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ABSTRACT

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 recover five 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

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

Key words: galaxies: evolution — galaxies: high redshift —dark ages, reionization, first stars.

1 INTRODUCTION

Following recombination, the early Universe entered the cosmic Dark
Ages characterized by a neutral intergalactic medium (IGM) and the
absence of luminous sources. The formation of the first stars and
galaxies ushered in the era of the Cosmic Dawn. The intense ionizing
ultraviolet (UV) radiation, characteristic of the young and massive
stars, as well as X-rays (possibly from high-mass X-ray binaries,
e.g. Mesinger, Ferrara & Spiegel 2013) impacted the thermal and
ionization state of the IGM. This period was brought to its conclusion
in the Epoch of Reionization (EoR) when the UV photons ionized
the neutral hydrogen (H 1) rendering it transparent to UV photons.
Considerable effort has been expended in the last few decades to
unravel the complex physics of this period (see Mesinger 2019 and
references therein). The forbidden 21-cm hyperfine transition signal
is well-suited for this purpose because of its extreme sensitivity to
the formation and evolution of the first stars and galaxies (z < 30),
as well as the various feedback mechanisms in the early Universe.
Though the ultimate goal of 21-cm interferometric experiments is
to map the tomography of the IGM as a function of frequency
(redshift), the first set of observations will be statistical in nature.
The 21-cm signal is observed as a brightness temperature against a
background source (which is almost always assumed to be the cosmic
microwave background (CMB) radiation; e.g. Furlanetto, Peng Oh &
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Briggs 2006; Morales & Wyithe 2010; Pritchard & Loeb 2012).
The 21-cm power spectrum (21-cm PS) quantifies the fluctuations
in the brightness temperature of the 21-cm signal across the sky.
Though a detection has yet to be made, current experiments such as
the Murchison Widefield Array (MWA.!; Tingay et al. 2013), Low
Frequency Array (LOFAR?; Van Haarlem et al. 2013), Hydrogen
Epoch of Reionization Array (HERA?; Deboer et al. 2017) have
already begun setting upper limits on the 21-cm PS (see Mertens
et al. 2020; Trott et al. 2020; The HERA Collaboration 2022). The
upcoming Square Kilometre Array (SKA*; Koopmans et al. 2014)
will revolutionize 21-cm EoR cosmology with its unprecedented
sensitivity.

The amplitude and shape of the 21-cm PS are extremely sensitive to
the thermal and ionization state of the IGM (Barkana & Loeb 2001),
and hence the astrophysics of early galaxy formation and evolution
(Geil et al. 2016; Mesinger 2019). It is therefore imperative that
realistic and efficient models (see Gnedin & Madau 2022 for a recent
review) are available to interpret current and upcoming observations.
Despite significant progress in this direction, there is considerable
uncertainty about the properties of the underlying source populations
of these models.

www.mwatelescope.org
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In this paper, we ask: What can we learn about the underlying
physical processes driving reionization from a successful detection
of the 21-cm PS? Simulating reionization requires large volumes
(> 200h~" Mpc according to Iliev et al. (2014); Kaur, Gillet &
Mesinger (2020) for convergent reionization and 21-cm statistics).
As aresult, a number of models have been developed to make large-
scale but computationally efficient realisations of the early Universe
(e.g. Battaglia et al. 2013; Ghara, Choudhury & Datta 2015; Hassan
et al. 2016; Choudhury & Paranjape 2018; Murray et al. 2020).
To investigate the utility of the 21-cm PS as a probe of galaxy
formation, MCMC methods have been utilized to place constraints
on the parametrized properties (e.g. UV and X-ray) of population
II & III star-forming galaxies (e.g. Greig & Mesinger 2015, 2017;
Park et al. 2019; Qin et al. 2020, 2021a; Maity & Choudhury 2022;
Bevins et al. 2023).

In this work, we use MERAXES (Mutch et al. 2016) — a semi-
analytic model (SAM) of galaxy formation (see Somerville & Davé
2015 for a recent review) and evolution self-consistently coupled
to a reionization model’ — to forecast constraints on astrophysical
properties of the early galaxies.

Unlike seminumerical models (for example, Mesinger, Furlan-
etto & Cen 2011; Choudhury & Paranjape 2018), which focus on
population-averaged quantities (i.e. these models generally have no
galaxies), MERAXES provides a realistic population of galaxies as
sources of photons. MERAXES incorporates a detailed, physically
motivated galaxy formation, and evolution model that includes
baryonic infall, gas cooling, star formation, supernova feedback,
AGN feedback, galaxy mergers, etc. Another essential feature of
MERAXES, important for its application to reionization, is the
simultaneous processing of all the galaxies in the simulation volume,
thereby enabling the spatial coupling of reionization to galaxy
evolution.

By efficiently coupling the reionization of the IGM via a modified
version of 21CMFAST (Mesinger et al. 2011; Murray et al. 2020)
and an underlying galaxy population sourced from a dark matter
only N-body simulation, MERAXES is thus well-suited to explore the
underlying parameter space of the complex astrophysics of this era.
We deploy MERAXES on a 210h~! Mpc cosmological simulation
which resolves all the atomically cooled galaxies down from z ~
20. The large-volume and high-mass resolution of our simulation
make an MCMC analysis using MERAXES prohibitively expensive
computationally.®

Using a Fisher matrix analysis, we forecast the constraints on a
total of eight astrophysical parameters in our model that directly
control the X-ray luminosity, UV escape fraction, star formation
rates, and supernova feedback of the galaxies of the high-z Universe.
Focusing on the upcoming SKA1-low, we forecast constraints from
the 21-cm PS before exploring the improvements available when
combining information from the UV LFs.

