Astronomy & Astrophysics manuscript no. output
April 30, 2026

©ESO 2026

Constraining reionization morphology and source properties with

21cm galaxy cross-correlation surveys

Yannic PietschkéI]@'*, Anne Huttelm, and Caroline Henekal

! Institut fiir Theoretische Physik, Universitit Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
2 Institute for Astronomy, University of Vienna, Tiirkenschanzstrasse 17, A-1180 Vienna, Austria

Received - -, -; accepted - -, -

ABSTRACT

Cross-correlations between 21cm observations and galaxy surveys provide a powerful probe of reionization by providing robustness
against foreground contamination while linking ionization morphology to galaxies. We quantified the constraining power of 21cm
galaxy cross-power spectra for inferring the neutral hydrogen fraction, xy;(z), and mean overdensity, (1 + du)(z), exploring depen-
dence on the field of view; redshift precision, o; and minimum halo mass, My ,i,. We employed our simulation-based inference
framework EoRFlow for likelihood-free parameter estimation. Mock observations include thermal noise for 100h of SKA-Low with
foreground avoidance and realistic galaxy-survey effects. For a fiducial survey (FOV = 100deg?, o, = 0.001, My min = 101"My),
cross-power spectra yield unbiased constraints with posterior volumes (PVs) of ~10% relative to priors. Cross-power measurements
reduce the PV by 20-30% versus 21cm auto-power alone. With foreground avoidance, spectroscopic redshift precision is essential;
photometric redshifts render cross-correlations uninformative. Notably, cross-power spectra constrain ionizing source properties, the
escape fraction f, and the star formation efficiency f., which remain degenerate in auto-power (PV >60%). Tight constraints require
either deep surveys detecting faint galaxies (M, min ~ 10'°M,) with moderate foregrounds (PV ~ 11%) or conservative mass limits
with optimistic foreground removal (PV ~ 19%). 21cm galaxy cross-correlations enhance morphology constraints beyond auto-power
while enabling previously inaccessible source property constraints. Realizing full potential requires precise redshifts and either faint
galaxy detection limits or improved 21cm foreground cleaning.
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1. Introduction

The epoch of reionization (EoR) marks the transformational pe-
riod in cosmic history when the first generations of galaxies and
quasars emitted radiation that ionized the intergalactic medium
(IGM). Observations of the redshifted 21cm hyperfine transition
of neutral hydrogen offer a novel 3D view of this era, encod-
ing the distribution of ionized and neutral regions across cosmic
time. Low-frequency radio interferometers such as the Hydro-
gen Epoch of Reionization Array (HERA), the Murchison Wide-
field Array (MWA), the LOw-Frequency ARray (LOFAR), and
the Square Kilometre Array (SKAE are actively pursuing this
signal through increasingly sensitive observations (Parsons et al.
2010;|Tingay et al.|2013}DeBoer et al.|[2017;|van Haarlem, M. P.
et al.[2013; Mertens et al.|[2020; |Trott et al.[2020; Yoshiura et al.
2021 |Abdurashidova et al.|[2022] [2023; (Ceccotti et al.|[2025)).
However, extracting robust astrophysical constraints from 21cm
measurements remains extremely challenging due to the high di-
mensionality of the signal, non-Gaussianity, and the significant
contamination from astrophysical foregrounds several orders of
magnitude brighter than the cosmological signal.
Cross-correlations between 21cm observations and high-
redshift galaxy surveys provide a promising avenue to both con-
firm the cosmological origin of the 21cm signal and enhance
constraints on reionization models (Furlanetto & Lidz [2007;
Park et al.|[2014} |Sobacchi et al. 2016; |[Vrbanec et al. 2016}
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Heneka et al.| 2017; Hutter et al.|2017; [Kubota et al.| 2018
Yoshiura et al.||2018}; Beane et al.|2019; [Heneka & Mesinger
2020; [Vrbanec et al.| 2020; [Weinberger et al. |2020; Heneka
& Cooray|[2021}; [La Plante et al.|[2023; Moriwaki et al.|[2024;
Gagnon-Hartman et al.|2025; [Hutter & Heneka)2026). Because
foregrounds in radio interferometry are largely uncorrelated with
galaxy positions, the 21cm galaxy cross-power spectrum is un-
biased by foreground contamination (Furlanetto & Lidz|2007}
Lidz et al.|2009; |Yoshiura et al|2018) and links the evolving
ionization morphology to observable galaxy populations. Re-
cent work has developed realistic forecasts for detecting the
21cm galaxy cross-power spectrum across instrument configura-
tions and survey parameters, identifying regimes where signal-
to-noise ratios (S/N) are maximized and where differing ionizing
source scenarios can be distinguished observationally (Gagnon-
Hartman et al.|[2025; Hutter & Henekal [2026). These studies
highlight how cross-power measurements can trace the evolv-
ing morphology of ionized regions and advance individual 21cm
or galaxy-only probes of reionization. Upcoming facilities such
as the Prime Focus Spectrograph (PFS) on Subaru (Greene et al.
2022), the Nancy Grace Roman Space Telescope (Wang et al.
2022)), the MOONRISE program (MOONS Extragalactic GTO;
Maiolino et al.| [2020), and the proposed Widefield Spectro-
scopic Telescope (WST; Mainieri et al.[2024) will provide high-
redshift galaxy samples spanning a range of survey areas, depths,
and redshift precision, making practical survey optimization a
pressing concern for maximizing scientific return from cross-
correlation measurements.
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With these diverse survey capabilities on the horizon,
key questions remain regarding what astrophysical information
cross-correlations can robustly extract and how survey design
impacts scientific return. The neutral hydrogen fraction, xp(z),
and the mean overdensity in neutral regions, (1+0dy;)(z), together
encode both the EoR timeline and the ionization morphology
(e.g., the distinction between reionization scenarios driven either
by low-mass or massive galaxies) (Hutter et al|[2023a). How-
ever, whether cross-power measurements can constrain these
quantities under realistic noise and survey limitations remains
uncertain. Furthermore, source properties such as the escape
fraction of hydrogen-ionizing photons from galaxies and star
formation efficiency—which fundamentally drive reionization—
remain poorly constrained observationally, raising the question
of whether cross-correlations offer a pathway to access these oth-
erwise inaccessible parameters.

Addressing these questions requires robust statistical frame-
works that can handle the intrinsic complexity of the joint
data and the intractability of traditional likelihoods. The high-
dimensional, non-Gaussian nature of the 2lcm signal, com-
bined with the absence of analytically accurate forward mod-
els relating astrophysical parameters to observables, renders tra-
ditional likelihood-based inference computationally prohibitive
or impossible. Simulation-based inference (SBI), also known
as likelihood-free inference, has recently emerged as a pow-
erful tool in cosmological analyses (Alsing et al.[2019; |Cole
et al.|2022; [Villaescusa-Navarro et al.|2022; Saxena et al.|2024;
Schosser et al.|2025}; [Ore et al.|2025), including the joint anal-
ysis of multiple probes (Schosser et al.|[2026), circumventing
explicit likelihood modeling by learning the mapping from ob-
servables to parameters directly from forward simulations. Our
framework EoRFlovﬂ (Pietschke et al.|2025), originally trained
on 21cm power spectra from diverse reionization models, exem-
plifies this approach. EoRFlow uses neural density estimators to
efficiently and unbiasedly reconstruct the evolution of the global
neutral hydrogen fraction xy;(z) without relying on approximate
likelihoods. This method enables scalable posterior estimation
across narrow redshift slices and has been validated on realis-
tic mock datasets incorporating instrument noise, demonstrating
its potential for reconstructing reionization histories from forth-
coming SKA-Low observations.

In this work, we extended the SBI paradigm to the 21cm
galaxy cross-power spectrum, combining the realistic cross-
power modeling developed in |[Hutter & Heneka (2026) with the
flexible inference power of EoRFlow. By integrating simulated
cross-power spectra with comprehensive noise and survey mod-
els into an SBI pipeline, we inferred the aforementioned astro-
physical parameters governing reionization, directly linking the
statistical imprint of high-redshift galaxies and neutral hydrogen
fluctuations. This approach is essential because the absence of
tractable analytic models connecting astrophysical parameters
to cross-power observables makes SBI the natural framework
for extracting physical information from these complex, high-
dimensional measurements. Tackling cross-correlations with
SBI not only enhances the robustness of parameter constraints
by exploiting complementary information from the cross-power,
it also mitigates the need for analytically tractable likelihoods in
high-dimensional regimes where traditional methods struggle.

