulation. The uncertainties on our UV LFs are equi v alent to the fractional 
uncertainties from Bouwens et al. 2021 . The shaded regions show the variation in the UV LFs as we vary the critical mass normalization ( � SF ; pink) and the 
efficiency of gas reheating due to SNe feedback ( η0 ; green), respectively. These parameters are varied by an order of magnitude about their fiducial values to 
explore their impact on the UV LFs and clearly demonstrate that including UV LFs in our Fisher matrix will impro v e our forecasted constraints as the range 
exceeds the 1 σ observational uncertainty. 
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 RESULTS  

n this section, we report the quantitative constraints available with 
 mock observation using just the 21-cm PS and also combining the
1-cm PS with the UV LFs. 

.1 For ecasts fr om the 21-cm PS alone 

n Fig. 3 , we show the forecasts on our astrophysical parameter
et from the 21-cm PS corresponding to a ∼1000 h observation 
ith SKA1-low. The dark (light) contours correspond to the 1(2) σ
D marginalized confidence intervals for each astrophysical param- 
ter and the diagonal subplots show the 1D normalized marginal 
robability distribution function. The fifth column of table 1 lists 
he 1 σ uncertainty on our parameters. The fractional uncertainties, 
 σ ( θi ) /θ

f id 

i | , are given within brackets and are shown as blue squares
n Fig. 5 . 

We obtain tight constraints ( � 10 per cent) for the X-ray parameters
luminosity L X / SFR and minimum X-ray photon energy escaping 
alaxies E 0 ), escape fraction normalization ( f esc,0 ), and star formation
fficiency ( αSF ), while the SNe ejection efficiency ( ε0 ) is constrained
o ∼25 per cent. On the other hand, the critical mass normalization
 � SF ) and the efficiency of SNe reheating ( η0 ) remain relatively
nconstrained with ∼234 and ∼117 per cent fractional 1 σ uncer- 
ainties, respecti vely. The relati vely poor constraints on � SF and η0 
re primarily because these parameters have negligible impact on the 
1-cm PS. 
As previously mentioned, our parameter set forms four groups 

f two with each group controlling a different aspect of galaxy
roperties. 

(i) X-r ay par ameters : The 21-cm signal is very sensitive to the
mount and energy of the X-ray photons in the early Universe.
he 21-cm PS, therefore, provides tight constraints on the X-ray 
arameters, E 0 ( ∼11 per cent) and L X / SFR ( ∼10 −2 per cent), in
ur model. These forecasts are consistent with similar works in the
iterature (e.g. Greig & Mesinger 2017 ; Park et al. 2019 ; Mason
t al. 2023 ), which is unsurprising given they have the same X-ray
mplementation despite the differences in the source modelling (i.e. 
AM). 
(ii) UV escape fraction : f esc is more sensitive to the normalization

 esc,0 as opposed to the redshift power-law exponent ( αesc ). This is
lso reflected in the deri v ati ve of the 21-cm PS with respect to these
arameters (green and pink curves in Fig. A1 ). We thus forecast
ighter constraints on f esc,0 (6.55 per cent) compared to αesc (66.93 per
ent). 

(iii) Star formation : Among the star formation parameters, the 
fficiency of star formation ( αSF ) is highly constrained relative to
he critical mass normalization ( � SF ). The primary impact of � SF 

s to establish a critical mass threshold needed for the stars to start
MNRAS 525, 3032–3047 (2023) 
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M

Figure 3. Constraints on our astrophysical model parameters from our Fisher matrix using a 1000 h mock observation with the SKA1-low. Dark (light) contours 
represent the 2D marginalized confidence intervals and the diagonal subplots show the 1D marginalized probability distribution functions of our parameters. 
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orming. This parameter thus has only a secondary role in the stellar
ass content of galaxies as once a galaxy has accreted enough mass,

he amount of stellar material is controlled by αSF (see Section 2.2.1 ).
quation ( 2 ) also shows that these two parameters enter our model
s a multiplicative term of the form (1 − � SF ) αSF adding to their
e generac y. 
(iv) SNe feedback : Compared to the star formation parameters, we

nd that the SNe parameters are less constrained, with ∼25 per cent
or the SNe ejection efficiency ε0 , while the efficiency of reheating
y the SNe η0 is only constrained to ∼117 per cent. Similar to � SF ,
he low constraints on these parameters are due to the fiducial model
alues being such that the 21-cm signal is relati vely insensiti ve to
NRAS 525, 3032–3047 (2023) 

