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ABSTRACT

We explore how the characteristics of the cross-correlation functions between the 21-cm emission from the spin-flip transition
of neutral hydrogen (H1) and early Lyman « (Ly «) radiation emitting galaxies (Ly « emitters, LAEs) depend on the reionization
history and topology and the simulated volume. For this purpose, we develop an analytic expression for the 21-cm-LAE
cross-correlation function and compare it to results derived from different ASTRAEUS and 21CMFAST reionization simulations
covering a physically plausible range of scenarios where either low-mass (S 10°° Mg) or massive (2> 10°5 M) galaxies
drive reionization. Our key findings are: (i) the negative small-scale (< 2 cMpc) cross-correlation amplitude scales with the
intergalactic medium’s (IGM) average H1 fraction ({xy;)) and spin-temperature weighted overdensity in neutral regions ({1 +
8)m1); (ii) the inversion point of the cross-correlation function traces the peak of the size distribution of ionized regions around
LAE:s; (iii) the cross-correlation amplitude at small scales is sensitive to the reionization topology, with its anticorrelation or
correlation decreasing the stronger the ionizing emissivity of the underlying galaxy population is correlated to the cosmic web
gas distribution (i.e. the more low-mass galaxies drive reionization); (iv) the required simulation volume to not underpredict the
21-cm-LAE anticorrelation amplitude when the cross-correlation is derived via the cross-power spectrum rises as the size of
ionized regions and their variance increases. Our analytic expression can serve two purposes: to test whether simulation volumes
are sufficiently large, and to act as a fitting function when cross-correlating future 21-cm signal Square Kilometre Array and
LAE galaxy observations.

Key words: methods: analytical — methods: numerical — galaxies: high-redshift — intergalactic medium — dark ages, reionization,
first stars.

and whether the majority of H1ionizing photons emerged from the

1 INTRODUCTION . o .
few massive galaxies in the densest regions or from the numerous

Our Universe underwent the last major phase transition during its first
billion years when the ultraviolet (UV) photons from the first stars
and galaxies ionized the neutral hydrogen (H1) in the intergalactic
medium (IGM). During this Epoch of Reionization (EoR), ionized
regions grew and merged around galaxies until the IGM was ionized
by z ~ 5.3 (Dayal & Ferrara 2018; Keating et al. 2020; Bosman
et al. 2021; Qin et al. 2021; Zhu et al. 2021). However, the exact
timing of the reionization process and the topology of the ionized
IGM, i.e. the evolution of the spatial distribution of ionized regions
within the cosmic web structure, remain uncertain. Both go back
to our limited knowledge about the properties of the first galaxies

* E-mail: anne.hutter @nbi.ku.dk (AH); heneka@thphys.uni-heidelberg.de
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low-mass galaxies that are more homogeneously distributed in the
cosmic web structure.

In the past years, the rising number of observed high-redshift
galaxies and precision measurements of the cosmic microwave back-
ground (CMB) have started to paint a picture wherein reionization
has a midpoint around z >~ 7-8 (Planck Collaboration VI 2020;
Goto et al. 2021; Maity & Choudhury 2022). A robust tracer of
the IGM ionization state is the presence or absence of the H1
sensitive Lyman o (Ly @) emission line in detected galaxy spectra.
The number density, fraction and spatial distribution of galaxies with
observable Ly o emission, so-called Ly « emitters (LAEs), track the
mean Hifraction ({xg;)) in the IGM (e.g. Mesinger & Furlanetto
2008; Dayal, Maselli & Ferrara 2011; Dijkstra et al. 2014; Hutter
et al. 2014; Pentericci et al. 2014, 2018; Schenker et al. 2014; Fuller
et al. 2020) and spatial distribution of ionized regions (e.g. Jensen
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etal. 2013; Mesinger et al. 2015; Castellano et al. 2016, 2018; Hutter
et al. 2017, 2020; Qin et al. 2022). However, the fraction of Ly «
radiation transmitted through the IGM is sensitive to the shape of the
Ly o line emerging from a galaxy, which again is subject to the gas
density and velocity distribution of its interstellar and circumgalactic
media (e.g. Verhamme et al. 2015; Dijkstra, Gronke & Venkatesan
2016; Gronke et al. 2017; Kimm et al. 2019; Kakiichi & Gronke
2021).

Fortunately, current and forthcoming radio interferometers, such
as the Square Kilometre Array' (SKA; Carilli & Rawlings 2004),
Hydrogen Epoch of Reionization Array (HERA; DeBoer et al. 2017),
Murchison Widefield Array? (MWA; Barry etal. 2019; Lietal. 2019),
and Low Frequency Array’ (LOFAR; Patil et al. 2017; Mertens et al.
2020), will detect the cosmic H121-cm signal that traces the topology
of the ionized regions in the IGM, with SKA being expected to have
sufficient angular resolution and sensitivity to provide us with real-
space 21-cm maps. Statistical analyses applied to the 21-cm signal
measured in reciprocal space alone, such as the 21-cm auto power
spectra, will constrain our models of reionization and the underlying
galaxy population driving this phase transition. However, they rely on
the accurate removal of various 21-cm signal foregrounds interfering
with the EoR signal (e.g. Shaver et al. 1999; Barry et al. 2016; Patil
etal. 2016, 2017; Trott & Wayth 2016; Mertens, Ghosh & Koopmans
2018; Mertens et al. 2020). Theoretically, cross-correlating the 21-cm
signal with galaxy surveys eases the removal of bright 21-cm fore-
grounds, as the only foregrounds that survive the cross-correlation
are those arising from the cosmological volume of the galaxy
survey,* confirming the reality of the cosmological 21-cm signal
(Furlanetto & Lidz 2007; Beane, Villaescusa-Navarro & Lidz 2019).
In practice, however, 21-cm foregrounds will inflate the variance of
21-cm-galaxy cross-correlations compared to a hypothetical 21-cm
foreground-free survey. For this reason, 21-cm foreground mitigation
is still desirable and its quality increases for larger survey areas (Liu
& Shaw 2020). Thus, efforts have concentrated on investigating the
power of cross-correlations between the 21-cm signal and galaxies
(Furlanetto & Lidz 2007; Wyithe, Loeb & Schmidt 2007; Park et al.
2014). Furthermore, as the Ly o line detected in spectroscopic or
narrow-band surveys allows for more precise redshift estimates of
the selected galaxies than broad-band Lyman break galaxy surveys,
a strong focus has been on exploring the constraining power of 21-
cm-LAE cross-correlations, either in terms of cross-power spectra or
cross-correlation functions (Wiersma et al. 2013; Sobacchi, Mesinger
& Greig 2016; Vrbanec et al. 2016, 2020; Heneka, Cooray & Feng
2017; Hutter et al. 2017; Hutter, Trott & Dayal 2018; Kubota
et al. 2018; Heneka & Mesinger 2020; Weinberger, Kulkarni &
Haehnelt 2020). Indeed, for various reionization scenarios and
LAE models, 21-cm-LAE cross-correlations exhibit (x g,)-sensitive
signatures, such as the cross-correlation or cross-power amplitude
and the scale where the cross-power spectrum switches signs or the
cross-correlation function changes its curvature. These signatures
stem from the large-scale anticorrelation (correlation) between the
21-cm signal in emission (absorption) and the LAEs located in
ionized regions (see e.g. Heneka & Mesinger 2020) as well as the
corresponding cross-correlations tracing the size of ionized regions

!Square Kilometre Array, https://www.skatetelescope.com.

2Murchison Widefield Array, http://www.mwatelescope.org.

3Low Frequency Array, http://www.lofar.org.

“4For example, low-redshift interlopers in high-redshift galaxy surveys could
correlate with point sources that are part of the 21-cm foregrounds and
generate false correlation signatures.
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around LAEs. However, despite these fundamental relations, the
values and signs for the small-scale cross-correlation function and
power spectra differ among different works. While the change in sign
reflects whether the 21-cm signal is predominantly in absorption or
emission, it remains unclear whether the remaining differences are
signatures of different reionization scenarios and LAE models or
arise from limited simulated volumes or the chosen normalizations
for the underlying 21-cm and LAE number density fluctuations.
Only a thorough understanding of the 21-cm-LAE cross-correlations
will allow us to tighten constraints on the reionization history
and topology as well as the nature of Ly « emitting galaxies and
assess which supplementary statistics and/or data might be required
further.