The structure of this paper is as follows. We begin with a de-
scription of our simulation framework and mock data generation
in Section 2l Section[3]then details the neural-network architec-
ture and training procedures. Subsequently, Section [] presents

2 https://github.com/astro-ML/EoRFlow
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our main results. We start with the inference of global reioniza-
tion properties (Section [d.1)). We then systematically investigate
the impact of galaxy survey parameters (Section {.2) and the
information gained from cross-correlation measurements (Sec-
tion@. Moreover, we demonstrate the capabilities of the cross-
power spectrum to infer reionization source properties (Sec-
tion[4.4). Finally, we conclude in Section 3]

2. The 21cm galaxy mock data

We generated mock realizations of the 21cm signal and the un-
derlying galaxy population using 21cmFASTv4 (Mesinger et al.
20115 Murray et al.|[2020; [Park et al.|2019; Davies et al.|[2025).
The simulations produced coeval 3D cubes of halo properties
and the corresponding differential 21cm brightness temperature,
0Ty, during the EoR.

We simulated coeval volumes at the redshifts z €
[6.0,6.3,6.6,7.0,7.3,7.6,8.0], which span the late stages of
reionization where current and forthcoming galaxy surveys,
including PFS, Roman, MOONRISE, and WST, will enable
the detection of 2lcm galaxy cross-correlations through high-
redshift galaxy samples. At these redshifts (z < 8), we as-
sumed a saturated spin temperature, as expected in standard EoR
scenarios, corresponding to the post-heating regime in which
Ts > Tcws, and consistent with current upper limits from
HERA (Abdurashidova et al.|2022; HERA Collaboration et al.
2023}, |Abdurashidova et al.|[2026). Under this assumption, the
21cm brightness temperature depends only on the neutral hydro-
gen fraction and the density field via (Furlanetto et al.|[2006))

0Tp(X) = Toxu(x)(1 + 6(x)). ey
All simulations were performed in a cubic volume of side length
300 cMpc with a cell size of 2 cMpc, providing sufficient resolu-
tion to capture the large-scale ionization morphology relevant for
cross-correlation studies while maintaining computational effi-
ciency.

To capture a broad range of physically plausible reionization
scenarios, we varied the ionizing photon escape fraction, fus,
and the star formation efficiency, f., according to the power-
law parameterization implemented in 21cmFASTv4 (Park et al.
2019):

M, &
£-(My) = fio (W) : )
M Qesc
ﬁ:sc(Mh) = fesc,lO (m) P 3)

where f, 10 and fesc 10, as well as @, and @, are the normal-
ization and power-law exponents of the star formation efficiency
and escape fraction, respectively. We fixed other astrophysical
and cosmological parameters to fiducial values consistent with
Planck 2018 results (©, = 0.049, Q, = 031, = = 0.68;
Aghanim et al|2020) and adopted the standard 21cmFAST pre-
scriptions for stellar spectra and X-ray heating. To exclude sce-
narios of extremely delayed or early reionization, we filtered
out models where the neutral fraction remains either xgy > 0.7
or xgy < 0.2 across all redshifts in our observational window
(z = 6.0-8.0). The simulation parameters and their prior ranges
are summarized in Table [T} Uniform priors are assumed over the
specified intervals. These parameters jointly control the abun-
dance and clustering of ionizing sources and therefore strongly
influence both the morphology of ionized regions and the am-
plitude and scale dependence of the 21cm galaxy cross-power
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Table 1: Summary of simulation parameters and prior ranges.

Parameter Prior Range
loglo fesc,lo (LI[OOOS, 05]
Qesc 7/{[—08, 05]
log,o fe10 U[0.005,0.5]
. U[-0.3,0.9]

spectrum. In addition to these astrophysical parameters, we also
varied the random seed for each simulation to account for cosmic
variance.

To create realistic mock observations of the 2lcm auto-
power spectrum and the 21cm galaxy cross-power spectrum, we
employed the forward-modeling framework developed in|Hutter|
& Henekal (2026)). This method incorporates instrumental noise,
survey geometry, and galaxy-selection effects in a self-consistent
manner, enabling direct comparison with realistic observational
scenarios. From each simulated coeval cube, we computed the
spherically averaged 1D power spectra P;((k) and Py 4(k). For
the galaxy field, halos were selected according to survey-specific
detection thresholds, and their spatial distribution was used to
construct the galaxy overdensity field. The cross-power spec-
trum is then computed by correlating the galaxy overdensity with
the 21cm brightness temperature fluctuations. Here, we used 15
linearly spaced bins with k € [0.08, 2.40]. Thermal noise contri-
butions to the 21cm measurements and shot noise in the galaxy
field were added following the prescriptions described in [Hutter
& Henekal (2026)). The 21cm noise calculations are based on the
public code 21cmSense (Pober et al|2013}2014). We assumed
100h of SKA AA¥* observations as well as the moderate fore-
ground model in which the foreground wedge extends 0.1Mpc~!
beyond the horizon limit. For the fiducial galaxy survey config-
uration used in Section [4.1] we adopted a field of view (FOV)
of 100deg?, spectroscopic redshift precision o, = 0.001, and a
minimum halo mass of My min = 10" M, representing an opti-
mistic but realistic large-area spectroscopic survey, as proposed
for the WST. In Section[d.2) we systematically explore the impact
of varying these parameters. For the largest FOV considered here
(100deg?), the signal power is computed from the simulation box
(side length 300cMpc), while the uncertainties are scaled to the
larger FOV by accounting for the increased number of k-modes.

Note that in this work we treated halos and their attributed
masses as proxies for galaxies. For cross-correlation studies,
emission-line galaxy surveys—such as Lyman-a and [OIII]
emitters—are ideal due to their precise redshift measurements.
To the first order, the luminosities of these emission lines scale
with the star formation rate, which increases with halo mass, jus-
tifying our use of halo mass as a proxy for galaxy detectability.
Accordingly, halo masses can be translated to their correspond-
ing line luminosities through empirical models. For example,
halo masses of My, = 10'°, 10'%>, and 10''M,, correspond to
Lyman-a luminosities of Ly, = 10%, 10%, and 1042'3erg s~L
respectively, at z ~ 7 (see Fig. 5 in|Hutter et al.[|2023b).

To generate mock observations of the power spectra that re-
flect the combined impact of astrophysical modeling and obser-
vational limitations, we sampled from a normal distribution of
N (P31 g(k), 0214(k)), where P q(k) is the true, physical cross-
power spectrum and 0 4(k) represents the observational uncer-
tainties determined by the FOV; redshift precision, o,; and mini-
mum halo mass, My min; as well as thermal noise from SKA-Low
AA* (100h) and foreground avoidance. An example cross-power
spectrum is shown in Fig. |1} In total, we produced 10790 sam-
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Fig. 1: The 2lcm galaxy cross-power spectrum at z = 7.6
(xur = 0.75) for the fiducial survey configuration explored in the
inference analysis in Section (FOV = IOOdegz, o, = 0.001,
Mpmin = 10"'Mg). The blue line shows the physical signal,
the shaded blue region indicates the 1o~ uncertainty, and orange
points represent the mock observation including instrumental
noise. Three distinct regimes characterize the cross-power spec-
trum. The first region corresponds to the 21cm foreground wedge
where large-scale modes are contaminated by bright foreground
emission, resulting in poor S/N. We omitted the signal here
based on our foreground-avoidance strategy. The second region
is signal dominated and provides access to the ionization mor-
phology. It exhibits strong anticorrelation on intermediate scales
(k ~ 0.25-0.75hMpc™") where galaxies predominantly occupy
ionized bubbles, while the 21cm signal traces neutral hydrogen
in the IGM. At k ~ 0.75hMpc~", the zero crossing corresponds
to the characteristic scale of ionized regions. On scales smaller
than the typical size of ionized bubbles, both the galaxy distri-
bution and neutral hydrogen density respond to the same under-
lying matter fluctuations, resulting in positive correlation. The
third region shows the shot-noise-dominated regime on small
scales (k > 1.0hMpc™') owing to the discrete nature of galaxy
datasets.

ples (after filtering) with varying astrophysical parameters and
random seed.

One of our goals is to infer the full posterior probability dis-
tribution of neutral hydrogen fractions xyi(z) and the mean over-
density in neutral regions, {1 + dyur)(2), at different redshifts, z
from this mock data. The latter can be obtained from Eq.(T).
At a given redshift we computed the mean differential bright-
ness temperature, (67 ), and neutral fraction, xy;. For a standard
cosmology with Q, = 0.049,Q,, = 0.31 and & = 0.68, the nor-
malization factor is given by Ty = 27 +/0.1(1 + z) mK (Mesinger
et al.|2011)), from which the average density can then be calcu-
lated as

(0T )(2)
27011 + 2)xm(z) mK '

Here, ¥y1(z) denotes the volume-averaged neutral fraction, and
(1 + dur)(2) is the mean density contrast averaged over neutral
cells only. This separation is exact in 21cmFAST, where xyj(x)
is binary for each cell. These quantities are directly computed
from the 21cm simulation outputs and saved as labels for net-
work training. This parameter combination enables constraints
on both the EoR timeline and the distinction of different reion-
ization scenarios (Hutter et al.|2023a).