hese processes. 
.2 Joint forecasts using the 21-cm PS and the UV LFs 

e next add in the Fisher matrix corresponding to the UV LFs from
ix redshifts ∈ [5, 10]. As the UV LFs functions are sensitive to
arameters that do not have a pronounced impact on the ionization
orphology, the addition of the UV LFs into the analysis helps

mpro v e the o v erall constraints on the astrophysical model (Park
t al. 2019 ). We sho w the impact of v arying the two least constrained
arameters when using just the 21-cm PS, � SF , and η0 , on the
V LFs in Fig. 2 . The green and pink shaded regions are from
arying η0 and � SF , respectively, by an order of magnitude about
heir fiducial values (we point out that these two parameters are
ositive by definition). The variation in the UV LFs is larger than
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Figure 4. Same as Fig. 3 , except that we have also added in constraints from the UV LFs. This removes some of the degeneracies between our parameters and 
results in tighter constraints. 
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he 1 σ errors emphasising that including the UV LFs in our Fisher
nalysis will provide additional constraining power. As previously 
entioned, we do not vary the X-ray parameters, L X / SFR and E 0 ,
hile computing the UV LF Fisher matrix. 
Fig. 4 shows the constraints from the joint analysis of the 21-cm

S and UV LFs, and the last column of Table 1 lists the forecasted
 σ uncertainty along with the fractional uncertainties for our model 
arameters. The green stars in Fig. 5 are the fractional uncertainties 
or the joint analysis of both the 21-cm PS and the UV LFs, and the
range crosses represent the same from just the UV LFs. 16 Figs 3 and
6 In Fig. B2 we show the constraints from the UV LFs alone. 

f  

t  
 demonstrate that combining the UV LFs into the analyses helps to
mpro v e the constraints. This is most notable for parameters having
 direct impact on the stellar mass of the galaxies i.e. the ones
elated to star formation and supernova feedback as UV LFs are
ore sensitive to these parameters compared to the 21-cm PS. This

esults in significant impro v ements in � SF (from ∼234 to ∼40 per
ent) and η0 (from ∼117 to ∼8 per cent) for the joint case of both
he 21-cm PS and the UV LFs as the degeneracies between stellar
roperties and escape fraction can be weakened. This then translates 
nto impro v ements in other parameters. 

The relatively larger improvement in � SF compared to αSF 

ollowing the inclusion of information from the UV LFs stems from
he breaking of parameter degeneracies. In Fig. 3 (21-cm PS only),
MNRAS 525, 3032–3047 (2023) 
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M

Figure 5. Fractional uncertainties on our eight free parameters. The vertical 
axis is the 1 σ uncertainties divided by their fiducial values. The blue squares 
are from just the 21-cm PS, the orange crosses from just the UV LFs, and the 
green stars are from the joint analysis. While constructing the UV LFs Fisher 
matrix we do not consider the parameters controlling the X-ray luminosity 
of the galaxies, L X / SFR , and E 0 . The grey dotted line shows the 10 per cent 
fractional uncertainty limit. 
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 SF is poorly constrained (highlighted by the large uncertainties),
nd � SF and αSF are anticorrelated. In Fig. B2 (UV LFs only), � SF 

s now more tightly constrained and positively correlated with αSF ,
ndicating the majority of � SF ’s constraining power comes from
he UV LF. Thus, the inclusion of UV LFs provide considerable
mpro v ements to the constraining power of � SF . For αSF on the
ther hand, it is almost equally well constrained both by the 21-
m PS (Fig. 3 ) and the UV LFs (Fig. B2 ). Thus combining the
wo observables provides modest impro v ements (dominated by the
hange in correlation). 

.3 Discussion of parameter degeneracies 

ven though Fisher matrices implicitly make simplifying assump-
ions, such as Gaussian likelihoods and Gaussian errors, they
e vertheless gi ve useful insights. In this section, we explore the
orrelations and degeneracies among the model parameters. For
revity, we focus only on the results from the joint analysis of the
V LFs and the 21-cm PS (Fig. 4 ), noting that the trends are similar

or the 21-cm PS alone (Fig. 3 ). 