We address this question in this paper. For this purpose, we derive
the small-scale analytic limit of the 21-cm-LAE cross-correlation
function and propose an analytic fitting function. We compare
the analytic predictions with results from different simulations
with ASTRAEUS (Hutter et al. 2023) and 21CMFAST (Mesinger,
Greig & Sobacchi 2016), and analyse: What reionization char-
acteristics (e.g. ionization history and topology) does the small-
scale amplitude of the 21-cm-LAE cross-correlation function trace?
Which feature in the 21-cm-LAE cross-correlation function tracks
the typical size of the ionized regions? What are the effects
of self-shielded regions around LAEs and limited simulation
volumes?

This paper is organized as follows. In Section 2, we derive the
analytic limits and model for the 21-cm-LAE cross-correlation func-
tion during reionization. We then compare the results from different
ASTRAEUS and 21CMFAST reionization simulations to the analytic
predictions derived in Section 2 and assess the dependence of the
21-cm-LAE cross-correlation function amplitude on the reionization
topology in Section 3. In Section 4, we investigate the effects of
limited simulation volumes on the 21-cm-LAE cross-correlation
function and discuss the results from existing literature in Section 5.
We conclude in Section 6.

2 21-CM-LAE CROSS-CORRELATIONS

The 21-cm line is emitted when a neutral hydrogen atom in its
electronic ground state transitions from the triplet to the singlet
hyperfine state. The spin temperature 7, describes the ratio of
atoms in the triplet to singlet state. It shapes the intensity of the
emitted or absorbed 21-cm radiation characterized by the brightness
temperature §7,. Importantly, we can only measure this 21-cm
radiation relative to the background radiation, the CMB, with a
temperature Tcyp. Thus the measurable differential 21-cm brightness
temperature §7, is given by (e.g. Furlanetto, Oh & Briggs 2006)

STy(x) = w (1—e™®) 1)
 3edjihAs 1+2\"? | — Tems )
= DmukgH, 1\, T(x) ) ™
T
=T (1 - %) X (14 8(x)). )

Here 1 describes the corresponding 21-cm optical depth, which
we assume to be small in equation (2). A represents the Einstein
coefficient for spontaneous emission of a photon with an energy of
hc/Xa1, corresponding to the energy difference of the hydrogen singlet
and triplet hyperfine levels. ny ¢ is the neutral hydrogen density today
and xy;(x) and 1 + §(x) = p(x)/(p) describe the neutral hydrogen
fraction and overdensity at position X, respectively.
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In this paper, we use the following definitions for the 21-cm signal,

8T, T
521 (%) = ;f‘) - (1 - Tczf*;) Hen) (1 + 6(x)), 3)
the number density of LAEs,
SLAE(X) = rLas(x) _ 1, “4)
(nLAE)

and the 21-cm cross-correlation function,

1
E11ap() = / dx 821(X + 1) SLAE(X), ®)

to derive the cross-correlations between the 21-cm signal fluctuations
and the LAE distribution. In the following, we will phrase our
calculations under the assumption that the simulation volume V is
gridded on N cells, ie. & [d’x — + SV, While our calculations
remain valid in the limit of N — oo, we choose this gridding approach
to better reflect the typical outputs of simulations used to compute
the 21-cm-LAE cross-correlation functions.

2.1 The cross-correlation amplitude at LAE positions

To derive an analytic expression for the 21-cm-LAE cross-correlation
function, we first evaluate the 21-cm-LAE cross-correlation function
at the positions of LAEs,

1
E11ae(r =0) = ;azl(m SLAE(X), (6)

From equation (4) we see that §; ag adopts only positive values at
LAE locations and remains negative with a value of —1 otherwise,
while the 21-cm signal vanishes in ionized regions (xy; = 0). LAEs
are preferentially located in sufficiently large ionized regions with
residual H1 fractions up to 107, allowing the Ly « line to redshift
out of absorption and traverse the IGM. We note that sufficiently
strong gas outflows from LAEs can relax this criterion, such that
some LAEs could be located in neutral regions. However, as LAE
surveys detect relatively bright LAEs (e.g. Ouchi et al. 2018) likely
to be located in overdense and ionized regions, we assume here that
821 = 0 at LAE locations for LAEs with L, > 10** ergs~!. For
these assumptions, the only regions contributing to &) ag(r = 0)
are the neutral regions where no LAEs are found. Moreover, since the
ionization fronts are sharp, most of the N cells will be either neutral
or highly ionized (xy; < 107*). We thus consider the ionization
field to be binary and neglect partially ionized cells at the ionization
fronts or around galaxies with ionized regions smaller than the cell
size. The 21-cm-LAE cross-correlation function values at very small
scales are then given by

1
E10ap(r =0) = — szszl(x) aLAE(x>+§821<x) SLAE(X)
=1 ~0
1 Tcevp
=-3 Z (1 - TS(X)) xu(®) (14 8(x))

~1

~ () <<1 - T?TMB) ( +8)> . )
s HI

Here ()y, denotes the mean value across neutral regions. We note
that this expression for &;; pap(r = 0) represents a lower limit,
as LAEs in partially or complete neutral regions will contribute
positively (based on the reasonable assumption that 7y > Tcmp at
LAE locations). As the Universe becomes ionized, the IGM is heated

[
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by the energetic photons from the first stars and galaxies, the spin
temperature rises and exceeds the CMB temperature during the early
phases of reionization. Assuming the post-heating regime 75 > Tcyp
to be valid in neutral patches, the 21-cm-LAE cross-correlation at
very small scales becomes

E21,Lae(r = 0) = — (xur) (1 + 8)nr. ®

We note that this limit also applies for any representation of §,; that
solely shifts the zero-point, e.g. §51(x) = (6Tp(x) — (§Tp))/Tp.

2.2 The cross-correlation amplitude profile around LAEs

Next we derive the 21-cm-LAE cross-correlation profile depending
on the size distribution of the ionized bubbles around LAEs. Here
we limit our calculations to the post-heating regime of the EoR.
Separating the 21-cm-LAE cross-correlation functions into Njag
pixels containing (§pag > —1) and N — Npag pixels devoid (6pag
= —1) of LAEs, we yield for the 21-cm-LAE cross-correlation as a
function of radial distance from an LAE

1 N

STDIRIC S IRIEY
n=0

1 N—NLAE

=% Z —821(X + I)|xotx ug

n=0

&21,LAE(r)

NLAE
1

+ —
P>
NLAE

(821000 + 31— E;O 821 (X + 1)y ar

S21(X + 1)|x=
NLAE 21( + )lx_xLAE

12

—(821) + (81)"4F(r)
=) (L + 8 + xg o) (14 84F) (). ©)

Here we have assumed that pixels are either small enough to contain
only one LAE or that LAEs are sparse enough that not more than
one LAE is found in a pixel. (§5;)"A is the average 21-cm signal
profile around LAEs, while (85, ) is the average overall 21-cm signal.
Correspondingly, Xﬁf‘E(r) and (1 + 8“AE)(#) are the average neutral

fraction and density profiles around LAEs.

ity (1+8%4F) ()
(xnr) (1+68)m

12

&E1Lae(r) = —(xu){l +&)mr |1 —

10)

The main factor determining &) pag(r) is the average neutral
hydrogen profile around LAEs beyond the halo scale, x5 *E(r). While
X E(r) is determined by the sizes of the ionized regions around
LAE:s at small r values, it converges to the average neutral hydrogen
fraction (x ;) as r increases beyond the typical sizes of the ionized
regions around LAEs.