(1 +6nD(z) = “
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3. Network architecture and training

We performed SBI using EoRFlow, a conditional normalizing
flow framework originally introduced in [Pietschke et al.| (2025))
for inference on 21cm power spectra. We also explored an infer-
ence model based on conditional flow matching (CFM; Lipman
et al.|2023} [Tong et al.|2024), motivated by recent successes in
modeling complex distributions with more flexible continuous-
time dynamics. While CFM achieves comparable posterior accu-
racy, posterior sampling is significantly slower (about 6x in our
case) due to the need to numerically integrate an ordinary differ-
ential equation for each draw. Given the absence of clear perfor-
mance gains and the substantially increased computational cost,
we do not adopt CFM as our fiducial inference model.

In the present work, EoRFlow was adapted to operate on
21cm galaxy cross-power spectra, while preserving the core
design philosophy of directly inferring astrophysical parame-
ters from summary statistics derived from forward simulations,
without constructing an explicit likelihood. The inference net-
work directly took the power spectrum as input, and no addi-
tional neural summary network was employed. This choice re-
flects the relatively low dimensionality of the spherically aver-
aged power spectrum and avoids introducing unnecessary archi-
tectural complexity or information bottlenecks. The network in-
put consists of spherically averaged 1D power spectra; the 21cm
auto-power, P;(k, z); the 21cm galaxy cross-power, Py ,(k,2);
or both combined, evaluated in discrete redshift bins. This flexi-
bility to seamlessly incorporate single or multiple observables is
a key advantage of the SBI approach. For each redshift slice, the
power spectrum is sampled on a fixed set of k-modes, forming
a 1D vector that fully characterizes the observable(s) used for
inference.

The inference network is implemented as a conditional nor-
malizing flow, which models the posterior distribution p(6[x),
where 6 denotes the astrophysical parameters of interest and x
the input cross-power spectrum. The overall flow structure fol-
lows [Pietschke et al.| (2025) and consists of a sequence of cou-
pling transformations interleaved with permutations to ensure
full mixing of parameters. However, affine coupling layers were
replaced by rational quadratic spline coupling layers (Durkan
et al.|2019). Spline-based coupling layers provide greater ex-
pressivity than affine transformations, allowing the flow to model
highly non-Gaussian posterior distributions with fewer layers.
This increased flexibility is particularly important for 21lcm
galaxy cross-correlation data, where the posterior structure can
be influenced by complex interactions between galaxy bias, ion-
ization morphology, and observational noise. We employed ten
coupling layers with 512 nodes each and ReLU activation. All
training and evaluation was performed in PyTorch (Ansel et al.
2024) with the AdamW optimizer and default decoupled weight
decay for regularization (Loshchilov & Hutter|[2019).

From the entire dataset of 10790 samples, we used 7832 for
training, 1958 for validation, and 1000 for testing. All evalua-
tions shown in this work were performed on the test set. For each
sample the network condition consists of one power spectrum
per redshift, each of which consists of 15 k-bins. For our seven
redshifts this results in a total flattened array size of 105. We
also appended the redshift values for temporal context, bring-
ing the total condition dimension to 112. The power spectrum
values were preprocessed by an inverse hyperbolic sine (asinh)
transformation, which handles the wide dynamic range (simi-
lar to a logarithmic transformation) while accepting both posi-
tive and negative values, as present in the cross-power spectrum.
Subsequently, we applied z-score normalization. Additionally,
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we transformed the xyy labels using a logit transformation. We
trained the model with a batch size of 16 and an initial learning
rate of 103, which was halved every ten epochs without im-
provement in the validation loss. Early stopping was employed
to avoid overfitting. Our fiducial model, trained on the cross-
power spectrum for the survey configuration described in Sec-
tion [2| converges after 40 epochs. When including the 21cm
auto-power spectrum alongside the cross-power, training lasted
for 54 epochs. On one NVIDIA A100 GPU, training took ap-
proximately 20-30 minutes, depending on survey parameters.

4. Results

In this section, we demonstrate the inference capabilities of our
SBI framework by applying the trained EoRF1low to mock power-
spectrum observations spanning a range of observational scenar-
ios. Throughout this analysis, we focused on 1D power spec-
tra. Even though the 2D cross-power spectrum should, in princi-
ple, be more sensitive to the ionization morphology and galaxy
bias, we found that the higher S/N through spherical averaging
surpasses this information loss. A comparison of the impact of
power spectrum dimensionality can be found in Appendix [A]
We organized our results into four complementary analyses.
Assuming a fiducial survey configuration (see Section[Z), we be-
gan by constraining the neutral hydrogen fraction, xyi(z), and
the mean density contrast in neutral regions (1 + dyy)(z) across
seven redshift slices (Sectiond.T)), comparing three training con-
figurations: 21cm auto-power alone, cross-power alone, and both
combined. For the combined model, we concatenated indepen-
dently normalized power spectra into a single conditioning vec-
tor, doubling its dimensionality. While this in principle could
benefit from architectural adjustments to optimally exploit the
higher dimensional input, we deliberately fixed the network ar-
chitecture to be identical across all three configurations to ensure
fair comparison. Any performance differences thus reflect the in-
formation content of the data rather than hyperparameter tuning.
Once the baseline inference performance for our fiducial sur-
vey is established, we systematically varied galaxy survey pa-
rameters (FOV, o, My nin) to understand which observational
characteristics most strongly influence inference quality and
to identify survey designs that optimize scientific return (Sec-
tion[d.2). Afterwards, we employed a mutual information analy-
sis to decompose the complementary information between auto-
power and cross-power measurements on a per-bin basis, reveal-
ing which scales and redshifts benefit most from multi-tracer ob-
servations (Section [4.3). Finally, we extended our analysis be-
yond global quantities to infer the astrophysical properties of
ionizing sources, demonstrating that cross-correlation measure-
ments provide access to parameters that are fundamentally inac-
cessible to 21cm auto-power observations alone (Section [4.4).

4.1. Inferring global reionization properties

We begin by demonstrating the inference capabilities of our
framework for constraining the global evolution of reionization,
specifically the neutral hydrogen fraction, xyj(z), and the mean
density contrast in neutral regions, (1 + Ogp)(z), across seven
redshift slices spanning z = 6.0 to 8.0. These quantities pro-
vide complementary views of the reionization process. The neu-
tral fraction directly quantifies the progression of reionization,
while the mean density in neutral regions reflects the connection
between the matter distribution and the ionization morphology,
capturing how reionization proceeds preferentially in overdense
regions where the first galaxies formed.
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Fig. 2: Marginalized posteriors for neutral fraction, xyj(z), and the mean density in neutral regions, (1 + dyr)(z), for a selection
of redshift slices and a randomly chosen set of parameters (log,q fi.10 = 0.04, log;( fesc,i0 = 0.05, @ = 0.44, and @, = —0.60)
assuming moderate 21cm foreground avoidance. Shadings indicate the 68% and 95% confidence intervals. Dotted blue contours
show the posteriors derived from 21cm galaxy cross-power spectra, while solid orange lines represent the results when combining
both cross- and auto-power spectra. The dashed gray contours denote the model trained on 21cm auto-power spectra only, and true
parameter values are indicated by black dots. This realization serves as an illustrative example; posterior calibration was confirmed

via coverage statistics following Pietschke et al.| (2025).

For this analysis, we adopted a fiducial observational con-
figuration that combines moderate foreground assumptions with
realistic survey parameters as detailed in Section[2} This configu-
ration represents an ambitious but achievable observational pro-
gram for the coming decade, combining SKA-Low 21cm obser-
vations with wide-field spectroscopic galaxy surveys such as the
WST, and it serves as our baseline for comparing different data
combinations. We trained three separate conditional normaliz-
ing flow models on mock observations drawn from this fiducial
survey, using power spectra from 1000 test realizations to evalu-
ate inference performance. As described above, the three models
differ only in their input data: using the 21cm auto-power spec-
trum alone, the cross-power spectrum alone, or both combined.

Figure 2] presents the marginalized posterior distributions for
a representative test observation with randomly chosen param-
eters: log;, fi10 = 0.04, log,y fesc.10 = 0.05, @, = 0.44, and
esc = —0.60. The corner plot shows the inferred neutral fraction
and mean density across four selected redshift slices. The 68%
and 95% confidence regions reveal several key features of the
inference quality. First of all, all three models recover the true
parameter values (marked by black dots) within their respective
uncertainty intervals for this particular realization, which was
selected as a representative illustration. The calibration of our
inference method was verified through coverage statistics fol-
lowing [Pietschke et al.| (2025). Moreover, the posteriors for xy;
are generally somewhat more tightly constrained than those for
(1 + our), reflecting the fact that the neutral fraction is the pri-
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mary driver of power-spectrum amplitude, while density fluctu-
ations contribute a secondary modulation. Furthermore, the rel-
ative sizes of the confidence regions immediately reveal the hi-
erarchy of constraining power among the three data combina-
tions, with the combined model (solid orange contours) provid-
ing the tightest constraints, followed by the 21cm auto-power
model (dashed gray contours), and finally the cross-power-only
model (dotted blue contours).