The paper is organized as follows: In Section 2, we introduce our
N-body simulation (Section 2.1), galaxy SAM (Section 2.2), and the
reionization model (Section 2.3). We also introduce our set of eight
astrophysical parameters in this section. In Section 3, we introduce

SFor alternate approaches see (e.g. Seiler et al. 2019; Visbal, Bryan & Haiman
2020; Hutter et al. 2021; Ma et al. 2023)

6Recently, Mutch et al. (2023) utilized MERAXES to place constraints on the
UV escape fraction of the early galaxies using existing high-z observations
within an MCMC framework. This was only feasible owing to (i) not
considering the thermal state of the IGM and (ii) using a simulation volume
30 times smaller with a 6 times lower mass resolution for the galaxies.
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our mock observation, in Section 4, we describe the Fisher Matrix
formalism and we analyse our results in Section 5. Our simulations
use the best-fitting parameters from the Planck Collaboration (2016):
h=0.6751, 2, =0.3121, 2, =0.0490, 2, = 0.6879, 03 =0.8150,
and ng = 0.9653. All quantities quoted are in comoving units unless
otherwise stated.

2 SIMULATING THE 21-CM SIGNAL

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

2.1 N-body merger trees

We use the L210_N4320 dark matter-only N-body simulation of the
Genesis suite of simulations (Power et al., in preparation). Containing
4320° particles in a 210> h= Mpc® volume, the simulation has
a mass resolution of ~ 5 x 108 h™! Mg. L210.N4320 was run
with the SWIFT (Schaller et al. 2018) cosmological code, using
the VELOCIRAPTOR (Elahi et al. 2019a) halo identifier and merger
trees generated using TREEFROG (Elahi et al. 2019b). The simulation
consists of 120 snapshots between redshifts 30 and 5.

In order to resolve haloes down to the atomic cooling limit
at z = 20, the L210_.N4320 simulation was augmented using the
Monte Carlo algorithm-based code DARKFOREST (Qiu et al. 2020)
achieving an effective halo mass resolution of ~ 2 x 107 h™! Mg
(L210_AUG of Balu et al. 2023). DARKFOREST achieves this by
sampling from a conditional mass function based on the extended
Press—Schechter theory (Bond etal. 1991; Bower 1991; Lacey & Cole
1993) that has been modified to match the halo mass functions from
N-body simulations. These new low-mass haloes are introduced into
the simulation volume and appended to the merger trees. Importantly,
DARKFOREST also assigns positions to these newly added haloes
based on the local halo density field (Ahn et al. 2015) and the linear
halo bias (Tinker et al. 2010). For the rest of this work, we use
L210_AUG as our fiducial simulation.

2.2 A realistic galaxy population from MERAXES

MERAXES (Mutch et al. 2016) contains detailed and physically
motivated prescriptions for galaxy formation and evolution. These
include, for example, gas infall into dark matter haloes from the IGM
followed by its radiative cooling and subsequent star formation, as
well as eventual supernova feedback and metal enrichment of the
interstellar medium (ISM). Active galactic Nuclei (AGN) feedback
from central black holes of the galaxies was implemented in Qin
et al. (2017) and calculations of the galaxies’ UV luminosity in Qiu
et al. (2019). In addition, MERAXES also has a coupled treatment of
reionization based on the 21CMFAST seminumerical code (Mesinger
etal.2011; Murray et al. 2020, see Section 2.3 for more details). In the
following sections, we give detailed but non-exhaustive descriptions
of the various physics implementations pertinent to our astrophysical
model. Table 1 lists the free parameters of our model along with their
adopted fiducial values.

2.2.1 Star formation prescription
At every snapshot, the baryonic content of a dark matter halo

increases by (1 — finod)foMyir, Where f, = Q,/Q2y, is the baryonic

MNRAS 525, 3032-3047 (2023)
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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 1o 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, Lx /SFR, and Ey,

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 1o values 1o values 1o values
(% uncertainty) (% uncertainty)
logo (SIIZ—XR) X-ray luminosity per SFR (14) 40.50 0.0043 0.0027
(1.1 x 1072) - (7.0 x 1073)
Ey Minimum X-ray photon energy (14) 500.00 54.5058 27.708
(10.9) - (5.54)
Jesc,0 Escape fraction normalization (10) 0.14 0.0092 0.1172 0.0069
(6.55) (83.71) 4.91)
Uesc Escape fraction redshift scaling (10) 0.20 0.1339 0.2552 0.0965
(66.93) (127.6) (48.25)
logo(XsF) Critical mass normalization €))] —1.86 4.3496 0.9511 0.7401
(233.9) (51.13) (39.8)
log o (asF) Star formation efficiency 2) —1.00 0.0883 0.0661 0.0436
(8.82) (6.61) (4.35)
log o (€0) Supernova ejection efficiency (8) 0.19 0.0470 0.0668 0.0309
(25.1) (35.16) (16.56)
logyo(n0) Supernova reheat efficiency (O] 0.84 0.9876 0.0991 0.0658
(117.03) (11.8) (7.803)

fraction and fjoq (equation 16) is the baryon fraction modifier —
set by the local IGM ionization state from the previous snapshot
— coupling galaxy growth to the ionization state of the IGM (see
Section 2.3.2 for details), and M, is the halo virial mass. This newly
accreted baryonic gas is deposited to a ‘hot-gas reservoir’ of the
halo from where it cools radiatively to a ‘cold-gas component’ from
which it can form stars.

Star formation in MERAXES follows the disc stability argument of
Kauffmann (1996), wherein gas participates in star formation when
the cold-gas mass is higher than a critical mass () given by

Vinax Tdisc 10
=2 10" Mg, 1
Mherit St ( 100kms ™! ) <10kpc> x © M

where Xqr is the critical mass normalization, V., is the maximum
halo circular speed, and g is the scale radius of the galactic disc.
The new stellar mass, AMg,,, formed in the time-step At is given by

AMqy = asr Mcold — Merit At )
tdyn,disc

where o is the star formation efficiency, mcoq is the mass locked
up in the cold-gas component, and 74y, isc is the dynamical time of
the disc given by 7gise/ Vinax-

In this work, both ¥Xsr and osp are free parameters in our
astrophysical model whose fractional uncertainty we predict in
Section 5.