To obtain an analytic form for &5 1 ag(r), we assume (1 + §“AE)(r)
~ (1 + 8)y, and derive Xﬁf\E(r) as follows: we assume the distribution
of the radii of the ionized regions around LAEs to follow a lognormal
distribution (McQuinn et al. 2007; Zahn et al. 2007; Meerburg,
Dvorkin & Spergel 2013). With the probability density function

Tion

2
PDF(r) = ;ex —ﬁ , (11)

p
p 2
r\/2mod, 2033,

describing the probability of the size of an ionized region around an
LAE, the cumulative density function
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CDF(r) = / dr’ PDR() (12)
0
L] f{ s } (13)
= — + —er
2 2 \/Eaion

describes then the average profile of the neutral hydrogen fraction
around LAEs, where each ionized region containing an LAE lies in an
overall neutral medium, i.e. (xp;) =~ 1. Inversely, 1 — CDF(r) depicts
the average profile of the ionization fraction around LAEs in an
effectively neutral IGM. However, as the Universe becomes ionized,
the distances between ionized regions reduces, and the probability to
encounter a neutral or an ionized regions at large distances r scales
with the average neutral hydrogen fraction, (xpy;). Therefore, we
approximate the average neutral hydrogen fraction profile as

Xt E(r) = (xur) CDF(r). (14)

As the 21-cm-LAE cross-correlation function depicts the probability
of detecting a 21-cm signal of a given strength at a distance r from
an LAE and thus traces the mean ionization profile around LAEs, we
propose the following ansatz for £, ag:

&1.Lae(r) = — {xu1) (1 + &) [1 — CDF(r)].
(15)

We will show in the following that this ansatz provides an excellent
fit for the numerically derived results.

We note that x5'E(r) may not be entirely dominated by the
size distribution of the ionized regions around LAEs. At r <
5 cMpc self-shielding systems can increase the neutral hydrogen
fraction around LAEs, leading to x5 E(r <5 cMpc) > 0. At these
distances, the average density profile around LAEs increases towards
smaller distances. For example, in the ASTRAEUS simulations, it
rises approximately as (1 + 8)(r) > 1 + 3r~*3. The increase in the
neutral hydrogen density towards LAEs causes then the 21-cm-LAE
cross-correlation function to reduce its negative amplitude towards
smaller distances r [cf. equation (10) and Kubota et al. (2018) and
Weinberger et al. (2020)]. The presence of this feature depends
strongly on the modelling of the self-shielding systems in simulations
(see e.g. appendix D in Weinberger et al. 2020), which is a complex
function of the ionizing radiation and feedback processes from the
stellar populations as well as the temperature and metallicity of the
IGM gas.

3 RESULTS FROM SIMULATIONS

In this section we describe the different reionization scenarios and
simulations that we use then to analyse the dependency of the 21-cm-
LAE cross-correlation functions on reionization and its topology.

3.1 Simulations

We analyse results from two different reionization simulation frame-
works, (1) the seminumerical galaxy evolution and reionization
model ASTRAEUS and (2) the seminumerical 21CMFAST code, which
we describe in the following. Both use cosmological parameters
consistent with the results from the Planck mission; the exact values
used can be found in Klypin et al. (2016) for the underlying VSMDPL
simulation that ASTRAEUS uses and Mesinger et al. (2016) for the
Evolution of 21-cm Structure (EOS) simulations.

21-cm-LAE cross-correlations 1667

3.1.1 astracus simulations (Hutter et al. 2023)

ASTRAEUS> couples a semi-analytical galaxy evolution model (an
enhanced version of DELPHI; Dayal et al. 2014, 2022; Mauerhofer
& Dayal 2023) to a seminumerical reionization scheme (CIFOG;
Hutter 2018) and runs on the outputs of a dark-matter (DM) only
N-body simulation (merger trees and density fields). It includes
not only models for all key processes of galaxy evolution thought
to be relevant during the EoR, such as gas accretion, mergers,
star formation, supernovae feedback, metal and dust enrichment,
radiative feedback from reionization, but also follows the spatially
inhomogeneous reionization process accounting for recombinations
and tracking the residual H1 fraction in ionized regions [see Hutter
et al. (2021, 2023) and Ucci et al. (2023) for modelling details].

The ASTRAEUS simulations exploited for this analysis are based on
the high-resolution VERY SMALL MULTIDARK PLANCK (VSMDPL) DM-
only simulation from the MULTIDARK simulation project and has been
run with the GADGET-2 Tree+PM N-body code (Springel 2005). The
VSMDPL simulation follows the trajectories of 3840° DM particles in
a box with a side length of 160 2~ comoving Mpc (cMpc), and each
DM particle has a mass of 6.2 x 1064~ My,. Halos and subhalos
down to 20 particles or a minimum halo mass of 1.24 x 108 h~!
Mg have been identified with the phase space ROCKSTAR halo finder
(Behroozi, Wechsler & Wu 2013a) for all 150 snapshots ranging
from z = 25 to z = 0. To generate the necessary input files for
ASTRAEUS, we have used the pipeline internal CUTNRESORT scheme
to cut and resort the vertical merger trees for z = 0 galaxies [sorted
on a tree-branch by tree-branch basis within a tree and generated
by CONSISTENT TREES; Behroozi et al. (2013b)] to local horizontal
merger trees (sorted on a redshift-by-redshift basis within a tree) for
galaxies at z = 4.5. Moreover, for all snapshots at z > 4.5, we have
mapped the DM particles onto 2048° grids and re-sampling these to
5123 grids to generate the DM density fields with cells with a side
length of 312.5 h~! ckpc.

ASTRAEUS has recently been extended to also include a model
for LAEs (see Hutter et al. 2023), where the latter are defined as
all galaxies exceeding a Ly o luminosity of L, > 10** ergs~!. This
model describes the Ly o line profile emerging from a galaxy as a
function of the ISM gas and dust distribution as well as the escape
fraction of H1 ionizing photons (f.s.), and follows the line-of-sight
dependent Ly « attenuation by the H1in the IGM during reionization.
In Hutter et al. (2023), we explored three different Ly « line profile
models and underlying relations between f.,. and halo mass. Here
we will consider the two physically plausible bracketing reionization
scenarios of fus increasing (MHINC) and decreasing (MHDEC) with
rising halo mass, and the Gaussian Ly« line profile model also
used in Hutter et al. (2014) and Dayal et al. (2011). We note that
these ASTRAEUS simulations reproduce all available observational
star-forming galaxy data sets at z = 5-10, such as the UV luminosity
functions, stellar mass functions, star formation rate, and stellar mass
densities. Moreover, the f.. relations are normalized such that they
reproduce the constraints on the reionization history from gamma-ray
burst (GRB) optical afterglow spectrum analyses, quasar sightlines,
Ly o luminosity functions, LAE clustering, and fraction as well as
the CMB optical depth from Planck Collaboration VI (2020).

For this combination of Ly « line profile model and reionization
scenarios, we compute the 21-cm-LAE cross-correlation functions
following the approach outlined in Hutter et al. (2017, 2018). In
brief, we derive the 21-cm signal fields from the simulated ionization

Shttps://github.com/annehutter/astracus
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[xu:1(x)] and density grids [1 + &(x)] by applying equation (2),
assuming 7 (x) > >Tcvp and

142\ @ h Q, \
T0:28.5mK< “) b ( ) (16)

10 0.042 0.073 \ 0.24

to each grid cell. We then obtain the dimensionless 21-cm-LAE
cross-correlation function as

k
&E1Lae(r) = /le Lag(k) ——— sm( r) 4rik? dk. a7

The cross-power spectrum P pag(k) = V(gzl(k) gLAE(—k)) is in
units of cMpc? for a volume V and derived from the product of
the Fourier transformation of the fractional fluctuation fields §;;(x)
and 8; og(x) as defined in equations (3) and (4).° We note that the
21-cm-LAE cross-correlation results for the Clumpy and Porous
Ly  line profile models also explored in Hutter et al. (2023) are
identical to those of the Gaussian model, as the galaxies identified
as observable LAEs, i.e. after accounting for the attenuation by the
IGM, are effectively the same. While the Gaussian Ly « line profile
model describes the Ly « line emerging from galaxies as a Gaussian
centred around the Ly « resonance, the Clumpy and Porous models
consider the gas and dust to be clumpy and in case of the Porous
model also dispersed with gas-free channels, resulting in double-
peak profiles with varying emission at the Ly o resonance depending
on the assumed clump size and f.