To quantify this hierarchy more precisely across the full test
set, we computed the posterior volume (PV) for each model,
which is defined as the standard deviation of the posterior sam-
ples normalized by the prior standard deviation. This metric
measures what fraction of the prior uncertainty remains after ob-
serving the data, with values near unity indicating uninformative
observations and values near zero indicating precise constraints.
Fig. B]shows the mean PV across six independent network train-
ing runs as a function of redshift for both xy; (left panel) and
(1 + 6gp) (right panel), with error bars indicating the standard de-
viation. Averaging over multiple runs accounts for the epistemic
uncertainty inherent to neural-network training, where different
random initializations can yield slightly different posteriors; this
is discussed in detail in Appendix [B]

The results confirm the qualitative impression from the cor-
ner plot while revealing additional structure. For the neutral frac-
tion, the 21cm auto-power spectrum (gray) achieves remarkably
tight constraints with the PV below 0.03 across all redshifts,
demonstrating the direct sensitivity of the 21cm signal to xyj.
The cross-power spectrum alone (blue) yields broader posteriors
with a PV around 0.09, reflecting its indirect connection to the
neutral fraction through the correlation between ionization bub-
bles and galaxies. Combining both measurements (orange) fur-
ther improves constraints to the PV below 0.02, indicating that
despite the strong baseline from auto-power alone, the cross-
power spectrum does provide modest complementary informa-
tion.

For the mean neutral hydrogen-density contrast, the pattern
is similar but generally has a larger PV, particularly at lower
redshifts. This redshift dependence likely reflects the decreasing
size and contrast of neutral regions as reionization progresses to-
ward completion at z ~ 6, making the density signal weaker and
more challenging to extract. Across all redshifts, the combined
model achieves a PV around 0.04, auto-power alone reaches
0.07, and cross-power alone yields 0.12. In both cases, the im-
provements from combining measurements are statistically sig-
nificant but modest, typically yielding 20-30% reductions in
posterior width compared to auto-power alone.

These findings establish several important conclusions for
interpreting the remainder of our results. Firstly, 21cm auto-
power spectra alone provide excellent constraints on the global
reionization history, demonstrating the power of direct neutral
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cate the standard deviation.

hydrogen observations, which confirms the findings of previous
works (Pietschke et al.|2025}; [Cooper et al.|[2026} (Cerardi et al.
2025)). Furthermore, cross-power measurements do contain use-
ful complementary information about both the ionization state
and the density field, though this information is secondary to
what auto-power spectra provide for these particular parameters.
The modest improvements seen here, however, should not be
interpreted as evidence that cross-power measurements are of
limited scientific value. As we demonstrate in subsequent sec-
tions, the information concerning cross-power spectra becomes
dramatically more important when considering parameters that
are poorly constrained by auto-power shape alone, particularly
those related to the properties of ionizing sources. The hierar-
chy observed here (both better than "auto", which is much better
than "cross") reflects the fact that global neutral fraction and den-
sity are most directly encoded in the 21cm signal itself, while
cross-correlations shine when probing the spatial relationships
between ionization and structure formation.

4.2. Impact of galaxy survey parameters

Having established baseline inference performance for our fidu-
cial survey configuration, we now investigate how variations
in galaxy-survey design affect the constraining power of 21cm
galaxy cross-power measurements. This analysis addresses a
practical question faced by the community as to which observa-
tional parameters most critically determine scientific return, and
which design choices offer the greatest leverage for optimizing
future surveys. Understanding these dependencies is essential for
guiding observational strategies and evaluating trade-offs among
survey area, depth, and redshift precision. We kept the 21cm ob-
servational component fixed throughout this analysis, assuming
100h of SKA-Low observations using the AA* array configura-
tion with the moderate foreground avoidance model, as already
detailed in Section[4.T} We then systematically varied three main
galaxy survey parameters, each spanning a physically motivated
range that encompasses both conservative assumptions and op-
timistic future capabilities. The FOV spans {5, 10,100} deg?,
representing various wide-area surveys. The redshift precision
varies as o, € {0.001,0.01, 0.1}, corresponding to spectroscopy,
grism, and photometric redshifts. The minimum detectable halo
mass threshold takes values of My min € {101,105 10} M,
representing extremely deep surveys, deep surveys, and standard
galaxy surveys, respectively. These parameter ranges, summa-
rized in Table [2] encompass several forthcoming high-redshift
galaxy surveys. Spectroscopic configurations (o, = 0.001) cor-
respond to facilities such as the PFS on Subaru, which can
achieve intermediate FOVs (~ 10 deg?) with excellent redshift
precision, the proposed WST, which would enable wide-area
spectroscopic surveys approaching 100 deg® and the MOON-
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Fig. 4: Posterior volume (averaged over neutral fraction, density, redshifts, and test observations) as a function of galaxy survey
parameters assuming moderate 21cm foreground avoidance. Each panel shows results for a different minimum detectable halo mass
threshold. The color-scale ranges from white (posterior volume near zero, highly constraining) to dark purple (posterior volume
near unity, uninformative), with numerical values annotated in each cell. The left panel shows My, pmin = 10'0 M, the center panel
10'%3 My, and the right panel 10'! M. The FOV increases from top to bottom, and redshift precision improves from right to left.
Each cell shows the mean and standard deviations of the PV computed over six independent network training runs; the epistemic

uncertainty is discussed in Appendix@

Table 2: Galaxy survey parameters explored in this section.

Parameter Values
FOV[deg?] (5,10, 100]

lo [0.001,0.01,0.1]
My min[Mo]  [10'°,10'%3,10']

Notes. All 3* = 27 combinations were evaluated while keeping 21cm
observational parameters fixed at the fiducial configuration (100h SKA
AA* with moderate foreground avoidance).

RISE program providing spectroscopic observations over ~ 1
deg?. Grism observations (o, = 0.01) are within reach of the
Nancy Grace Roman Space Telescope, which is expected to
survey 5-10 deg? in grism mode. Photometric-like precision
(o, = 0.1) represents either multiband narrow-band surveys
or prism observations. Our fiducial configuration (100 deg?,
o, = 0.001, Mymin = 10" M,) represents an optimistic but
feasible large-area spectroscopic program comparable to an ex-
tended PFS campaign or future WST observations, while more
conservative, near-term surveys occupy the intermediate param-
eter space with smaller FOVs and a potentially coarser redshift
precision.

Evaluating all 33 = 27 parameter combinations requires
training separate EORF1low models for each survey configuration,
as the noise properties and signal characteristics vary substan-
tially across this parameter space. Thanks to the computational
efficiency of our framework, this comprehensive survey is feasi-
ble. Training a single model requires up to 30 minutes on a sin-
gle Nvidia A100 GPU depending on survey parameters. To ad-
ditionally quantify epistemic uncertainty from network training
stochasticity, each configuration was trained six times with dif-
ferent random initializations, amounting to 162 models in total.
The total computational cost amounts to approximately 70 hours
on one GPU, demonstrating the scalability of SBI for survey-
optimization studies that would be prohibitive with traditional
inference approaches. After training, we evaluated each model
on its respective held-out test set of 1000 observations to ensure
fair comparison. For each survey configuration, we computed

the PV metric defined in Section @ averaged over both xy(z)
and (1 + dy1)(z) across all redshift slices and all test observa-
tions. This single number summarizes the overall constraining
power of each survey design, with values near zero indicating
tight constraints and values near unity indicating uninformative
observations. Fig. [] presents these results as a three-panel heat
map, with each panel corresponding to a fixed halo mass thresh-
old and showing PV as a function of FOV and redshift precision.

Several clear trends emerge from this parameter exploration.
First and most strikingly, redshift precision dominates the con-
straining power across all configurations. Surveys with poor red-
shift accuracy (o, = 0.1, corresponding to photometric esti-
mates) yield a PV near unity regardless of FOV or depth, indicat-
ing they provide essentially no useful constraints on reionization
parameters. Even grism quality (o, = 0.01) shows substantially
degraded performance compared to spectroscopy (o, = 0.001).
This strong dependence arises because the constraining power of
the cross-power spectrum relies on accurate line-of-sight mode
measurements. Redshift uncertainties suppress the detection of
the line-of-sight component of all Fourier modes, with the ef-
fect being most severe for modes corresponding to spatial scales
smaller than those probed by o.

Furthermore, the interplay between FOV and halo-mass
threshold reveals important survey design considerations. For
the most conservative halo-mass limit (My i, = 10" Mo, right
panel), only the widest survey (100 deg?) combined with excel-
lent redshift precision (o, = 0.001) achieves good constraints
(PV ~ 0.1). This configuration corresponds to our fiducial WST-
type survey from Section [f.1] All other parameter combinations
at this halo-mass threshold yield a PV of > 0.5. While config-
urations with o, = 0.01 and a large FOV can reduce the prior
volume by approximately 50%, this remains modest compared
to the spectroscopic case. The physical interpretation is straight-
forward. At My min = 10" Mo, galaxy number densities are rela-
tively low, requiring wide areas to accumulate sufficient statistics
for measuring the cross-power signal above noise.