2.2.2 Supernova feedback prescription

The star formation rates and the stellar mass of galaxies are regulated
by a number of feedback mechanisms including supernovae (SNe)
feedback from evolved stars, AGN feedback, and the ionization state
of the IGM regulated by the progress of reionization. Mutch et al.
(2016) showed that SNe feedback dominates over self-regulation by
the EoR. In this subsection, we detail the SNe implementation in our
model.

MNRAS 525, 3032-3047 (2023)

The primary impact of SNe feedback is to heat the gas reservoirs of
the halo resulting in the transfer of the gas from the cold to the hot gas
reservoirs and in extreme cases the removal of the gas from the hot
halo (i.e. altogether from the galaxy). Our implementation, modified
from Guo et al. (2011) to take advantage of our high-cadence merger
trees (see Qiu et al. 2019), is based on energy conservation. The
total stellar mass going SNe (Amyey) at a particular snapshot of the
simulation depends on both the current and previous star formation.”
To account for this, we track the stars formed in the present and
four previous snapshots. The stellar mass going SNe at a particular
snapshot is calculated as a weighted average star formation history

[ A [ dedy (1 — 1)

Jo drg ’
where At is the simulation time-step, de/dt is the rate of energy
release per unit stellar mass via Type-II SN by stars within age
and T + dr, and ¥ (¢) is the star formation rate at time ¢ of the
galaxy. We calculate de/dt from STARBURST99 (Leitherer et al. 1999,
2010, 2014) accounting for both metallicity as well as a Kroupa
(2002) initial mass function. The energy released by SNe can then
be calculated as

t+At (o] d8
AEsy = e/ dt’/ dr—vy (' — 1), (4)
t 0 dr

where € is the energy coupling efficiency.
The amount of gas reheated from the cold gas reservoir (Amienear)
or ejected altogether from the halo (Amgje;) is calculated as

3

AMpew =

nAmnew ) AESN = AEhot
AMyehear = AEgN
1/2v2°

vir

; )
AESN < AEhot

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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and
AEsy — AE
Amejecl = W’ (6)
vir
where
1
AEhol = E’?Amnewvvzirs (7)

n is the mass loading factor and Vy; is the halo virial velocity.
Following Qiu et al. (2019), € and n are implemented as

l Vmax -
o(5) () e
ms
€= 32 ®)
1 Vmax I
6°< :Z) <7o kms*) Vo TOKmS
and,
1 2 Vmax -
Mo (#) (W) , Vinax > 60 kms™!
ms—
n= &)

1+Z 2 Vmax —3.2
, Vimax < 60 kms™,
”0( 4 > (60kms*‘> = DT Rms

respectively, where V,,x is the maximum halo circular velocity, € is
the supernova energy coupling normalization, and 7 is the supernova
ejection efficiency.

We forecast the fractional uncertainty on both €y and 7y and
summarize their values in Table 1.

2.2.3 Escape fraction of the UV ionizing photons

The fraction of ionizing photons escaping into the IGM from
galaxies plays an important role in regulating the ionization fraction
and morphology. The model parameters that directly impact the
ionization state have a pronounced effect on the 21-cm PS. Following
Mutch et al. (2016) we employ an escape fraction (fes.) prescription
for galaxies that is solely redshift dependent (though see e.g. Kimm
et al. 2017; Yeh et al. 2023). This results in an fi that is skewed
towards higher z, motivated by two factors. First, it is easier for the
photons to climb out of the shallower potential well of low-mass
high-z galaxies. Secondly, early galaxies are also characterized by
less dust attenuation compared to their low-redshift counterparts

1 Qesc
fesc = fesc.O(%) . (10)

We allow both the escape fraction normalization f.sco and redshift
scaling e to be free parameters in this work.

2.3 Evolution of the IGM

The thermal evolution and ionization state of the IGM follows
21cMFAST (Mesinger et al. 2011; Murray et al. 2020), modified to
take advantage of our realistic galaxy population. MERAXES sources
the dark matter density and velocity fields from the underlying N-
body simulation. We begin by gridding our simulation volume and
assigning the galaxies to voxels based on their positions. In the
present work, motivated by the typical H ii bubble sizes during the
EoR (Furlanetto, Zaldarriaga & Hernquist 2004, Wyithe & Loeb
2004), we divide our simulation into 10243 voxels corresponding to
a cell dimension of ~0.21 h~! Mpc. We give a brief summary of our
method in the following subsections.

Galaxy constraints from 21-cm PS 3035

2.3.1 Thermal state of the IGM

The thermal state of a H1 cloud, characterized by the spin temperature
Ts, depends upon the radiation that is impinging upon it. Even though
Ts is influenced by both UV and X-ray photons, the latter has a
considerably more pronounced impact (e.g. Mesinger et al. 2013)
and is computed as

B Tog + %a T+ 2 T !

75!
14+ x4 + xc

, an

where Tcyp is the temperature of the CMB, Tx is the gas kinetic
temperature, T,,, which we take to be equal to 7%, is the colour tem-
perature, x, is the Wouthuysen—Field coupling constant (Wouthuysen
1952; Field 1958), and x. is the collisional coupling coefficient
which accounts for the collisional coupling of the gas with other
H1atoms, free electrons, and free protons. Here, we summarize only
the implementation of the X-rays (which largely impacts the Tx) and
refer the reader to Balu et al. (2023) for further details.

An X-ray photon with energy E, when emitted at redshift z,
redshifts toenergy E = E,(1 +2)/(1 + Z') atredshift z. We compute
the comoving X-ray emissivity ex(x, E,, z’) in the emitted frame at
location x as

ex(x, E,,7') = (L /SFR) x SFRD(x, 7)), (12)

where L;(/SFR is the specific X-ray luminosity per SFR® and
SFRD(x, 7') is the star formation rate density. The SFRD grid
depends on the local galaxy population, enabling us to couple galaxy
evolution with the thermal state of the IGM. L;< /SFR is implemented
as a power-law of the X-ray energy as

Ly /SFR o E7X, (13)

where ay is the X-ray spectral index and is normalized as

2keV

Lx/SFR = / dE.Ly /SFR. (14)

Ey
Lx/SFR is one of the free parameters of our model and has units
[erg s™'Mg'yr].” We impose an upper limit of 2 keV since X-ray
photons with higher energies have mean-free paths longer than the
Hubble length and are unlikely to impact Ts (McQuinn 2012; Das
et al. 2017). The lower limit Ey, is motivated by the absorption of
low-energy X-rays within the galaxy itself.