3.1.2 EOS 21cmrast simulations (Mesinger et al. 2016)

21CMFAST combines the excursion-set formalism and perturbation
theory to follow the evolving density, velocity, ionization, and
spin temperature fields. The EOS project’ provides public 21-cm
simulations of the EoR of 1.6 Gpc box length, computed on a 10243
grid using 21CMFASTV2 (Sobacchi & Mesinger 2014), and cell sizes
of ~1 h~! Mpc. The EOS simulations include a sub-grid prescription
for inhomogeneous recombinations, photo-heating suppression of
the gas fraction in small halos, and a calibration of the X-ray
emissivity of galaxies with high-mass X-ray binary observations in
local star forming galaxies (Mineo, Gilfanov & Sunyaev 2012). Also,
the Lyman series radiation background is self-consistently computed,
determining how closely the spin temperature tracks the kinetic
gas temperature through the Wouthuysen-Field effect (Wouthuysen
1952; Field 1958). The EOS simulations explore two models for the
EoR morphology: (1) the faint galaxy model characterized by many
small ionized H1I regions (SmallH11), and (2) the bright galaxy
model of fewer, larger H1I regions (LargeH 11). These two models
are based on different star-formation scenarios, corresponding to
efficient star formation in either faint or bright galaxies and, thus,
different typical masses for the underlying DM halos. In both cases,
the (constant) ionizing escape fraction is matched to yield similar
Thompson scattering optical depths, consistent with estimates from
Planck (Planck Collaboration XIII 2016). To assign LAEs to host
halos, we connect LAE intrinsic luminosity and host halo mass
via a minimum halo mass (corresponding to a minimum observed
luminosity) as well as a duty cycle that accounts for the stochasticity
of Ly o emission. This relation is calibrated to match the observed
z = 6.6 LAE number density and luminosity function of the Subaru
Suprime-Cam ultra-deep field (Ouchi et al. 2010), taking into account
the IGM attenuation along the line-of-sight for a typical velocity

The Fourier transformation is computed as E(k) =y-! f S(x) e 2mikx @3y,

"http://homepage.sns.it/mesinger/EOS.html
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shift of ~230 km s~! redward of the line centre. We define LAEs as
galaxies with a Ly & luminosity of L, > 2.5 x 10*? ergs~! and have
checked that the resulting LAEs also match the observed angular
clustering signal.

We calculate the cross-correlation function directly from our real-
space 21-cm and LAE boxes using the estimator from Croft et al.
(2016). We do not directly Fourier transform from the cross-power
spectrum to the cross-correlation function, as we found this to be
less stable in the presence of 21-cm noise in mock realizations. Our
noise model assumes an SKA1-low tracked scanning strategy with
1000 h on-sky integration and is calculated using the 21CMSENSE
code (Pober et al. 2013, 2014). Specifically, we assume modes in
the so-called foreground wedge to be lost, a frequency-dependent
scaling for the sky temperature, and a compact antennae core of a
maximum baseline of 1.7 km for the antennae configuration from the
SKA1-low baseline design. We sum over the visible, narrow-band
projected LAE-21-cm cell pairs at distance r,

NLAE N(r)

ratag () = N(r)zzszl ri+r) (18)
LAE

where r; is the position of the i-th LAE and |rj| = r; Npag is the
number of LAEs in the observed volume and N(r) is the number of
21-cm cells at distance r from the i-th LAE.

3.2 Understanding the 21-cm-LAE cross-correlation
dependencies

To understand how the 21-cm-LAE cross-correlation function,
particularly its amplitude, depends on the ionization state of the
IGM and the reionization topology, we compare the 21-cm-LAE
cross-correlation functions derived from our simulations to the
analytic limits and profiles outlined in Section 2. We show the
respective 21-cm-LAE cross-correlation functions at different stages
of reionization and for different scenarios in Fig. 1 for the EOS
simulations (SmallH 11, LargeH11) and in Fig. 2 for the ASTRAEUS
simulations (MHDEC, MHINC).

Firstly, from these figures, we see that the negative 21-cm-
LAE cross-correlation amplitude at small scales, |£2; Lag(r = 0)],
decreases in all reionization scenarios as the Universe becomes
more ionized. This trend has been found in a number of works (e.g.
Sobacchi et al. 2016; Heneka et al. 2017; Hutter et al. 2017, 2018;
Heneka & Mesinger 2020; Weinberger et al. 2020) and agrees with
the (xmi)-scaling of &, 1ag derived in equations (8) and (10). The
latter echos the fact that LAEs are located in ionized regions, and
thus the difference between the average ionization level and that at
LAE positions is (1 — xuu) = {(Xur)-

However, as we expect from equations (8) and (10) and can see
from the simulated £, 1A values and the corresponding ionization
levels (cf. Tables 1 and 2), the overall ionization state of the IGM is
not the only quantity that defines |£;; Lag(r = 0)|. As the average
21-cm differential brightness temperature depends on the ionization
state and the gas density in neutral regions, |£2; Lae(r = 0)] is also
proportional to the gas overdensity in neutral regions, (1 + §)g;. In
Figs 1 and 2, we see that the |&5;, Lap(r = 0)| expectations according
to equation (8) (depicted as diamonds in Fig. 1 and dotted lines in
Fig. 2) match well with the simulation-derived cross-correlations at
small r (solid lines) for the LargeH 11, MHINC, and MHDEC models.
We note that for the SmallH 11 model the mean neutral density and
thus the |&;, Lae(r = 0)| expectation is up to ~ 10 per cent lower
in absolute value depending on (xy;) as compared to the LargeH 11
expectation; due to the on average smaller size of ionized regions
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Figure 1. Upper panels: 21-cm-LAE cross-correlation functions for the EOS LargeH 11 (left) and SmallH 11 (right) simulations for varied hydrogen neutral
fraction, for neutral hydrogen fraction ~0.15, ~0.52, and ~0.74 (top to bottom line, light to dark). Shaded regions depict 20 scatter computed for each 10 mock
Monte-Carlo SKA1-low and Subaru HSC realizations. The diamonds at small r (left) depict the r = 0 (equation 8) expectation as derived from the corresponding
simulations. Bottom: Probability density distribution of ionized regions of the LargeH 11 (left) and SmallH 11 (right) simulations. Solid lines show the results from
the simulations in the top panels. Dashed and dotted lines show our analytical fit using the (1) ionization profiles, and (2) the lognormal distribution, respectively.

in the SmallH 11 model we probably need to resolve smaller scales,
such as in the ASTRAEUS simulations (S 0.5 A~' cMpc), for a better
extrapolation to » = 0. The limits given are thus representing results
for an upper limit on the bubble sizes.

The shaded regions in Fig. 1 (as in Fig. 3) show the 20 uncertainty
from 10 Monte-Carlo mock realizations of the 21-cm signal assuming
1000h of SKA-Low observations and of a narrow-band LAE survey
with Subaru HSC characteristics. For the narrow-band LAE survey
we assumed a systemic redshift uncertainty of Az = 0.1, a survey
area of 3.5 deg?, and a limiting narrow-band luminosity of L min =
2.5 x 10* ergs~!. As can be seen in this figure, we can expect the
cross-correlation signals at different neutral hydrogen fractions (0.15,
0.52, 0.74) depicted to be distinguishable with such experiments. We
would like to draw attention here mostly to the finding, that our
analytical expectation and the simulation-derived cross-correlations
agree well within the uncertainty bands depicted.