(i) X-r ay par ameters : L X / SFR anticorrelates with the UV escape
raction normalization ( f esc,0 ) and the SNe ejection efficiency ( ε0 ).
 0 shows an anticorrelation with the star formation efficiency ( αSF )
nd positively correlates with the SNe reheat efficiency ( η0 ). 
hese correlations can be understood from the impact of the X-rays
n the EoR. X-rays can contribute, albeit a small fraction relative to
he UV photons, to the ionization of the local IGM of a galaxy leading
o photoionization regulation of the amount of neutral gas available
or accretion on to the galaxy and hence subsequent star formation.
hus increasing L X / SFR can be compensated by a decrease in the
Ne feedback and/or the ionizing UV escape fraction. E 0 sets the

owest energy for escaping X-rays from the galaxies. An increase in
 0 , therefore, implies less IGM ionization by the X-rays. 
(ii) UV escape fraction : The correlation among αesc and f esc,0 is

 xpected giv en the definition of the UV escape fraction ( f esc ; see
quation ( 10 )). The UV escape fraction, f esc , directly influences the
ocal IGM ionization state, and hence the amount of baryonic infall
nto the galaxy for star formation. The amount of cold gas available
or star formation is influenced by the SNe ejection efficiency which
NRAS 525, 3032–3047 (2023) 
ets the amount of gas remo v ed from the galaxy. An increase in f esc 

herefore should be accompanied by a decrease in the SNe feedback.
n light of this, the relatively strong positive correlation of f esc,0 

ith the supernova ejection efficiency ε0 is interesting. This can be
nderstood from the behaviour of the UV escape fraction (i.e. the
ombination of f esc,0 and αesc ) and the other physical processes. The
ositive correlation amongst the SNe parameters ( η0 & ε0 ), as can
e seen from equations ( 3 –7 ) and Fig. B2 , also plays a contributing
actor. αesc is also anticorrelated with both η0 and ε0 . It is therefore
 combination of the very weak correlation of f esc,0 with η0 and the
nticorrelation with αesc that results in its positive correlation with ε0 .
he comparatively tighter correlation of the escape fraction param-
ters with the SNe parameters compared to the X-ray parameters
eflects the relative importance of the UV photons o v er the X-ray
hotons in the IGM ionization state. 
(iii) Star formation : As noted, we report correlations between the

tar formation efficiency αSF and the minimum X-ray photon energy
 0 . 
he strong correlation between αSF and SNe reheat efficiency η0 is
 xpected as the y are two of the parameters impacting the stellar mass
n a galaxy. 
n the other hand, the correlation between αSF and the critical mass
ormalization � SF is surprisingly weak given equation ( 2 ). This is
ecause of the relatively small value of � SF . � SF fixes the critical
ass of the cold gas needed for star formation to commence in a

alaxy. The small value of the parameter is justified on the physical
rounds that a larger value will result in lower available gas for star
ormation. 

(iv) SNe feedback : For completeness, we again point out the cor-
elations between the SNe ejection ( ε0 ) and reheat ( η0 ) efficiencies,
he strong correlations of ε0 with f esc,0 and E 0 , and that of η0 with
SF . 

 C O N C L U S I O N  

sing the semi-analytic galaxy formation model MERAXES we
erform a Fisher matrix analysis to forecast the constraints on
hysical properties of galaxy formation and reionization that will
e available from future 21-cm PS observations. Specifically, we use
he 210 h −1 Mpc cosmological simulation resolving all atomically
ooled haloes ( L210 AUG of Balu et al. 2023 ) down from z = 20. 

SAMs are unique in enabling computationally efficient exploration
f the underlying parameter space corresponding to the complex
strophysics of galaxy formation and evolution. We focused on eight
ree parameters in our model that directly impact the X-ray lumi-
osity, UV escape fraction, star formation rate, and SNe feedback of
he galaxies. We constructed a mock observation of the 21-cm PS,
ocusing on a 1000 h observation with the forthcoming SKA1-low.
he observational uncertainty was modelled assuming foreground
edge a v oidance using the PYTHON package 21CMSENSE . Using

he Fisher matrix formalism, we find that four (five) out of the
ight parameters can be constrained to within � 10 ( � 50) per cent
sing the 21-cm PS alone from the EoR. Specifically, we forecast
onstraints on our X-ray parameters (the luminosity L X / SFR and
he minimum energy of the photon escaping the early galaxies
 0 ) that are comparable to similar works in the literature. We also