We forecast constraints on both Ey and Lx/SFR in this work, and
their fiducial values are summarized in Table 1.

2.3.2 Ionization state of the IGM

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

Nb*(xs Z|R)Nyfesc = Natom(xs ZlR)(l +ﬁrec)(l _xe)’ (15)

where Ny, (x, z| R) is the cumulative number of stellar baryons, N,, is
the average number of ionizing photons per stellar baryon, and fe is
their escape fraction. The left-hand side of equation (15) thus gives

8Note that this SFR is an average quantity of all the galaxies in a grid and is
different from the 1 in equation (3), which is for each galaxy.
9Note, our Lx/SFRis equivalent to Lxokev/SFR in 21CMFAST .

MNRAS 525, 3032-3047 (2023)
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the total number of ionizing photons in the volume. On the right-hand
side, Nyom(X, z|R) is the total number of baryons, (1 + i) accounts
for the recombinations inside Lyman limit systems (see Sobacchi &
Mesinger 2014), and (1 — X,) accounts for secondary ionizations
caused by the X-ray photons, giving the number of neutral H:1 atoms
in 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, Ny, is inferred from the stellar
mass that is dependent on the star formation histories of all star-
forming galaxies. We compute a fi,,,q for each galaxy based on their
local xy; value, enabling us to couple a galaxy’s growth to its local
IGM ionization state. In the next snapshot, the amount of fresh gas
accreting on to the galaxy is modulated by f;,0,q Which is calculated,
following Sobacchi & Mesinger (2013), as

Finod = 2_Mﬁ]l/Mvir’ (16)

where My, is the ‘filtering mass’, corresponding to when the baryon
fraction of the host halo is half of the cosmic IGM value and is given
by

o (1+2) 1+z \7°
My = Mo Jy, ( 10 ) [1 - <1 e > ] ) an
on

where z is the current redshift, z;,, is the redshift when the voxel was
first ionized, and J, is the local average UVB. The values [My, a, b,
¢, d] are taken from (Sobacchi & Mesinger 2013) (see Mutch et al.
2016 for more details). In this manner, by coupling galaxy growth to
the local ionization state as well as the local UV ionizing background,
MERAXES enables a self-consistent reionization scenario. See Geil
et al. (2016) for an exploration of the self-consistent and UV
background regulated reionization within MERAXES .

2.4 21-cm brightness temperature

A radio telescope measures the brightness temperature (§7}) of a
Hicloud, which is the offset of the spin temperature (7s) against a
background radiation source (assumed to be the CMB) of tempera-
ture 7', as a function of frequency v, given by

Is—-T,

dTp(v) = 17_'_2(1 —e ")

27xn (1 + 8ur) " 1= I
AT O Qo /dr + H T
1 0.15 Qph?
x (2 % ) mK, (18)
10 Quh? 0.023
where 7, is the optical depth at the 21-cm transition frequency vy,
Xy is the neutral hydrogen fraction, &, is the fluctuations in the
underlying dark matter density field, H is the Hubble parameter, and
dv,/dr is the line-of-sight component of the radial derivative of the

peculiar velocity. All of the terms in equation (18) are evaluated at
z=volv — 1.

&

3 FIDUCIAL SIMULATION AND MOCK
OBSERVATIONS

In this section, we describe our fiducial model as well as the
mock observations which are used to forecast constraints on our
astrophysical model parameters.

3.1 Fiducial model parameters

The L210_AUG simulation from Balu et al. (2023) was calibrated
against existing observables including UV LFs from Bouwens et al.

MNRAS 525, 3032-3047 (2023)

(2015,2021), and stellar mass functions from Song et al. (2016)
and Stefanon et al. (2021). The reionization history was calibrated
using the Thomson scattering optical depth of free electrons to CMB
photons from the Planck Collaboration (2020) (see figs 3 and 4 of
Balu et al. 2023).

The fiducial values of our eight astrophysical model parameters
are given in the fourth column of Table 1. These parameters can be
divided into four groups of two in the order they are shown in the
table, having direct control on the X-ray properties (Lx/SFR and
E)), the ionizing UV photon escape fraction (fesco and o), star
formation (Xsr and asg), and the supernova feedback (¢ and ng) of
the galaxies.

3.2 21-cm power spectra

The frequency dependence of the 21-cm signal imparts a line-of-sight
evolution to the 21-signal. To account for this, MERAXES produces a
21-cm light-cone by stitching together (linearly) interpolated §Ty, co-
evolution grids. Following Greig & Mesinger (2018), we subdivide
our 21-cm light-cone into cubical grids of a size equivalent to our
simulation volume (1024%) and calculate the spherically averaged
dimensionless 21-cm PS in each (shown as the solid blue curve in
Fig. 1). We obtain 11 redshift chunks spanning z € [5, 24], and assign
redshift values to them corresponding to the mid-point of each chunk.

3.3 Modelling observational noise

The sensitivity of a radio interferometer to the 21-cm PS can be
divided into two components: (1) thermal noise, which is important
on the small scales and (2) sample (cosmic) variance, prominent on
the large scales. The total noise power o [A3, (k)] is given by adding
these two in quadrature:

1 : 1 ’
Enrii® <A v A> ’ 1
where Af\,(k) is the thermal noise given by (Morales 2005; McQuinn
et al. 2006; Parsons et al. 2012):
K

A} (k) ~ xzyﬁETfys,
where X and Y relate the bandwidths and solid angles to the comoving
distance to the source, Q' is a factor dependant on the beam of the
telescope (see Parsons et al. 2014), ¢ is the integration time for the
mode k, and Ty, is the system temperature given by Tgy, = Ty
+ Tree With Ty and Ty being the sky and receiver temperature,
respectively. The quadrature addition and the form of the cosmic
variance noise in equation (19) assume that the errors are Gaussian
distributed, which is reasonable for the relevant scales in this work
(see Qin et al. 2021a, b; Prelogovi¢ & Mesinger 2023).