Secondly, we note that equation (8) is only valid in the post-
heating regime where T > Tcmp. During Cosmic Dawn when T <
Temss €21, Lae(r = 0) depends also on the average spin temperature in
neutral regions (as 1 — Ts/Tcmp) as predicted by equation (7). Fig. 3
depicts the 21-cm-LAE cross-correlation function at (xu;) >~ 0.5
for different average spin temperature values 7 in the neutral IGM
derived from the EOS simulations (solid lines). These simulations

track the spatially inhomogeneous evolution of the IGM temperature
and Lyman series radiation background relevant for determining the
coupling between the kinetic gas and spin temperatures, and follow
the spin temperature fluctuations. In Fig. 3, the spatial fluctuations
of the spin temperature were considered when calculating the 21-cm
brightness temperature and respective cross-correlations. We refer
the reader to Heneka & Mesinger (2020) for a detailed discussion of
how the spin temperature fluctuations shape the 21-cm-LAE cross-
correlation functions when the IGM or parts of it remain cold,
revealing that assuming an average spin temperature would not yield
the same results. The comparison to the analytical prediction at r ~~
0 (coloured diamonds) shows again that these are in good agreement
with the results from the simulations. This underlines that &5 g is
sensitive to the spin temperature and gas densities in neutral regions
and not to their full-box averages. We explore this power of the 21-cm
signal to probe the density in neutral regions in the next section.
Next, we analyse how the size distribution of the ionized regions
around LAEs is imprinted in &;;, 1ag(7). For this purpose, we derive
the size distribution of ionized regions around LAEs in both As-
TRAEUS and EOS simulations by shooting rays from each simulated
LAEs along all major axes of the simulation box and measure the
sizes of the surrounding ionized regions. Taking the resulting size
distribution of ionized regions as PDF(r) (dashed lines in bottom
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Figure 2. 21-cm-LAE cross-correlation functions (top) and probability density distribution of ionized regions (bottom) of the ASTRAEUS MHDEC and MHINC
simulations for varied global Hi fractions at z= 8.0, 7.3, 7.0, 6.7 from dark to bright colours. For these redshifts the Hi fractions are (xu;) = 0.84, 0.69, 0.52,
0.23 for MHINC and 0.71, 0.59, 0.49, 0.34 for the MHDEC simulations, respectively (see Table 1). Solid lines show the results from the simulations in the top
panels. Dashed and dotted lines show our analytical fit using the (1) the ionization profiles along the six lines of sights (along major axes), and (2) the lognormal
distribution that fits best to the line-of-sight averaged ionization profile, respectively.

Table 1. Best-fitting values for fitting the lognormal distribution to the size
distribution of ionized regions around LAEs derived from the ASTRAEUS
MHINC and MHDEC simulations.

Table 2. Best-fitting values for fitting the lognormal distribution to the size
distribution of ionized regions around LAEs derived from the LargeH 11 and
SmallH I model of the EOS simulations.

MHINC MHINC MHINC  MHDEC  MHDEC  MHDEC LargeH 11 LargeH 1 SmallH 11 SmallH 11
< <X H I) h*?s{\‘/{pc h*flcols/lpc <X H I> h*'rlglr\‘/lpc h*?lccf/[pc <X H I> h *'l’lgl‘\]/[pc h*flcols/lpc h*?colx\]/lpc h *(‘T?I:l/[pc
8.0 0.84 3.70 0.70 0.71 3.45 0.66 0.74 <9.77* <1.47* 3.65 0.75
7.3 0.69 5.68 0.81 0.59 4.68 0.72 0.52 10.33 0.89 597 0.74
7.0 0.52 7.24 0.96 0.49 5.48 0.80 0.16/0.15! 32.81 1.23 100.61 1.16
6.6 0.23 13.00 1.14 0.34 8.19 0.97

Note. In the MHINC simulation, fes increases with rising halo mass, while it
decreases in the MHDEC simulation.

panels of Fig. 1 and Fig. 2), we derive &, 1 ag(r) with equations (13)
and (15) (dashed lines in top panels of Figs 1 and 2). The derived
&1, Lag(r) values agree very well with the numerically derived ones.
Various works have pointed out that the 21-cm-LAE cross-correlation
function can measure the typical sizes of ionized regions around
LAEs (e.g. Lidz et al. 2009; Wiersma et al. 2013; Vrbanec et al.
2020); however, they do not agree on which characteristic point in
&1, Lae(r) traces the scale of the average or typical size of ionized
regions. Here we confirm that the peak of the size distribution of the
ionized regions coincides with the inflection point of &5 1 ag(r). We

MNRAS 525, 1664-1676 (2023)

Notes. *Upper limit due to limited spatial resolution of the simulations.
'During late states of reionization, or at comparably low neutral hydrogen
fraction, the size distribution of ionized regions in the EOS simulations has a
broad peak at a few tens of Mpc with a considerable tail towards larger radii,
traceable due to the large simulated volume of 1 Gpc®. We therefore caution
the best-fitting values in this row to have a large uncertainty.

also note that at the same (xy;) values the ionized regions around
LAEs in the EOS simulations have on average larger sizes than
in the ASTRAEUS simulations (cf. Tables 1 and 2 at (xy;) =~ 0.5).
This might be due to the ASTRAEUS simulations assuming a lower
Ly o luminosity required for a galaxy to be an LAE and an ionizing
emissivity biased more towards lower-mass halos through the scaling
of fesc with halo mass.
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Figure 3. 21-cm-LAE cross-correlation functions for the EOS LargeH 11 and
different average spin temperature values 7 in the neutral IGM at fixed neutral
fraction of ~ 50 per cent. Shaded regions depict 20 scatter computed for each
10 mock Monte-Carlo SKA1-Low (1000 h) and Subaru HSC realizations.

Finally, we test whether a lognormal distribution adequately
describes the size distribution of the ionized regions around LAEs
and can be used to quickly forecast £, 1og(r) from a given set of
parameters ({xu1), (I + 6)H1> Tion> Tion). We test this hypothesis by
finding the parameters of the lognormal distribution (7ion, 0'jon) that
best-fitting the PDF(#) derived from the measured ionization profiles
around LAEs in the simulations. The bottom panels of Fig. 2 show
that the lognormal distribution (dotted lines) provides indeed a good
fit to the measured size distributions of ionized regions (dashed lines).
Most notably the lognormal distribution only tends to overpredict the
number of smaller sized ionized regions, leading to the corresponding
&1, 1a(r) values [derived following equation (15) and shown as
dashed lines in top panels of Fig. 2] shifting to higher values or
smaller scales.

In summary, we find our analytic limits and profiles to match the
&1, Lag(r) values derived from the EOS and ASTRAEUS simulations
very well as long as LAESs reside in highly ionized cells. Assuming
a lognormal distribution is an adequate approximation for the size
distribution of ionized regions and can be used to fit future 21-cm-
LAE cross-correlation functions derived from observations.

3.3 Tracing the reionization topology

The different reionization scenarios covered in the EOS and As-
TRAEUS simulations allow us to analyse the signatures of the reion-
ization topology in their 21-cm-LAE cross-correlation function. We
focus on two signatures: the small-scale amplitude and the inflection
point of the 21-cm-LAE cross-correlation function &;;, L ag(7).
Firstly, the small-scale amplitude |&5;, . ag|(r 2 0) depends on the
reionization topology, i.e. the propagation of the ionization fronts
through the cosmic web, as it traces the average hydrogen gas density
in neutral regions, (1 + §)y,: the stronger the correlation between
the underlying gas distribution and ionizing emissivity distribution
emerging from galaxies or the redshift when a region became ionized,
the lower is (1 + &)y, at any time during the EoR. We see this
relation when comparing the SmallH 11 and LargeH 1l reionization
scenarios in the EOS simulations in Table 3 and the MHDEC and
MHINC reionization scenarios in the ASTRAEUS simulations in Fig. 4.
In both, the LargeH 11 and MHINC scenario, the majority of the ionizing
photons are produced and escape from more massive galaxies with
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Table 3. Neutral gas overdensities at given global neutral hydrogen fractions
for the LargeH 11 and SmallH I simulations.

(Xu1) (1 + 8)y; for LargeH 11 (1 + &)y for SmallH 11
0.74 0.90 0.89
0.52 0.85 0.83
0.16/0.15 0.83 0.78
3.0 : - : -
{1+ &) MHDEC [
sl - {1+ &)1 MHDEC [
= ——— {1+ &) MHINC H
..... {1+ &)1 MHINC ffr'
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Figure 4. Relation between the neutral (ionized) gas overdensity and
the global neutral hydrogen fraction in the ASTRAEUS MHDEC and MHINC
simulations. Solid lines show the results for the neutral hydrogen gas and
dashed lines for the ionized hydrogen gas.

Ty > 2 x 10° K and M, 2> 10°3 My, respectively. Located in
significantly overdense regions, the ionized regions originating from
these galaxies trace indeed these significantly overdense regions but
not the less dense regions where lower mass halos are located; (1
+ &)u; drops only slightly as reionization progresses. In contrast,
ionized regions in the SmallH1I and MHDEC scenarios follow the
underlying DM and gas density distribution closely as the low-mass
halos located in intermediate to dense regions are the dominant
sources of ionizing photons; as a consequence (1 + §)y, traces
increasingly the least dense regions as the Universe becomes ionized.