Moving to deeper surveys dramatically relaxes the FOV re-
quirement. At My min = 10'%> M, (center panel), even the 10
deg? field achieves a PV of around 0.2 when combined with
o, = 0.001, representing good constraints. At the most opti-
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mistic depth of My min = 10'0 Mg (left panel), all field sizes
yield excellent constraints (PV < 0.2) provided redshift preci-
sion remains high. This trend reflects the rapid increase in galaxy
number density toward lower mass thresholds, which enhances
the statistical precision of the cross-power measurement through
increased mode sampling. Deep surveys thus offer a path to high-
quality science with more modest survey areas, though achieving
such depths remains observationally challenging.

Intermediate redshift precision shows more modest gains.
The central column of each panel shows that o, = 0.01 config-
urations provide intermediate constraints, though these are sub-
stantially degraded compared to spectroscopic precision (o, =
0.001). We caution, however, that these intermediate configura-
tions carry the largest epistemic uncertainty from network train-
ing stochasticity (see Appendix [B)), and their PV values should
be interpreted qualitatively rather than as precise quantitative
measurements. The overall finding is nonetheless clear: survey
strategies should prioritize redshift precision over area or depth
when trade-offs are necessary. Investing in high-resolution spec-
troscopy (o, ~ 0.001) is essential for extracting meaningful con-
straints from cross-power measurements. Once sufficient galaxy
number density is achieved, further improvements from expand-
ing survey area or lowering mass thresholds provide diminishing
returns compared to maintaining redshift accuracy.

These results carry important implications for planning fu-
ture high-redshift galaxy surveys intended for cross-correlation
studies with 21cm experiments. Our fiducial configuration (100
deg?, o, = 0.001, My min = 10" My) represents an ambitious
but realistic target for wide spectroscopic surveys that would be
possible with the WST. However, the analysis demonstrates that
substantial scientific gains are possible with less extreme sur-
vey areas if deeper observations can reach M i, ~ 10'9> M
while maintaining excellent redshift precision. Conversely, pho-
tometric or grism surveys will struggle to provide competitive
constraints regardless of area or depth, highlighting the critical
importance of redshift accuracy for this science case.

Finally, we emphasize that these conclusions are specific to
the inference targets considered here, namely the neutral frac-
tion and mean density evolution. As demonstrated in Section[4.4]
different astrophysical parameters may exhibit different sensitiv-
ities to survey design, with source properties requiring deeper
observations. The survey optimization landscape thus depends
critically on the scientific questions being addressed, and com-
prehensive survey design must consider the full range of param-
eters of interest rather than optimizing for a single metric.

4.3. Information gained from cross-correlation
measurements

While the previous sections examined the constraining power
of 21cm auto-power and 21cm galaxy cross-power spectra, it is
valuable to quantify the per-bin information gained by includ-
ing the cross-correlation measurements. Specifically, given that
21cm observations provide constraints in each redshift, z, and
wave-number, k, bin, we wanted to know how much additional
information the cross-power spectrum provides for each (z, k)
pair. To address this question, we employed an information—
theoretical approach based on mutual information (MI; (Cover &
Thomas|2006). MI quantifies the reduction in uncertainty about
one random variable when another is observed. For discrete ran-
dom variables X and Y, it is defined as

p(x,y)

5
PPy’ ©)

IX;Y) = Zp(x V) log =2
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where p(x,y) is the joint probability distribution and p(x), p(y)
are the marginal distributions. Conditional MI I(X; Y|Z) mea-
sures the information gained about X from observing Y when
Z is already known, and it can be expressed as

IX:Y|Z2) = 1(X; [V, Z]) - I(X; 2), (©)

where I(X; [Y, Z]) is the MI between X and the joint observation
of both Y and Z.

We computed the conditional MI for each parameter, 6;
(where j indexes either the neutral fraction, xg(z), or the mean
density contrast, (1 + dy1)(z)), with respect to the cross-power
spectrum conditioned on the auto-power spectrum for each (z, k)
bin:

1(6; cross, i|auto, ;) = 1(6;; [auto g, cross i ]) — 1(0;; auto k). (7)

This quantity represents the additional information about
the parameter 6; provided by the cross-power at the bin
(z,k) beyond what the auto-power already provides. We fur-
ther computed the fractional information gained as the ratio
1(6; cross_ k|auto, x)/1(6;; auto, ), which quantifies the relative
importance of the cross-power measurement.

We estimated these quantities directly from the simulation
dataset. For the fiducial survey configuration (100 deg?, o, =
0.001, My min = 10" M), we took 1000 test simulations and
extracted pairs of (6, x), true parameter values, and their cor-
responding normalized power-spectrum features, using the nor-
malization statistics stored in the trained flow model to ensure
consistent preprocessing. For each (z, k) bin, we estimated the
marginal MI values I(6;; auto_ ;) and I(6;; cross_), as well as the
joint MI I(6;; [auto_, cross_x]), using a nonparametric discrete
estimator. Both 6; and each spectral feature were independently
discretized into equ1pr0bable quantile bins (32 bins for param-
eters and 15 bins for spectral features). The marginal MI was
then computed from the empirical joint frequency table using
Eq. ). For the joint MI, the pair (auto,y, cross, ;) was treated
as a single compound discrete variable by encoding the two bin
indices as a single index, making no assumption about indepen-
dence between auto and cross features in the same (z, k) bin. The
conditional MI then follows from Eq. (6) by subtraction. This es-
timator is entirely independent of the posterior approximation of
the flow. The per-bin analysis treated different (z, k) bins as being
independent of one another; correlations between different bins
were not captured. The conditional MI at a given bin therefore
reflects the information of that bin marginally, not accounting for
any redundancy or synergy with other bins.

Figure[5|shows the fractional MI gain for xg;(z) (upper panel)
and (1 + oup)(z) (lower panel) as a function of redshift and scale.
The color map indicates regions where the cross-power spectrum
provides substantial additional information (purple) versus re-
gions where the auto-power spectrum alone is sufficient (white).

Several key trends emerge from this analysis. First, the
cross-power spectrum provides a significant conditional infor-
mation gain across nearly all (z,k) bins, with approximately
78% of bins showing fractional gains exceeding 100% for both
parameters. The mean fractional gain is ~270% for xy; and
~280% for (1+06y;). This seemingly counter-intuitive result must
be interpreted carefully. It does not imply that cross-power is
more informative than auto-power in absolute terms. Section[4.1]
demonstrated that 21cm auto-power alone provides the majority
of constraints. Rather, these large fractional values reflect that
cross-power measurements provide complementary information
breaking specific degeneracies left unresolved by auto-power.
While the marginal MI 1(6; cross) is relatively modest, the con-
ditional MI (6, cross|auto) can be substantial. Once the 21cm
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Fig. 5: Fractional mutual information gain from including 21cm
galaxy cross-power spectrum measurements in addition to 21cm
auto-power ones, as a function of redshift and wave number.
Upper panel: Neutral fraction, xpr(z). Lower panel: Mean den-
sity contrast, (1 + dgr)(z). The color-scale indicates the ratio,
1(6; cross, xlauto, )/ 1(0; auto, ;), quantifying the relative addi-
tional information provided by cross-correlations. Purple regions
indicate high information gain (cross-power provides substantial
additional constraints), while white regions show minimal gain
(auto-power is sufficient). The cross-power provides significant
information across most scales and redshifts, with 78% of bins
showing fractional gains exceeding 100%. The information gain
increases with redshift and peaks on small scales k ~ 1 — 2
Mpc~!, reflecting the evolving correlation between ionization
morphology and galaxy clustering during reionization.

auto-power establishes the mean ionization state and overall neu-
tral hydrogen distribution, the cross-correlation reveals the spa-
tial relationship between ionization morphology and galaxy clus-
tering; this information is particularly valuable for constrain-
ing astrophysical source properties and ionization morphology,
which are only weakly determined by power-spectrum shape
alone.

Second, there is a clear redshift dependence, with higher
fractional gains toward earlier cosmic times (higher z). The
fractional gain (averaged over k) increases monotonically from
~135% at z = 6.0 to ~450% at z = 8.0 for both parameters.
This trend reflects the evolving character of reionization: at later
times (z ~ 6), when reionization is well-advanced, the 21cm

large-scale power and global ionization state provide strong con-
straints on the remaining parameters. At earlier times (z ~ 8)
during the onset of reionization, the relationship between the first
ionizing sources and the emerging ionized bubbles becomes in-
creasingly critical, and the ability of cross-power to probe this
connection yields proportionally larger information gains rela-
tive to what auto-power constrains.