In this work, we focus on a future observation of the 21-cm PS
by the SKA. We limit our attention to the upcoming first phase
of SKA — the so-called SKA1-low.'” We only include the stations
in the ‘Central Area’ of the SKA1-low, resulting in 296 stations
of diameter 35 m distributed across a circular area with 1.7 km
diameter, we calculate the interferometer’s sensitivity to the 21-
cm PS using the 21CMSENSE.'! PYTHON package (Pober et al.
2013, 2014). We assume an observational campaign corresponding
to six hours per night for 180 d, i.e. a total of 1080 h, and sky

(20)

10See the official SKA 1 System Baseline Design document for further details.
\www.github.com/steven-murray/2 1 cmSense
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Figure 1. The blue curve shows the dimensionless 21-cm PS A%l (mK?) from our fiducial model. The grey-shaded region 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, effectively ignoring (pink-shaded region) all the k&-modes falling within the 21-cm foreground wedge (setting a ki, = 0.16 Mpc ™).
The kmax = 1.4 Mpc~! 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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temperature Ty, to be dominated by galactic synchrotron emission
(Thompson, Moran & Swenson 2017) scaling with frequency v
as Ty = 60(v/300MHz)~2%K. Additionally, assuming that the
telescope reflects 10 per cent of the response to the sky (Pober
et al. 2014), we set T, = 40mK + 0.1Tg,. We combine partially
coherent baselines to improve power-spectrum sensitivity and use
the ‘moderate’ foreground removal scenario of 21CMSENSE, wherein
we avoid the modes that are contained within the so-called fore-
ground wedge (Datta, Bowman & Carilli 2010) extending k| =
0.1h Mpc~' beyond the horizon limit. As we ignore the modes
that fall within the foreground wedge, we are limited to kpin =
0.16 Mpc™! for our analysis. We also have an upper limit of
kmax = 1.4 Mpc‘1 which arises from a combination of both the
spatial scales that are probed by the SKA1-low (set by the longest
baseline we consider in our modelling of the array), as well as
Poisson, shot noise from our simulation. Fig. 1 shows the PS
noise (grey shaded region) that is generated for our fiducial 21-cm
PS. The red-shaded region shows k-modes that are ignored in this
work.

3.4 Luminosity Functions

In addition to exploring the possible constraints on our fiducial model
from the 21-cm PS, we also consider the improvements that are
achievable with a joint analysis of both the 21-cm PS and the UV
LFs.

In addition to updates on the SNe feedback (see Section 2.2.2), Qiu
et al. (2019) explored different implementations of dust attenuation
in MERAXES . Here, we adopt the parametrization for the UV optical
depth that depends on the dust-to-gas ratio (Charlot & Fall 2000)
of the galaxies. The model differentiates between a short-lived birth
cloud of the stars as well as the ISM of the galaxy. Photons are
absorbed by both the birth cloud (albeit for a short while until it
gets depleted by star formation) and the ISM. The free parameters
of MERAXES — particularly the ones impacting the galaxy physics —
have been calibrated (see Qiu et al. 2019; Balu et al. 2023) to their
fiducial values against infrared excess (IRX)-8, UV LFs, and stellar
mass functions at z > 5.

The blue curves in Fig. 2 are the UV LFs from our calibrated
simulation. The error bars are determined by multiplying our
simulated UV LF data by the corresponding fractional uncertainty
on each data point from the Bouwens et al. (2021) observational
data. In addition to the 21-cm PS, we thus have six UV LFs from
z €[5, 10].

4 FORECASTS USING FISHER MATRICES

To place quantitative constraints on the model parameters we use
the Fisher information matrix (F;; Tegmark, Taylor & Heavens
1997; Albrecht et al. 2009). For any set of observations, the Fisher
matrix provides the best possible constraints on the parameters of an
assumed model. An implicit assumption is that the errors on these
parameters are Gaussian and that the observational data points are
statistically independent. In this limit, by the Cramer—Rao theorem,
the covariance matrix (C;;) of the parameters is given by the inverse
of the Fisher matrix

The 1o error on the ith parameter is given by the corresponding term
on the diagonal of the covariance matrix i.e. C;. Another relevant

property of the Fisher matrices is their additive nature enabling one to
do joint analyses of a different set of observations. This is achieved by
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adding the corresponding Fisher matrices together before calculating
the joint Cj;.

Given the likelihood function L (the probability of the data given
the model parameters 0) Fj; is given by

P ’InL 2
Y\ 0600, [

For the present work, we compute F;; as

1 3A%(k,z) 0A*(k, 2)
Fi' = ) 23
/ kz o2(k,z) 06 06, (23)

where AZ%(k, z) is the dimensionless 21-cm PS, o(k, z) is the
observational uncertainty on a measured A’(k, z) (see equation
19), and the summation is over all the k-modes and z-bins. Fisher
matrices are thus sensitive to the derivatives of the 21-cm PS, with
a larger value indicating increased sensitivity of the statistic to the
model parameter. This translates into tighter constraining power on
the model parameter. Parameters with a similar structure for the
derivatives, as a function of k, will be degenerate (Pober et al. 2014).
In Fig. Al of appendix A, we show the noise [o(k, z)] weighted
derivatives of the 21-cm PS with respect to each parameter we
study in this work. Fig. 1 makes it evident that the noise levels
corresponding to a ~1000 h observation with SKA1-low is lowest
for the redshifts z < 8. Thus, from equation (23), the constraining
power will be dominated by these redshifts. Since the 21-cm PS is
sensitive to different astrophysical parameters at different epochs
(Furlanetto et al. 2006), this will be reflected in our forecasted
constraints.