Secondly, the shape of &€, Lag directly maps the size distribution
of the ionized regions; in particular, the peak of the size distribution
of ionized regions coincides with the inflection point of 521,LAE.8
Importantly, the peak of the size distribution is highly sensitive to the
distribution of the ionizing emissivity within the galaxy population,
e.g. the more ionizing radiation escapes from lower mass halos, the
more similar sized are the ionized regions and the smaller is the
average ionized region. Indeed, these trends can be seen in Fig. 2
and Table 1 when going from the MHINC (bottom right-hand panel)
to the MHDEC scenario (bottom left-hand panel): the size distribution
of ionized regions becomes more peaked and shifts to smaller scales.
Hence, the inflection point of &;; pag provides an estimate of the
typical size of ionized regions around LAE:s.

We note that the ASTRAEUS simulations show lower (1 + 8)y;
values than the EOS simulations due to the following reasons: (1)

9261 1AE(") . 92CDF(r) _ OPDF(r) _ 0
~ = S0 =,

8The inflection point is given by 37 5.2
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Figure 5. 21-cm-LAE cross-correlation functions of the ASTRAEUS MHDEC and MHINC simulations for simulation box sizes of 80 2~! cMpc (dotted), 160
! cMpc (dashed), and 320 ! cMpc (solid). The shaded region shows the standard deviation of £51, 1 Ag(7) across the eight subboxes. Results are shown for
varied global H1 fractions at z = 8.0, 7.3, 7.0, 6.7 from dark to bright colours. For these redshifts the H1 fractions are {xy;) = 0.84, 0.69, 0.52, 0.23 for MHINC,

and 0.71, 0.59, 0.49, 0.34 for the MHDEC simulations, respectively (see Table 1).

while both the SmallH I and MHDEC scenarios consider halos that
exceed virial temperatures of Ty;, = 10*K and are not star-formation
suppressed by radiative feedback from reionization, the contribution
of low-mass halos (M), S 10°° M) to reionization is higher in the
MHDEC simulation, as it includes also an ionizing escape fraction
(fesc) that decreases with rising halo mass. (2) While the LargeHII
simulation considers only halos with Ty; > 2 x 10° K (M, P
10%3 Mg, at z = 7) to contribute to the ionizing budget, the MHINC
scenario includes the same halos as the MHDEC scenario but an fe
that increases with halo mass and thus has also minor contribution
from low-mass halos.

In summary, as the reionization topology depends sensitively
on the trends of galactic properties shaping the emerging ionizing
emissivity with galaxy mass (e.g. fes, stellar populations, initial
mass function), not only the inflection point of the 21-cm-LAE
cross-correlation function traces the ionizing properties of LAEs
but also their small-scale amplitude during the EoR. The more
ionizing radiation emerges from low-mass objects that follow the
underlying cosmic web structure more closely than more massive
objects, the stronger is the correlation between the underlying
density and ionization fields,” and thus the weaker is the 21-cm-
LAE anticorrelation amplitude at small scales.

4 IMPACT OF LIMITED VOLUMES

With the analytic limits for the 21-cm-LAE cross-correlation function
&71,LaE at hand, we can investigate the impact of the simulation

9We note that a stronger correlation between the underlying density and
ionization fields results in a lower average overdensity in neutral regions (1
+ 8)u; at fixed (xuip).
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box size on the &;; Lag(r) values derived from the gridded sim-
ulation boxes via the cross-power spectra during different stages
of reionization. We note that while cosmic variance affects the
21-cm-LAE cross-correlation amplitudes, our analytic estimates
(equation 15) should remain valid for the corresponding (xy,) and
(1 + &)u, values in the selected volume. For this reason, in this
section, convergence refers to the deviation of the via the cross-
power spectra derived £, 1 ag(7) values from our analytic estimates.
Therefore, in Fig. 5 we show the &, Lag(7) for different simulation
box sizes, ranging from 80 to 320 A~ 'Mpc for the ASTRAEUS
simulations. We note that since the ASTRAEUS simulations have
only been run on a periodic 160 A~'Mpc box, we derive the results
for a 320 A~'Mpc box by concatenating the 160 h~! box at the
same redshift in all three directions. While this will not recover
the large-scale power missed due to cosmic variance (impacting
the large-scale reionization topology), it provides a rough estimate
of the large scale modes required to derive converged £, par(r)
values.

To obtain £, 1 ag(r) for the 80 A~'Mpc box, we divide the 160
h~'Mpc box into eight subboxes. For each of the subboxes, we
compute &) ag(r). We show their mean value (dotted lines) and
standard deviation (shaded areas) across the subboxes in Fig. 5.
Here the standard deviation measures the cosmic variance of such
a volume, while the deviation of the mean value to our analytic
estimate for the 21-cm-LAE cross-correlation functions (essentially
represented by &; pag(r) for the 320 h*IMpc box in Fig. 5)
estimates the convergence. We briefly digress to discuss the effects
of cosmic variance. Listing average ionization fraction (xyy) and
the overdensity of neutral regions (1 + &)y, for each subbox,
we can see from Tables Al and A2 in Appendix A that the
ionization history has not converged in a volume of a 80 h~'Mpc
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box: (xuy) varies around ~ 2 — 7 percent, with the variation
amplitude rising as reionization progresses. As the ionization fronts
propagate from dense to less dense regions, simulation boxes with
lower ionization levels show higher average densities of the neutral
regions. As expected, we find these values to predict by how much
&71,Lag(r) of a subbox exceeds or subceeds the main value across
all subboxes, with the deviation being proportional to (xy;)(l +
8)uilsubbox — (X mr) (1 + 8)m, as expected from our analytic estimate
(equation 8).

Next we discuss the convergence by comparing the £;; pag(7)
results across the different simulation volumes. In Fig. 5 we see
that the strength of the anticorrelation between the 21-cm signal and
LAEs drops the more large-scale cross-power is missed due to a
decreasing box size (going from solid to dashed to dotted lines).
How much large-scale power is missed depends on (1) the global
ionization fraction (xp;) and (2) the reionization topology, i.e. the
correlation between the reionization redshift z.io, and the underlying
gas density field:

Dependence on (xg;): For both ASTRAEUS simulations the
difference between the 160 or 80 ~~! cMpc to the 320 A~ cMpc
box increases as the Universe becomes more ionized and (xy;)
decreases. It shifts from < 1 percent (<3 percent) at z = 8 to
3 — 4 percent (5 — 6 percent) at z = 6.6 for the 160 A~ cMpc (80
h~! cMpc) box. The growth of the ionized regions in size enhances
the importance of large-scale power. The closer their sizes become
to those of the simulation box, the less volume is left to map the
background accurately.

Dependence on 1 + §-Zejon cross-correlation: The MHINC
scenario where brighter galaxies are the main drivers of reioniza-
tion shows larger differences in the small-scale 21-cm-LAE cross-
correlation amplitude among different box sizes than the MHDEC
scenario [cf. values at (xu;) =~ 0.5 in MHDEC (orange lines) and
MHINC (medium blue lines)]. The reason is similar to that for the
dependence on (xy,): in the MHINC scenario, the spatial variance
of the ionizing emissivity is higher as more massive galaxies have
higher f.s. values therefore the ionized regions around LAEs are
larger and their sizes get closer to that of the simulation box at higher
(xu:1) values.