Third, the scale dependence shows that large scales (k < 0.1
Mpc~!) provide minimal information gains, with fractional MI
values near zero. On these scales, cosmic variance dominates
both the 21cm and galaxy signals, and their correlation adds lit-
tle beyond what each observable independently constrains. The
information gain increases systematically toward smaller scales,
reaching ~290% (averaged over z) at k ~ 1.2 Mpc~! and ~370%
on the smallest scales probed (k ~ 2.4 Mpc™'). These inter-
mediate to small scales are where ionization morphology, bub-
ble sizes, shapes, and their correlation with the underlying den-
sity field traced by galaxies, are most directly manifested. The
cross-power on these scales provides crucial constraints on how
ionized regions grow around galaxies; this information comple-
ments the auto-power global characterization of the neutral frac-
tion distribution. Comparing the two parameters, {1 +dyy) shows
slightly higher fractional gains than xg (by a factor of ~1.03),
though the difference is modest. The mean conditional MI val-
ues are 1.28 nats for xyr and 1.30 nats for (1 + dyp), indicating
comparable absolute information content from cross-power for
both quantities.

These substantial conditional MI gains translate to mod-
est but meaningful improvements in posterior precision for
global reionization parameters, where auto-power already pro-
vides strong baseline constraints. The large conditional MI val-
ues on intermediate to small scales and at higher redshifts—
precisely where ionization morphology and source-bubble cor-
relations are most important—suggest that cross-power mea-
surements carry crucial complementary information for break-
ing degeneracies unresolved by auto-power alone. This pat-
tern is directly supported by gradient-based saliency analysis
of the trained neural network (Appendix [C), which reveals that
the 21cm auto-power network focuses attention on low red-
shifts across all scales, while the cross-power network distributes
attention across all redshifts but concentrates on intermediate
scales. Since the 21cm auto-power already captures low-redshift
information efficiently, the cross-power naturally provides the
greatest information gain at higher redshifts where auto-power
constraints are weaker, explaining why the conditional MI peaks
precisely in these regimes. In the following section, we extend
our analysis beyond the neutral fraction and density evolution
to examine how well cross-power measurements constrain the
astrophysical properties of the ionizing sources themselves.

4.4. Inferring reionization source properties

To demonstrate the unique potential of 2lcm galaxy cross-
correlations for constraining source properties, we retrained
our framework to infer the four astrophysical parameters,
{fesc.105 fx.105 Qescs @s} (Eq.@)), from the power-spectrum mea-
surements. Here fes.10 and f 10 denote the escape fraction and
star formation efficiency normalized to halos with masses of 10'°
M,, while the power-law exponents describe their mass depen-
dence. These parameters directly control where and how effi-
ciently ionized bubbles form around galaxies, making them nat-
ural targets for cross-power inference but challenging to extract
from 21cm auto-power alone, which primarily traces the inte-
grated ionization state rather than source-bubble correlations.
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rameters from 2lcm auto-power and 2lcm
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ground avoidance. Corner plots show the
marginalized posteriors for the four parame-
ters controlling escape fraction and star forma-
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a.. Solid blue contours show cross-power con-
straints (R?> > 0.92, mean posterior volume of
~11% across the entire test dataset). Dashed
gray contours show auto-power constraints,
which are virtually uninformative (R? < 0.47,
posterior volume of > 60% across the entire
test dataset). Results assume an optimistic fu-
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Fig.[6]presents the inference results as an example corner plot
using the fiducial survey configuration (100 deg?, o. = 0.001)
but with an optimistic halo mass threshold of My yin = 10'° M,
This choice probes the deepest future galaxy surveys and serves
as a proof of concept for the method’s potential. The 21cm auto-
power spectrum (dashed gray contours) shows no constraining
power beyond revealing strong parameter degeneracies, particu-
larly between . and .. where different ionization morpholo-
gies yield identical EoR timelines. Across the whole test set the
R? scores (where 1 indicates perfect inference accuracy) range
from 0.08 to 0.47, and the relative PV is between 60% and
87%. The posteriors remain broad and weakly correlated with
the true values, indicating that the auto-power spectrum alone,
while highly informative of the neutral fraction evolution, carries
insufficient information to break degeneracies among source pa-
rameters that produce similar global ionization histories through
different combinations of escape fractions and star formation ef-
ficiencies.

In stark contrast, the 21cm galaxy cross-power spectrum
(solid blue contours) provides excellent constraints on all four
parameters. Tight, circular contours indicate precise and non-
degenerate constraints, accurately recovering the true parame-
ters. Across the test dataset the R? scores consistently exceed
0.92, and the mean relative PV is ~11% across all quanti-
ties. This dramatic improvement can be understood physically.
While the auto-power measures the spatial distribution of neu-
tral hydrogen, the cross-power directly probes the correlation
between ionized regions and galaxy positions. This correlation
is highly sensitive to how ionizing photons escape from galaxies
(through f..) and how efficiently stars form in halos of different
masses (through f.). Galaxies with higher escape fractions cre-
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properties fundamentally inaccessible to 21cm
auto-power alone, though this requires detect-
ing faint galaxies below currently planned sur-
vey sensitivities.

ate larger ionized bubbles around themselves, strengthening the
anti-correlation signal in the cross-power, while the mass depen-
dencies determine which galaxy populations contribute most to
reionization and thus shape the scale dependence of the cross-
power.

Combining both observables (cross+auto) yields perfor-
mance levels comparable to that of cross-power alone on aver-
age, though with substantially larger run-to-run variance (PV =
0.24+0.12 compared to 0.11 +0.02 for cross-power alone). This
increased epistemic noise likely reflects the challenge of training
a single neural density estimator on two observables with vastly
different information; the cross-power is highly informative of
source properties, while the auto-power is not, and the network
must allocate its capacity to model the joint likelihood of both.
The large variance suggests that the network sometimes success-
fully focuses on the informative cross-power features and some-
times does not, depending on initialization. A dedicated architec-
ture optimized for the combined input, or an adaptive weighting
scheme, would likely yield more consistent results. We quanti-
fied the epistemic uncertainty by retraining each model across
multiple random initializations. The 21cm auto-power models
show negligible run-to-run variance (PV = 0.76 + 0.01), con-
sistent with all initializations converging to the same uninforma-
tive posterior. The cross-power models also show small variance
(PV = 0.11 £ 0.02), with all qualitative conclusions remaining
robust across runs. The epistemic uncertainty across all configu-
rations is discussed further in Appendix

The results presented here assume an optimistic My ymin =
10'° Mg, halo mass threshold, corresponding to extremely deep
future galaxy surveys that can detect faint star-forming galax-
ies down to this limit across 100 deg”. Increasing the threshold
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to Mymin = 10'%° My, yields only moderately degraded con-
straints (PV = 0.17 +£0.03), suggesting that surveys reaching this
intermediate depth already provide meaningful source-property
constraints. At the more commonly assumed My pmin, = o'
Mg, threshold however, the source parameter constraints become
marginal (PV = 0.50 + 0.10). On the contrary, Appendix [D|
demonstrates that optimistic 21cm foreground removal strate-
gies, which recover wedge modes, can restore tight constraints
on source properties (PV = 0.18+0.04) even at the M, i, = 10"
M, threshold, offering a complementary pathway to achiev-
ing source-property constraints without requiring detection of
the faintest galaxies. We note that additional uncertainties arise
when detecting galaxies via, for example, Lyman-a emission, in-
cluding the stochasticity of luminosities at fixed halo mass and
variations in IGM transmission. These effects contribute to the
effective shot noise and scatter in galaxy bias. However, for typ-
ical survey sensitivities, such contributions remain subdominant
compared to uncertainties from survey completeness, set by the
halo mass (or luminosity) detection threshold, and 21cm signal
foreground contamination.

The contrast between Fig. [5] (showing large conditional MI
for neutral fraction and density) and Fig. [f] (showing weak auto-
power constraints on source properties) illustrates a key distinc-
tion. While cross-power provides complementary information
that modestly improves constraints on parameters already well
measured by auto-power, it provides essential information for
parameters that are degenerate or invisible to auto-power alone.
This dual role of enhancement and enablement positions 21cm
galaxy cross-correlations as a uniquely powerful probe of cos-
mic reionization. By simultaneously confirming the cosmolog-
ical 21cm signal, providing robustness against foreground con-
tamination, and accessing source properties inaccessible to 21cm
measurements alone, cross-power studies represent not merely
an incremental improvement over single-probe analyses, but a
qualitatively new observational window into the EoR.