Except for Ey, fesco and o, all other parameters are varied in
log-space as they can vary by at least an order of magnitude. For
calculating the Fisher matrix we vary each parameter by +4 per
cent around its fiducial value.'? In order to further avoid numerical
artefacts while computing the derivatives, we fitted the mock 21-cm
PS with a 5"-order polynomial in log-space and interpolated the
values for k-bins evenly spaced in log;o(k)."?

The F;; corresponding to the UV LFs are computed by appropri-
ately modifying equation (23). Fig. B1 shows the derivatives of the
UV LFs with respect to our model parameters after being weighted
by the error [o(Myv, z)]. We note here that while constructing the
Fisher matrix corresponding to the UV LFs, we do not consider the
ones varying the X-ray properties (i.e. Ey and log,,(Lx/SFR)) as
they do not have any impact on the galaxy properties which affect its
luminosity.'*

The primary advantage of a Fisher matrix analysis is the associated
computational efficiency as they are quick and easy to calculate.
This is particularly important when a single model evaluation is
too computationally expensive for an MCMC, as is the case for
MERAXES .1

12We explored different choices of the step-size and (visually) ensured the
convergence of the derivatives.

13polynomial fitting with different orders as well as in linear scales were
explored to ensure convergence.

14The 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 H1(Mesinger
et al. 2013). In these extreme cases, the X-ray can provide some constraints
from UV LFs via the baryon modifier finoq. We have visually checked the
constraints and have found them to be negligible for our fiducial model.

I5A single model evaluation takes ~16 h on two 48-core nodes.
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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 equivalent 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 (X sf; pink) and the
efficiency of gas reheating due to SNe feedback (n¢; 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 improve our forecasted constraints as the range

exceeds the 1o observational uncertainty.

5 RESULTS

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

5.1 Forecasts from the 21-cm PS alone

In Fig. 3, we show the forecasts on our astrophysical parameter
set from the 21-cm PS corresponding to a ~1000 h observation
with SKA1-low. The dark (light) contours correspond to the 1(2)o
2D marginalized confidence intervals for each astrophysical param-
eter and the diagonal subplots show the 1D normalized marginal
probability distribution function. The fifth column of table 1 lists
the 1o uncertainty on our parameters. The fractional uncertainties,
lo(6;) /0/ idl, are given within brackets and are shown as blue squares
in Fig. 5.

We obtain tight constraints (<10 per cent) for the X-ray parameters
(luminosity Lx/SFR and minimum X-ray photon energy escaping
galaxies E)), escape fraction normalization (fec ), and star formation
efficiency (asg), while the SNe ejection efficiency (¢) is constrained
to ~25 per cent. On the other hand, the critical mass normalization
(Xsp) and the efficiency of SNe reheating (79) remain relatively
unconstrained with ~234 and ~117 per cent fractional 1o uncer-
tainties, respectively. The relatively poor constraints on Xgsg and ng

are primarily because these parameters have negligible impact on the
21-cm PS.

As previously mentioned, our parameter set forms four groups
of two with each group controlling a different aspect of galaxy
properties.

(i) X-ray parameters: The 21-cm signal is very sensitive to the
amount and energy of the X-ray photons in the early Universe.
The 21-cm PS, therefore, provides tight constraints on the X-ray
parameters, E, (~11 per cent) and Lx/SFR (~102 per cent), in
our model. These forecasts are consistent with similar works in the
literature (e.g. Greig & Mesinger 2017; Park et al. 2019; Mason
et al. 2023), which is unsurprising given they have the same X-ray
implementation despite the differences in the source modelling (i.e.
SAM).

(ii) UV escape fraction: f. is more sensitive to the normalization
Jesco as opposed to the redshift power-law exponent (cesc). This is
also reflected in the derivative of the 21-cm PS with respect to these
parameters (green and pink curves in Fig. Al). We thus forecast
tighter constraints on fsc o (6.55 per cent) compared to o5 (66.93 per
cent).

(iii) Star formation: Among the star formation parameters, the
efficiency of star formation (asr) is highly constrained relative to
the critical mass normalization (Xgr). The primary impact of Xgg
is to establish a critical mass threshold needed for the stars to start

MNRAS 525, 3032-3047 (2023)

20z aunf z0 uo 1sanb Aq 08Y152./2€0€/2/S2S/PI0IME/SEIU/WOO"dNO"dlWapede//:Ssdny WOy papeojumoq



3040  S. Balu, B. Greig and J. S. B. Wyithe

Log1o (g5 )
40.50 + 0.0043

Ey
500.00 £ 54.5058

—

T
600 - -
[=]
53]
400 | - Jesc,0
, , 0.14 £ 0.0092
0.175 T T F T T 3
S 0150 s -
= 0125f 4k . Qese
0.20£0.1339

si‘_);{ : Galaxy X-ray luminosity per SFR
Ej : Minimum X-ray photon energy in eV
Jfesc,0 - Escape fraction normalisation

Qs - Escape fraction redshift scaling

Y : Critical mass normalisation

agr : Star formation efficiency

€o : Supernova ejection efficiency

7o : Supernova reheat efficiency

/
—

log(Xsr)
—1.86 +4.3496

A —1.0040.0883

(ESF
A8 I M AL AL AX A

s V 4
& —10f 4+ 4+ 4k logyo(asr)
o
— 1 1 1 1 1 1 l 1
— T T T T T T T T T T T
o —075F 4k 4k 1+ 41+ -
wn
S
 -Loor 4k 4k 1+ 41+ -
o logio(€o)
S -1asE , , , R L 0.19 +0.0470
T T T T T T T T T T T T T T
—~
=}
w
@IS AZININ @
~—
%D log1o(no)
0.0 1 1 1 1 1 1 )l 1 1 1 1 1 1 1 0.84+0.9876
: T T T T T T M T T T 7T T T T T T T T T T T 1T T T T T T T
—~
& 25t 4k 4k 1+ 41+ 41+ 41t .
~—
- . 919 9| @ 9| % @
20 0.0
2
=25F 1 1 1L 0 1 1 1 OrC_1 1 1 . | 1 1 i 1 1 T 1 1 1] 1 1 1 1 1 |
bigo b?’b 5& ‘J\%"’JQQ @Q “)QQ @Q /\QQ\Q‘) \q'Q \n;'} \(,)Q \é) Q{\(:JQ-QQ Q(]:—) /\b /‘b Q % \’?;—J\(}9‘\'06QQQQ(-\%QQQQ-Q%Q-\Q)QQ?Q’QI Q )
ENEENNMIANSEENY Q7 Q" Q" Q' Q" VAS ARSI AN 10g10(7]0)
E
logw(LX ) 0 Jese,0 Otesc log10(Zsr) logo(asF) logy(€)
SFR