Finally, for full convergence, i.e. the &5, pag(r) values derived
via the cross-power spectra numerically agree with our analytical
estimates, we find the ASTRAEUS simulation box to be at the limit.
Ideally, larger simulation box of ~300 4~'Mpc on the side would be
required to obtain converged results. Interestingly, these volumes are
in good agreement with those found necessary for the 21-cm power
spectrum to converge due to cosmic variance in previous studies
(Iliev et al. 2014; Kaur, Gillet & Mesinger 2020). However, it should
be also noted that the combined SKA-Subaru HSC observational
uncertainties depicted in Fig. 1 are of similar order than the deviation
of the 80 2~! cMpc box &,y Lar(r) values from the 320 A~! cMpc
box results. Finally, we note that computing the 21-cm-LAE cross-
correlation functions not via the cross-power spectra but directly
in real-space may be an avenue to avoid the convergence issues
for smaller volumes, as obtaining the small-scale amplitudes does
not rely then on capturing the large-scale fluctuations. We also find
them more stable when deriving the 21-cm-LAE cross-correlation
functions from mock realizations that include the thermal noise in
the 21-cm signal maps. However, computing the 21-cm-LAE cross-
correlation functions in real-space is significantly slower than via
the cross-power spectra (approximately hours versus minutes for the
10243 grids of the EOS simulations) but should remain feasible for
similar sized grids and probably more robust when cross-correlating
future noisy 21-cm maps with volume-limited LAE data.
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5 COMPARISON TO PREVIOUS WORK

As we have seen in previous sections, the 21-cm-LAE cross-
correlation functions are not only sensitive to the overall ionization
state of the IGM but also to the reionization topology and the
simulation box size. In the following, we compare our results to
previous works and highlight why their predictions agree or differ
from our analytic model.

Firstly, all works where the field of the 21-cm signal fluctuations,
821, scales with 87}, depict the (xui)-dependency of &;; ag(r) (see
Sobacchi et al. 2016; Vrbanec et al. 2016; Hutter et al. 2017, 2018;
Heneka & Mesinger 2020; Vrbanec et al. 2020; Weinberger et al.
2020). This scaling is not seen in Kubota et al. (2018) as their 21-cm
signal fluctuation field is normalized by (67}) and thus not sensitive
to {(xur)(l + 8)u:. Although &, Lar(r) in Weinberger et al. (2020)
is shown in units of mK, dividing their lim, _, ¢&2;, Lag(r) values by
Ty (as given by their equation 2) yields anticorrelation amplitudes
that are in rough agreement with our analytic limits, with (1 +
&)u; decreasing from < 1 at z >~ 7.4 to ~0.8 at z =~ 6.6 for their
Very Late model. Similarly, the 21-cm-LAE cross-correlation results
in Heneka & Mesinger (2020) confirm our analytic limits for both
the post-heating as well as heating epoch when T ~ Tcyg. The
results in Vrbanec et al. (2016, 2020) are also in line with our
predictions; however, dividing their £,; 1 ag values at the smallest
scales shown yields a constant (1 + &)y, value during the second
half of reionization ({xy;) < 0.5). Secondly, the 21-cm-LAE cross-
correlation predictions in some works (Hutter et al. 2017, 2018;
Kubota et al. 2018) show lower anticorrelation amplitudes due to
their box sizes of < 200 cMpc and deriving the cross-correlations
from the cross-power spectra. As a result, the survey parameters
predicted in these works to distinguish between different stages of
reionization represent conservative limits. Thirdly, Sobacchi et al.
(2016) finds also lower anticorrelation amplitudes despite a sufficient
volume of > 500° cMpc>. This might be due to actually showing
the 2D 21-cm-LAE cross-correlation functions or their method of
connecting the intrinsic Ly & luminosity to halos or their LAEs being
located in partially neutral regions (as their LAE model might allow
sufficient IGM transmission of Ly o because of the redshifted Ly «
line emerging from galaxies). The latter is likely to be also the main
reason for the weaker 21-cm-galaxy anticorrelation amplitudes in
Park et al. (2014). Their galaxy sample extends down to halo masses
of M, ~ 2 x 108 M, which are most abundant but not able to ionize
a cell of ~0.5 cMpc length alone.

6 CONCLUSIONS

We have computed the 21-cm-LAE cross-correlation functions,
&1, Lag(r), for different reionization scenarios simulated with two
different seminumerical schemes following galaxy evolution and
reionization. While ASTRAEUS derives the galaxy properties from
the simulated DM mass assembly histories like semi-analytical
galaxy evolution models, 21CMFAST follows a more semi-empirical
approach to infer galaxy properties. The scenarios differ in the
large-scale distribution of the ionizing emissivity and cover the
physically plausible range of (1) the escape fraction of ionizing
photons f.s. decreasing to increasing with halo mass and (2) different
galaxy mass (virial temperature) thresholds for star formation. This
diverse data set has allowed us to verify the analytic limit of the
small-scale 21-cm-LAE cross-correlation amplitude we derived and
to propose a physically motivated analytic fitting function for the
21-cm-LAE cross-correlation function during the EoR. Our fitting
function assumes the sizes of ionized regions around LAEs to follow
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a lognormal distribution and fits the numerical results derived from
the different simulations well. The analytic limit and fitting function
for the 21-cm-LAE cross-correlation function allow us to draw the
following conclusions:

(i) The small-scale 21-cm-LAE cross-correlation amplitude,
&21,La(r = 0), is directly proportional to the mean neutral hydrogen
fraction and the average spin-temperature weighted overdensity
in neutral regions. In the post-heating regime (75 > Tcyp) the
dependence on the spin temperature becomes negligible.

(ii) Assuming a lognormal distribution for the sizes of the ionized
regions provides a good approximation for the ionized regions
around LAEs and allows us to analytically derive the shape of
&1, Lae(r) across all scales. The peak of the size distribution of the
ionized regions and thus typical size of ionized regions around LAEs
corresponds to the inversion point in &5, Lag (7).

(iii) Scaling with the average overdensity in neutral regions, the
21-cm-LAE cross-correlation amplitude is also sensitive to the
reionization topology, i.e. the propagation of the ionization fronts
within the cosmic web structure. The stronger the emerging ionizing
emissivity is correlated to the underlying gas distribution, i.e. the
more the ionizing emissivity is biased to low-mass galaxies, the
weaker is the 21-cm-LAE anticorrelation amplitude.

(iv) The smaller the simulation box is, the more large-scale modes
are not contributing to the large-scale anticorrelation between the 21-
cm signal and LAEs, relevant when the 21-cm-LAE cross-correlation
function is derived via the 21-cm-LAE cross-power spectrum and
leading to the 21-cm-LAE anticorrelation amplitude being underes-
timated. This effect increases with the size of the ionized regions
and their size and distribution being sensitive to cosmic variance. We
find that ~300 2~! cMpc boxes provide large enough volumes for
the numerically derived 21-cm-LAE cross-correlation functions to
reproduce our small-scale analytic limit.

(v) Our analytic predictions and volume studies can explain the
different 21-cm-LAE (21-cm-galaxy) cross-correlation predictions
to date. Given the information provided in previous works, we find
them due to different normalizations of the 21-cm fluctuation field
821, too small simulation volumes, or galaxies/LAEs being located
in partially neutral simulation cells (due to a too large cell size for
the given galaxy population).

The functional form of the 21-cm-LAE cross-correlation function
that we derived in this paper provides not only a test for future cross-
correlation predictions from simulations, e.g. whether the simulated
volume is sufficient, but also a fitting function for the 21-cm-LAE
cross-correlation functions derived from future observations. The
latter could provide a quick way to derive constraints for reionization.
However, the problem remains that the 21-cm-LAE anticorrelation
amplitude is sensitive to both the ionization history and topology.
Breaking this degeneracy would require at least a tight relation
between the size distribution of the ionized regions and the average
ionization level of the IGM. Future work, however, needs to show
whether such a relation is sufficient or whether the non-Gaussian
nature of the ionized large-scale structure needs to be accounted for.
We already see that the size distributions of ionized regions do not
differ very strongly for opposing f.s. scenarios. For this reason, 21-
cm LAE cross-correlations are unlikely to provide tighter constraints
on reionization unless they are complemented by analyses that trace
the non-Gaussianity of the 21-cm signal, such as the bispectrum
(Majumdar et al. 2018, 2020; Hutter et al. 2020; Tiwari et al.
2022) and other shape-sensitive statistics (Gazagnes, Koopmans &
Wilkinson 2021).
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Despite these shortcomings, our analytic representation of the 21-
cm-LAE cross-correlation function offers a computationally cheap
way to predict which combinations and designs of 21-cm and LAE
surveys with forthcoming telescopes (e.g. SKA, Roman, Subaru’s
Hyper Suprime-Cam) would provide the best constrained 21-cm-
LAE cross-correlation functions and thus constraints on reionization.
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APPENDIX: CROSS-CORRELATION
AMPLITUDE FOR SUBVOLUMES

In Al and A2 we list the average ionization fraction (xy,) and
neutral overdensity in each of the eight 80 ~~!cMpc subboxes
at redshifts z = 8.0, 7.3, 7.0, and 6.7 for the MHDEC and MHINC
scenarios, respectively. Values exceeding the average values of the
entire simulation box (160 2~! cMpc, second column) are marked in
red, while those falling short are marked in blue. The more a subbox is
ionized, the lower its average overdensity in neutral regions, leading
to a lower 21-cm-LAE cross-correlation amplitude. The resulting
variance in the 21-cm-LAE cross-correlation amplitude across the
eight subboxes is shown as shaded regions in Fig. 5.