5. Conclusions

In this work, we developed an SBI framework to quantify the
constraining power of 2lcm galaxy cross-correlations during
the EoR. Our methodology combines realistic forward model-
ing of noisy, 21cm galaxy cross-power spectra generated with
21cmFASTv4 and incorporates instrumental and survey effects
following Hutter & Henekal (2026), with the EoRFlow SBI
framework of Pietschke et al.| (2025). This approach enables
likelihood-free inference on astrophysical parameters govern-
ing reionization without requiring analytic approximations to the
intractable data likelihood. The inference network operates di-
rectly on spherically averaged 1D power spectra using condi-
tional normalizing flows with rational quadratic spline coupling
layers, providing increased expressivity compared to earlier im-
plementations. Our main findings are as follows.

Inference of global reionization properties: Assuming 100h
of SKA AA* observations with moderate foreground avoidance
and a WST-type fiducial galaxy survey (FOV = 100deg?, . =
0.001, Mymin = 10''My), we demonstrate that 21cm galaxy
cross-power spectra alone yield unbiased constraints on the neu-
tral hydrogen fraction xgy(z) and the mean overdensity in neutral
regions (1 + opr)(z) across z = 6-8. While these constraints are
weaker than those obtained from the 21cm auto-power spectrum,
they provide a physically independent probe of the reionization
history. When combined with auto-power measurements, poste-

rior volumes decrease by approximately 20-30% compared to
auto-power ones alone, confirming that cross-correlations con-
tribute genuinely complementary information rather than redun-
dant constraints.

Galaxy-survey requirements: Our systematic exploration of
survey parameter space reveals that redshift precision is the dom-
inant factor determining the scientific utility of cross-correlation
measurements. Spectroscopic-quality redshifts (o, ~ 0.001)
provide optimal constraints. Intermediate precision achievable
with grisms (o, ~ 0.01) can yield meaningful constraints when
combined with large survey areas, though these configurations
carry the largest epistemic uncertainty and their PV values
should be interpreted qualitatively. In all cases they fall short
of the factor of ~10 improvement achievable with full spec-
troscopy. Photometric uncertainties (o, ~ 0.1) severely degrade
constraints regardless of survey area or depth. FOV and mini-
mum detectable halo mass play secondary but important roles,
with deeper surveys (Mpmin < 10'%°M,) partially compensat-
ing for smaller survey areas. These findings provide concrete
guidance for designing future galaxy surveys intended for cross-
correlation studies with 21cm experiments.

Complementary information from cross-correlations: Using
mutual information analysis, we quantified where cross-power
measurements provide the greatest information gain beyond
what the 21cm auto-power spectrum constrains. The additional
information is concentrated at intermediate to small scales (k ~
0.5-2Mpc™!), corresponding to characteristic ionized bubble
sizes, and increases toward higher redshifts during the early
phases of reionization. This pattern reflects the sensitivity of
cross-correlations to the evolving spatial relationship between
ionizing sources and the surrounding ionization morphology.

Constraints on ionizing source properties: The most signif-
icant finding is that 21cm galaxy cross-correlations provide ac-
cess to astrophysical source properties that are fundamentally in-
accessible to 21cm auto-power measurements alone. We showed
that the escape fraction (fesc,10, @esc) as well as the star formation
efficiency parameters (f; 10, @) can be tightly constrained from
cross-power spectra, achieving R* > 0.92 and mean posterior
volumes of ~11%. In contrast, the 21cm auto-power spectrum
yields R? < 0.5 and posterior volumes exceeding 60%, owing
to strong degeneracies among source models that produce sim-
ilar global ionization histories. Notably, this unique constrain-
ing power of 2lcm galaxy cross-correlations can be achieved
through either deep surveys detecting faint galaxies down to
M min ~ 10'° My, under moderate foreground treatment, or more
conservative mass thresholds (My min ~ 10" My) when paired
with optimistic 21cm foreground removal (Appendix [D). This
capability transforms cross-correlations into a powerful diagnos-
tic of the reionization source population.

Implications for observational programs: Our results carry di-
rect implications for the planning and prioritization of forthcom-
ing surveys. For facilities such as the WST and the PFS, spec-
troscopic observations over areas of 2 10-100deg” with high
redshift precision will be essential to exploit the full potential
of 2lcm galaxy cross-correlations. Critically, tight constraints
on astrophysical source properties can be achieved through ei-
ther deep surveys reaching My pin ~ IOIO-IOIO'SM@ under mod-

Article number, page 11 of 15



A&A proofs: manuscript no. output

erate 21cm foreground treatment, or surveys targeting brighter
galaxies (Mpmin ~ 10'"Mg) paired with optimistic foreground
removal strategies (Appendix [D). This flexibility allows obser-
vational programs to optimize either galaxy survey sensitivity or
21cm foreground cleaning capabilities depending on technolog-
ical developments and resource allocation.

Future directions: This work establishes a foundation for infer-
ence on 2lcm galaxy cross-correlations, but several extensions
promise further scientific gains. Our analysis assumed moder-
ate 21cm foreground avoidance. Optimistic foreground removal
strategies could substantially enhance constraining power. As
demonstrated in Appendix [D} this relaxation enables tight con-
straints on astrophysical source properties even when galaxy sur-
veys reach only My min ~ 10'! Mg. These findings align with the
analysis of [Hutter & Henekal (2026)), which showed that opti-
mistic foreground scenarios dramatically relax survey require-
ments for detecting the cross-correlation signal itself. The 1D
power spectrum employed here, while providing a favorable
S/N, discards information encoded in the anisotropic and non-
Gaussian structure of the cross-correlation signal. Moving be-
yond power spectra to leverage topological summary statistics,
such as Minkowski functionals or Betti numbers, could capture
the morphological information encoded in the shapes and con-
nectivity of ionized regions. Machine-learning approaches offer
a natural pathway to extract such features, either through learned
summary networks that compress the full 3D cross-correlation
field or through neural-network architectures designed to oper-
ate directly on spatial data.

In summary, 21cm galaxy cross-correlations occupy a unique
position in the landscape of reionization probes. They provide
an independent confirmation of the cosmological 21cm signal,
are robust against foreground contamination, and unlock con-
straints on source properties that are inaccessible to 21cm auto-
power measurements alone. As both 2lcm experiments and
high-redshift galaxy surveys approach the sensitivities required
for cross-correlation detections, the SBI framework developed
here offers a flexible and scalable approach to extracting max-
imal astrophysical insight from this powerful multi-tracer view
of the EoR.

Data availability

The code used to compute
power spectrum uncertainties is publicly available at
github.com/annehutter/21cm_gal_uncertainties.  This ~ work
builds upon the EoRFlow framework (Pietschke et al.[2025),
available at |github.com/astro-ML/EoRFlow. The project-
specific analysis scripts and trained neural-network models can
be found at github.com/astro-ML/21cmgalaxy-SBI.
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Appendix A: Dimensionality of the power spectrum

Throughout this work, we employ spherically averaged (1D)
power spectra for parameter inference. While the cylindrically
averaged (2D) power spectrum retains directional information
along the line-of-sight and perpendicular directions, which in
principle encodes additional sensitivity to redshift-space distor-
tions and ionization anisotropies, we find that the enhanced S/N
achieved through spherical averaging yields superior inference
performance in practice.

Table presents a quantitative comparison of inference
quality using 1D versus 2D power spectra for the fiducial survey
configuration (FOV = 100deg?, o, = 0.001, My, min = 10" My).
We evaluate performance using the posterior volume (PV) met-
ric, defined as the standard deviation of posterior samples nor-
malized by the prior standard deviation, computed over 1000 test
observations. Lower values indicate tighter constraints.

Table A.1: Comparison of 1D and 2D power spectrum perfor-
mance for different data modes.

Dim. Mode PV (xp1) PV((1 + 6p1))
ID  2lem  0.0248+0.0015  0.0677 = 0.0043
ID  Cross  0.0893+0.0205  0.1223 +0.0234
ID  Both [0.0176 +0.0016] |0.0496 +0.0032 |
2D 2lecm  0.0231£0.0080  0.0769 + 0.0411
2D Cross  0.1758 £0.0206  0.2643 + 0.0203
2D Both  0.0193+0.0016  0.0567 +0.0054

Notes. Metrics are computed over the 1000 test samples with epis-
temic network uncertainties. Best values (lowest PV) are highlighted
with boxes.

For the 21cm auto-power spectrum, 1D and 2D performance
are comparable, with 2D achieving modestly better constraints
for xy; (PV = 0.023 + 0.008 versus 0.025 = 0.002 for 1D),
though the difference is within the epistemic noise. However,
for the 21cm galaxy cross-power spectrum, the pattern reverses
dramatically. The 2D cross-power yields substantially degraded
constraints (PV = 0.176 + 0.021 for xg; versus 0.089 + 0.021
for 1D, and 0.264 + 0.020 versus 0.122 + 0.023 for (1 + Oyp)).
This behavior arises because the cross-correlation measurement
is subject to additional uncertainty sources beyond those affect-
ing the auto-power, and the directional information retained in
the 2D format does not compensate for the loss of S/N from re-
duced mode averaging.