Figure 3. Constraints on our astrophysical model parameters from our Fisher matrix using a 1000 h mock observation with the SKA 1-low. Dark (light) contours
represent the 2D marginalized confidence intervals and the diagonal subplots show the 1D marginalized probability distribution functions of our parameters.

forming. This parameter thus has only a secondary role in the stellar
mass content of galaxies as once a galaxy has accreted enough mass,
the amount of stellar material is controlled by asr (see Section 2.2.1).
Equation (2) also shows that these two parameters enter our model
as a multiplicative term of the form (1 — Xgp)asr adding to their
degeneracy.

(iv) SNe feedback: Compared to the star formation parameters, we
find that the SNe parameters are less constrained, with ~25 per cent
for the SNe ejection efficiency €y, while the efficiency of reheating
by the SNe 7 is only constrained to ~117 per cent. Similar to Xgp,
the low constraints on these parameters are due to the fiducial model
values being such that the 21-cm signal is relatively insensitive to
these processes.

MNRAS 525, 3032-3047 (2023)

5.2 Joint forecasts using the 21-cm PS and the UV LFs

We next add in the Fisher matrix corresponding to the UV LFs from
six redshifts € [5, 10]. As the UV LFs functions are sensitive to
parameters that do not have a pronounced impact on the ionization
morphology, the addition of the UV LFs into the analysis helps
improve the overall constraints on the astrophysical model (Park
et al. 2019). We show the impact of varying the two least constrained
parameters when using just the 21-cm PS, Xgg, and 1o, on the
UV LFs in Fig. 2. The green and pink shaded regions are from
varying 1o and Xgg, respectively, by an order of magnitude about
their fiducial values (we point out that these two parameters are
positive 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.

the 1o errors emphasising that including the UV LFs in our Fisher
analysis will provide additional constraining power. As previously
mentioned, we do not vary the X-ray parameters, Lx/SFR and Ej,
while computing the UV LF Fisher matrix.

Fig. 4 shows the constraints from the joint analysis of the 21-cm
PS and UV LFs, and the last column of Table 1 lists the forecasted
1o uncertainty along with the fractional uncertainties for our model
parameters. The green stars in Fig. 5 are the fractional uncertainties
for the joint analysis of both the 21-cm PS and the UV LFs, and the
orange crosses represent the same from just the UV LFs.!° Figs 3 and

19In Fig. B2 we show the constraints from the UV LFs alone.

5 demonstrate that combining the UV LFs into the analyses helps to
improve the constraints. This is most notable for parameters having
a direct impact on the stellar mass of the galaxies i.e. the ones
related to star formation and supernova feedback as UV LFs are
more sensitive to these parameters compared to the 21-cm PS. This
results in significant improvements in Xgr (from ~234 to ~40 per
cent) and ny (from ~117 to ~8 per cent) for the joint case of both
the 21-cm PS and the UV LFs as the degeneracies between stellar
properties and escape fraction can be weakened. This then translates
into improvements in other parameters.

The relatively larger improvement in Xgr compared to agp
following the inclusion of information from the UV LFs stems from
the breaking of parameter degeneracies. In Fig. 3 (21-cm PS only),
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Figure 5. Fractional uncertainties on our eight free parameters. The vertical
axis is the 1o 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, Lx/SFR, and Ey. The grey dotted line shows the 10 per cent
fractional uncertainty limit.

Ysr is poorly constrained (highlighted by the large uncertainties),
and Xgr and agp are anticorrelated. In Fig. B2 (UV LFs only), Xsp
is now more tightly constrained and positively correlated with o,
indicating the majority of X gg’s constraining power comes from
the UV LF. Thus, the inclusion of UV LFs provide considerable
improvements to the constraining power of Xgg. For agg on the
other hand, it is almost equally well constrained both by the 21-
cm PS (Fig. 3) and the UV LFs (Fig. B2). Thus combining the
two observables provides modest improvements (dominated by the
change in correlation).

5.3 Discussion of parameter degeneracies

Even though Fisher matrices implicitly make simplifying assump-
tions, such as Gaussian likelihoods and Gaussian errors, they
nevertheless give useful insights. In this section, we explore the
correlations and degeneracies among the model parameters. For
brevity, we focus only on the results from the joint analysis of the
UV LFs and the 21-cm PS (Fig. 4), noting that the trends are similar
for the 21-cm PS alone (Fig. 3).

(1) X-ray parameters: Ly /SFR anticorrelates with the UV escape

fraction normalization (fesc0) and the SNe ejection efficiency (eg).
E, shows an anticorrelation with the star formation efficiency (asg)
and positively correlates with the SNe reheat efficiency (n).
These correlations can be understood from the impact of the X-rays
on the EoR. X-rays can contribute, albeit a small fraction relative to
the UV photons, to the ionization of the local IGM of a galaxy leading
to photoionization regulation of the amount of neutral gas available
for accretion on to the galaxy and hence subsequent star formation.
Thus increasing Lx/SFR can be compensated by a decrease in the
SNe feedback and/or the ionizing UV escape fraction. Ej sets the
lowest energy for escaping X-rays from the galaxies. An increase in
Ey, therefore, implies less IGM ionization by the X-rays.