MNRAS 525, 1664-1676 (2023)

€202 Jaquieoa(] /Z Uo Jasn eo2)ol|qig aJouadng sjewloN Bjonas Aq /989€2/ /499 1/2/SZS/3101e/SBIuW/Wod dno"olwapeoe//:sdiy Wwolj papeojumo(


http://dx.doi.org/10.1016/j.physrep.2006.08.002
http://dx.doi.org/10.1093/mnras/stab107
http://dx.doi.org/10.3847/1538-4357/ac308b
http://dx.doi.org/10.1051/0004-6361/201731013
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.3847/1538-4357/aa8eed
http://dx.doi.org/10.1093/mnras/staa1517
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1093/mnras/sty683
http://dx.doi.org/10.3847/1538-4357/836/2/176
http://dx.doi.org/10.1093/mnras/stu791
http://dx.doi.org/10.1093/mnras/stab602
http://dx.doi.org/10.48550/arXiv.2209.14592
http://dx.doi.org/10.1093/mnrasl/sly115
http://dx.doi.org/10.1093/mnras/stz3139
http://dx.doi.org/10.1093/mnras/stt2497
http://dx.doi.org/10.1093/mnras/sts116
http://dx.doi.org/10.3847/1538-4357/abc2d9
http://dx.doi.org/10.1093/mnras/staa1323
http://dx.doi.org/10.1093/mnras/stz3083
http://dx.doi.org/10.1093/mnras/stz989
http://dx.doi.org/10.1093/mnras/stw248
http://dx.doi.org/10.1093/mnras/sty1471
http://dx.doi.org/10.3847/1538-4357/ab55e4
http://dx.doi.org/10.1088/0004-637X/690/1/252
http://dx.doi.org/10.1088/1538-3873/ab5bfd
http://dx.doi.org/10.1093/mnras/stac1847
http://dx.doi.org/10.1093/mnras/staa3168
http://dx.doi.org/10.1093/mnras/sty535
http://arxiv.org/abs/2305.01681
http://dx.doi.org/10.1111/j.1365-2966.2007.11489.x
http://dx.doi.org/10.1088/0004-637X/779/2/124
http://dx.doi.org/10.1093/mnras/staa327
http://dx.doi.org/10.1093/mnras/sty1207
http://dx.doi.org/10.1093/mnras/stu2089
http://dx.doi.org/10.1111/j.1365-2966.2008.13039.x
http://dx.doi.org/10.1093/mnras/stw831
http://dx.doi.org/10.1111/j.1365-2966.2012.21831.x
http://dx.doi.org/10.1088/0004-637X/723/1/869
http://dx.doi.org/10.1093/pasj/psx074
http://dx.doi.org/10.1093/mnras/stt2366
http://dx.doi.org/10.1093/mnras/stw2277
http://dx.doi.org/10.3847/1538-4357/aa63e7
http://dx.doi.org/10.1088/0004-637X/793/2/113
http://dx.doi.org/10.1051/0004-6361/201732465
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1088/0004-6256/145/3/65
http://dx.doi.org/10.1088/0004-637X/782/2/66
http://dx.doi.org/10.1093/mnras/stab1833
http://dx.doi.org/10.1093/mnras/stab3733
http://dx.doi.org/10.1088/0004-637X/795/1/20
http://dx.doi.org/10.48550/arXiv.astro-ph/9901320
http://dx.doi.org/10.1093/mnras/stu377
http://dx.doi.org/10.1093/mnras/stw811
http://dx.doi.org/10.1111/j.1365-2966.2005.09655.x
http://dx.doi.org/10.1017/pasa.2016.18
http://dx.doi.org/ 10.1093/mnras/stac2654 
http://dx.doi.org/10.1051/0004-6361/201423978
http://dx.doi.org/10.1093/mnras/stv2993
http://dx.doi.org/10.1093/mnras/staa183
http://dx.doi.org/10.1093/mnras/staa749
http://dx.doi.org/10.1093/mnras/stt624
http://dx.doi.org/10.1111/j.1365-2966.2007.12149.x
http://dx.doi.org/10.1086/509597
http://dx.doi.org/10.3847/1538-4357/ac26c2

1676  A. Hutter et al.

Table Al. Global hydrogen ionization fraction (x ;) and mean overdensity in neutral regions (1 + 8)y; at different redshifts in the MHDEC ASTRAEUS simulation
(column 2).

0,0,1 1,1,0 1,0,1 01,1 1L,
) ) ) ) )

z (XHu) (XHII)O’O’O (XHII)I’O’O (XHII)O’l’O (XHu (XHu (XHu (XHu (XHu O (xun)
8.0 0.290 0.281 0.313 0.268 0.308 0.302 0.261 0.287 0.296 0.019
73 0.413 0.400 0.446 0.381 0.445 0.433 0.371 0.409 0.420 0.028
7.0 0.511 0.497 0.548 0.468 0.558 0.541 0.455 0.501 0.521 0.038
6.6 0.660 0.653 0.715 0.602 0.723 0.702 0.577 0.635 0.673 0.053
z A+8m 1+8%0 a1 +H5°  1+8%°0  a+8%00  qa+a50  q+aL> a+o%t 1485 Ot s
8.0 0.781 0.788 0.773 0.795 0.771 0.774 0.793 0.783 0.775 0.0096
73 0.730 0.737 0.721 0.746 0.719 0.722 0.744 0.732 0.723 0.0108
7.0 0.698 0.705 0.688 0.714 0.686 0.689 0.713 0.700 0.690 0.0115
6.6 0.661 0.669 0.654 0.679 0.649 0.651 0.677 0.664 0.652 0.0121

Note. Columns 3—10 show the respective values for the eight subboxes with each having a length of 80 2~ !Mpc. Column 11 depicts the standard deviation
across the eight subboxes of the respective values.

Table A2. Global hydrogen ionization fraction (x ) and mean overdensity in neutral regions (1 4 &)y at different redshifts in the MHINC ASTRAEUS simulation
(column 2).

z (XHu) (XHII)O’O’O (XHII)I’O’0 (XHII)O’l’O (XHU)O’O’1 (XHII)I’I’O (XHH)I’O’l ()(Hn)o’l’1 (Xl—[u)l’l’1 O (xun)
8.0 0.157 0.156 0.179 0.137 0.166 0.166 0.140 0.153 0.161 0.014
73 0313 0313 0.359 0.267 0.339 0.339 0.278 0.297 0314 0.032
7.0 0.482 0.497 0.545 0.405 0.522 0.523 0.427 0.453 0.484 0.062
6.6 0.770 0.804 0.839 0.671 0.795 0.820 0.686 0.739 0.808 0.064
z A+8m 1+8%0 a1 +HE°  A+8%°0  a+8%00  qa+a50  a+aL> a+o%t 1485 Ot s
8.0 0.892 0.895 0.885 0.902 0.886 0.887 0.900 0.894 0.889 0.0065
73 0.843 0.847 0.834 0.856 0.833 0.835 0.852 0.847 0.839 0.0081
7.0 0.806 0.810 0.796 0.821 0.794 0.797 0.817 0.812 0.802 0.0103
6.6 0.757 0.757 0.750 0.774 0.746 0.743 0.775 0.773 0.740 0.0148

Note. Columns 3—10 show the respective values for the eight subboxes with each having a length of 80 A~ !Mpc. Column 11 depicts the standard deviation
across the eight subboxes of the respective values.
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