orecast tight constraints on parameters controlling the star formation
fficiency ( αSF ) as well as the normalization of the UV escape
raction ( f esc,0 ) of the early galaxies. On the other hand, SNe feedback
arameters remain largely unconstrained reflecting that the 21-cm
S is relati vely insensiti ve to them. The complex astrophysics of the
arly galaxy formation and evolution is captured in the degeneracies
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nd correlations among the model parameters. Of particular interest 
re the correlations among the UV escape fraction and SNe feedback, 
nd those between the star formation efficiency and X-ray parameters 
f the galaxies. 
To impro v e the o v erall constraining power of our analysis we

dded the Fisher matrix corresponding to the UV LFs from redshifts
 ∈ [5, 10]. This results in an impro v ement in all of our parameter
orecasts, most notably the critical mass normalization � SF and the 
Ne reheat efficiency η0 . This is not surprising as these parameters 
rimarily control the stellar mass content of the galaxies to which 
he UV LFs are v ery sensitiv e. Incorporating the UV LFs into
he analyses results in five of our parameters being constrained to 
 10 per cent and all eight of them being to within � 50 per cent. Our

orecasts illustrate that detailed observations of reionization with the 
KA will be valuable in constraining the astrophysics of the early 
alaxies. 
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PPENDI X  A :  DERI VATI VES  O F  T H E  2 1 - C M  PS  

n this section, we show the deri v ati ves of our primary statistics
.e. the 21-cm PS (Fig. A1 ). These deri v ati ves are computed by
erturbing the L210 AUG simulation about the fiducial model,
ne parameter θ i at a time. These are then used to compute
he Fisher matrix (see equation 23 ). Parameters corresponding to
imilarly shaped deri v ati ves will be degenerate. Fig. A1 shows these
eri v ati ves [ ∂ 
 

2 
21 / ∂ θi ] weighted by the noise powers [ ε( k , z)], i.e.

1 
ε 

∂ 
 

2 
21 

∂ θi 
. We have employed a ’symmetric log’ scaling on the vertical

xis in the figure with the scale being linear ∈ [ − 10, 10] and
og-scale otherwise. 
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Figure A1. The deri v ati ves of the 21-cm PS [ ∂ 
 

2 
21 / ∂ θi ] with respect to the parameters varied in this work. The derivatives are weighted by the noise levels 

[ σ ( k , z)]. The vertical axes is linear ∈ [ − 10, 10] and log-scale otherwise. 
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PPEN D IX  B:  A D D I N G  IN  T H E  U V  LFS  

his section shows the analysis using only the UV LFs. Fig. B1
hows the derivatives of the UV LFs, computed by perturbing the 
210 AUG simulation about the fiducial model, one parameter θ i 
t a time. These are then used to compute the Fisher matrix. We
o not vary the X-ray parameters, L X / SFR and E 0 , for the UV LFs
nalysis as they do not have an impact on the UV LFs. Parameters
orresponding to similarly shaped deri v ati ves will be degenerate. 
MNRAS 525, 3032–3047 (2023) 
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M

Figure B1. The deri v ati ves of the UV LFs [ ∂ φ/ ∂ θi ] with respect to the parameters varied in this work. The derivatives are weighted by the noise levels [ σ ( M UV , 
z)]. 
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ig. B1 shows these derivatives [ ∂ φ/ ∂ θi ] weighted by the noise
owers [ σ ( M UV , z)], i.e. 1 

σ

∂ φ

∂ θi 
. 

In Fig. B2 we show the forecasted constraints from the UV LFs
isher matrix. The dark (light) contours correspond to the 1(2) σ 2D
NRAS 525, 3032–3047 (2023) 
arginalized confidence intervals for each astrophysical parameter
nd the diagonal subplots show the 1D normalized marginal proba-
ility distribution function. 
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Figure B2. Constraints on our astrophysical model parameters from our Fisher matrix analysis using only the UV LFs. Dark (light) contours represent the 
2D marginalized confidence intervals and the diagonal subplots show the 1D marginalized probability distribution functions of our parameters. Note that while 
computing the UV LFs Fisher matrices we do not vary the X-ray parameters (see text for more details). 
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