(ii) UV escape fraction: The correlation among oes. and fescp 18
expected given the definition of the UV escape fraction (fis; see
equation (10)). The UV escape fraction, fu, directly influences the
local IGM ionization state, and hence the amount of baryonic infall
into the galaxy for star formation. The amount of cold gas available
for star formation is influenced by the SNe ejection efficiency which
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sets the amount of gas removed from the galaxy. An increase in fi
therefore should be accompanied by a decrease in the SNe feedback.
In light of this, the relatively strong positive correlation of fico
with the supernova ejection efficiency ¢ is interesting. This can be
understood from the behaviour of the UV escape fraction (i.e. the
combination of f..o and aes) and the other physical processes. The
positive correlation amongst the SNe parameters (179 & €¢), as can
be seen from equations (3—7) and Fig. B2, also plays a contributing
factor. o is also anticorrelated with both 7y and €. It is therefore
a combination of the very weak correlation of f. o with ny and the
anticorrelation with ae that results in its positive correlation with €.
The comparatively tighter correlation of the escape fraction param-
eters with the SNe parameters compared to the X-ray parameters
reflects the relative importance of the UV photons over the X-ray
photons in the IGM ionization state.

(iii) Star formation: As noted, we report correlations between the
star formation efficiency asg and the minimum X-ray photon energy
Ey.

The strong correlation between asr and SNe reheat efficiency g is
expected as they are two of the parameters impacting the stellar mass
in a galaxy.

On the other hand, the correlation between asg and the critical mass
normalization Xgf is surprisingly weak given equation (2). This is
because of the relatively small value of Xgr. X fixes the critical
mass of the cold gas needed for star formation to commence in a
galaxy. The small value of the parameter is justified on the physical
grounds that a larger value will result in lower available gas for star
formation.

(iv) SNe feedback: For completeness, we again point out the cor-
relations between the SNe ejection (€y) and reheat (1) efficiencies,
the strong correlations of €( with fco and E, and that of ny with
OSF.

6 CONCLUSION

Using the semi-analytic galaxy formation model MERAXES we
perform a Fisher matrix analysis to forecast the constraints on
physical properties of galaxy formation and reionization that will
be available from future 21-cm PS observations. Specifically, we use
the 210 h™! Mpc cosmological simulation resolving all atomically
cooled haloes (L210_AUG of Balu et al. 2023) down from z = 20.
SAMs are unique in enabling computationally efficient exploration
of the underlying parameter space corresponding to the complex
astrophysics of galaxy formation and evolution. We focused on eight
free parameters in our model that directly impact the X-ray lumi-
nosity, UV escape fraction, star formation rate, and SNe feedback of
the galaxies. We constructed a mock observation of the 21-cm PS,
focusing on a 1000 h observation with the forthcoming SKA1-low.
The observational uncertainty was modelled assuming foreground
wedge avoidance using the PYTHON package 21CMSENSE. Using
the Fisher matrix formalism, we find that four (five) out of the
eight parameters can be constrained to within <10 (<50) per cent
using the 21-cm PS alone from the EoR. Specifically, we forecast
constraints on our X-ray parameters (the luminosity Lx/SFR and
the minimum energy of the photon escaping the early galaxies
Ey) that are comparable to similar works in the literature. We also
forecast tight constraints on parameters controlling the star formation
efficiency (asg) as well as the normalization of the UV escape
fraction (fesc0) of the early galaxies. On the other hand, SNe feedback
parameters remain largely unconstrained reflecting that the 21-cm
PS is relatively insensitive to them. The complex astrophysics of the
early galaxy formation and evolution is captured in the degeneracies
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and correlations among the model parameters. Of particular interest
are the correlations among the UV escape fraction and SNe feedback,
and those between the star formation efficiency and X-ray parameters
of the galaxies.

To improve the overall constraining power of our analysis we
added the Fisher matrix corresponding to the UV LFs from redshifts
z €[5, 10]. This results in an improvement in all of our parameter
forecasts, most notably the critical mass normalization Xgr and the
SNe reheat efficiency 7. This is not surprising as these parameters
primarily control the stellar mass content of the galaxies to which
the UV LFs are very sensitive. Incorporating the UV LFs into
the 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
forecasts illustrate that detailed observations of reionization with the
SKA will be valuable in constraining the astrophysics of the early
galaxies.
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APPENDIX A: DERIVATIVES OF THE 21-CM PS

In this section, we show the derivatives of our primary statistics
i.e. the 21-cm PS (Fig. Al). These derivatives are computed by
perturbing the L210_AUG simulation about the fiducial model,
one parameter ¢; at a time. These are then used to compute
the Fisher matrix (see equation 23). Parameters corresponding to
similarly shaped derivatives will be degenerate. Fig. A1 shows these

derivatives [6A%l/69,v] weighted by the noise powers [e(k, z)], i.e.

o’ . . .
%#. We have employed a ’symmetric log’ scaling on the vertical

axis in the figure with the scale being linear € [ — 10, 10] and
log-scale otherwise.
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Figure Al. The derivatives of the 21-cm PS [aA%1 /06;] with respect to the parameters varied in this work. The derivatives are weighted by the noise levels
[o(k, z)]. The vertical axes is linear € [ — 10, 10] and log-scale otherwise.

APPENDIX B: ADDING IN THE UV LFS at a time. These are then used to compute the Fisher matrix. We

) ) ) ) i do not vary the X-ray parameters, Lx/SFR and Ej, for the UV LFs
This section S.hOVYS the analysis using only the UV LFs. Fjlg- Bl analysis as they do not have an impact on the UV LFs. Parameters
shows the derivatives of the UV LFs, computed by perturbing the corresponding to similarly shaped derivatives will be degenerate.

L210_AUG simulation about the fiducial model, one parameter 6;
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Figure B1. The derivatives of the UV LFs [0¢/06;] with respect to the parameters varied in this work. The derivatives are weighted by the noise levels [o (Myy,
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In Fig. B2 we show the forecasted constraints from the UV LFs
Fisher matrix. The dark (light) contours correspond to the 1(2)o 2D
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marginalized confidence intervals for each astrophysical parameter
and the diagonal subplots show the 1D normalized marginal proba-

bility 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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