When combining both auto-power and cross-power measure-
ments, the 1D version delivers the tightest constraints (PV =
0.018 £0.002 for xgr and 0.050 +0.003 for (1 + dyr)), marginally
outperforming the 2D combination (PV = 0.019 + 0.002 and
0.057 + 0.005), though the difference is within the epistemic
noise for xgr. The clear advantage of 1D is most pronounced
for the cross-power alone, where the S/N gain from spherical
averaging outweighs the loss of directional information. These
results justify our choice to use 1D power spectra throughout the
main analysis.

Appendix B: Epistemic uncertainty

In Section we systematically varied the galaxy survey pa-
rameters and studied the constraining power of the 21cm galaxy
cross-power spectrum by means of the posterior volume (PV).
The PV metric carries an intrinsic uncertainty arising from the

stochasticity of neural network training, which we quantify here.
For each of the 27 survey configurations, we trained 6 net-
works with different random initializations, keeping all other hy-
perparameters fixed, amounting to 162 trained models in total.
The same procedure was applied to the three models in Sec-
tion .1} where epistemic noise is small given the fiducial sur-
vey configuration, and to the models in Section where the
combined cross+auto model shows the largest epistemic noise
(PV = 0.24 £ 0.12), likely due to the architectural challenges
of training on two observables with vastly different information
content. The resulting mean PV and standard deviation across
runs are shown directly in Fig. [3] and Fig. ] We highlight that
this comprehensive study is only feasible thanks to the compu-
tational efficiency of our SBI framework; traditional inference
approaches would render such a large-scale exploration pro-
hibitive. Furthermore, we verified that sampling uncertainties
arising from the finite test set size are negligible compared to
the epistemic noise reported here, confirming that network train-
ing stochasticity is the dominant source of uncertainty in the PV
metric. The variance in PV follows a clear hierarchy determined
by the constraining power of the survey. Well-constrained con-
figurations (e.g. FOV = 100deg?, o, = 0.001, My min = 10'°My)
yield PV = 0.04 + 0.01: the data are highly informative, the
network learns consistently regardless of initialization, and the
epistemic noise is low. At the other extreme, configurations with
very high observational noise (e.g. o, = 0.1) yield PV ~ 1.0
with negligible variance: the data are entirely uninformative and
all initializations converge to the same uninformative posterior.
The largest epistemic noise arises in intermediate configura-
tions (e.g. FOV = 100deg?, o, = 0.01, Mypmin = 10'"M,
PV = 0.60 + 0.18): here the data contain some information but
the learning problem is hard enough that the network only suc-
ceeds from favorable initializations, leading to large run-to-run
variance without further architecture tuning.

We attribute this behavior to two effects. First, networks
trained on uninformative data face a harder optimization prob-
lem with loss curves more sensitive to initialization. Second, the
network architecture and training hyperparameters were opti-
mized for the fiducial survey configuration; applying them un-
changed across all 27 configurations is an intentional design
choice to isolate the effect of survey parameters, but it means
the training is suboptimal for the most challenging configura-
tions. Overall, Fig.[d]provides a clear qualitative hierarchy of sur-
vey performance that is robust across all training runs. However,
particularly for intermediate configurations (o, = 0.01) where
epistemic noise is largest, the individual PV values should not
be interpreted as precise quantitative measurements, and conclu-
sions drawn from these configurations should remain qualitative
in nature.

Appendix C: Saliency analysis

To understand which regions of the input power spectra most
strongly influence parameter inference by the neural network,
we perform a saliency analysis by computing gradients of the
log-probability with respect to the input features. This approach
reveals where the network focuses its attention across differ-
ent scales and redshifts, providing insight into which observa-
tional modes carry the most relevant information for constrain-
ing reionization parameters.

For a trained normalizing flow, the gradient Vylog p(6|x)
quantifies the sensitivity of the posterior probability to small
changes in each input feature. We compute the average abso-
lute gradient across all test samples, creating saliency maps that
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highlight which (k, z) bins in the power spectrum the network
weights most heavily during inference.

Fig. @ presents saliency maps for inference on xgy(z) and
(1 + 6mr)(z) using the 21cm auto-power spectrum (upper panel)
and the 21cm galaxy cross-power spectrum (lower panel).
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Fig. C.1: Saliency analysis for the inference of xy1(z) and (1 +
omr)(z) from the 21cm auto-power spectrum (left) and the 21cm
galaxy cross-power spectrum (right). The colormap shows the
average absolute gradient of the log-probability with respect to
the input power spectrum, indicating which redshift bins and
spatial scales the network attends to most strongly. Both observ-
ables show high attention to the lowest k bin across all redshifts,
corresponding to the foreground-masked region that the network
must learn to disregard. The 21cm auto-power focuses primarily
on low redshifts across all scales, while the cross-power shows
more uniform attention across redshifts but concentrates on in-
termediate scales (k ~ 0.3-0.7 hMpc™!), consistent with the char-
acteristic sizes of ionized regions.

Both maps exhibit high gradient values at the lowest Xk modes
across all redshifts, corresponding to the foreground wedge re-
gion excluded by our observational mask. The network must
learn to recognize and disregard this masked region, which con-
tains no physical information about reionization, explaining the
elevated attention in this regime. Beyond the masked region,
the two observables display distinct attention patterns. For the
21cm auto-power spectrum, the network concentrates attention
on the lowest redshifts (z ~ 6-7) across a broad range of scales.
This pattern reflects the fact that late-stage reionization, when
the neutral fraction is rapidly declining and large-scale power is
maximized, provides the strongest constraints on global reion-
ization properties. In contrast, the 21cm galaxy cross-power
spectrum shows relatively uniform attention across all redshifts
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but focuses on intermediate scales (k ~ 0.3-0.7 hMpc_l). These
scales correspond to the characteristic sizes of ionized regions
and the transition between regimes where galaxies trace ionized
bubbles versus underlying density fluctuations, consistent with
the physical expectations discussed in Section[4.3]

These findings align with both the mutual information analy-
sis presented in the main text and physical intuition about reion-
ization signatures. The sensitivity of the cross-power to interme-
diate scales during all phases of reionization reflects its direct
probe of ionization morphology, while the emphasis of the auto-
power on late times captures the evolution of global neutral frac-
tion. Nevertheless, we emphasize that these patterns are emer-
gent properties of the trained network architecture and do not
constitute a fundamental decomposition of information content.
Alternative network designs or summary statistics might access
the same underlying information through different pathways.

Appendix D: Optimistic 21cm foregrounds

Section [4.4] demonstrated that 21cm galaxy cross-power spectra
provide tight constraints on astrophysical source properties when
assuming deep galaxy surveys capable of detecting halos down
to Mhmin = 10" M, under moderate 21cm foreground avoid-
ance. However, this requires detecting extremely faint galaxies
that may lie beyond the reach of currently planned survey fa-
cilities. Here we show that optimistic 21cm foreground removal
strategies offer an alternative pathway to achieving comparable
constraints on source properties even with the more conservative
halo mass threshold of My, min = 10" M.

Under moderate foreground avoidance, we mask contami-
nated modes in the foreground wedge following the prescrip-
tion of [Pober et al.| (2014), which excludes modes below the
horizon limit plus a conservative 0.1 AMpc~! buffer. This ap-
proach sacrifices the large-scale modes most contaminated by
foreground emission to ensure robust detection of the cosmo-
logical signal. However, recent advances in foreground removal
techniques (e.g., [Mertens et al.|2020; [Acharya et al|2024) sug-
gest that more aggressive cleaning strategies may successfully
recover these wedge modes, particularly for cross-correlation
measurements where foreground contamination is partially sup-
pressed through decorrelation between 21cm and galaxy fields.
To explore this optimistic scenario, we retrain our inference
framework assuming all modes down to the primary beam
scale can be recovered (the "optimistic foreground model" of
21cmSense). We apply this to the fiducial survey configura-
tion (FOV = 100 deg”, o, = 0.001, Mpmin = 10" My) and
perform inference on the four astrophysical source parameters
{fesc,105 f+,105 Qesc, @}

Fig. [D.] presents the inference results, revealing a dramatic
improvement in source property constraints compared to the
moderate foreground case with the same galaxy survey parame-
ters. Across the test dataset, the 21cm galaxy cross-power spec-
trum (blue contours) achieves R? scores ranging from 0.81 to
0.86 across all four parameters, with PV = 0.18 + 0.04 relative
to the prior. These constraints are broadly comparable to, though
somewhat degraded relative to, those obtained with My min =
10! My under moderate foregrounds (PV = 0.11 + 0.02,
Section .4), demonstrating that recovering wedge modes can
largely compensate for detecting fewer galaxies. Critically, the
21cm auto-power spectrum (grey contours) shows no improve-
ment under optimistic foregrounds, with R? scores remaining
between 0.09 and 0.51 and PV = 0.73 + 0.03. This asymmet-
ric improvement reveals a fundamental physical distinction. The
auto-power spectrum is inherently insensitive to source proper-
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Fig. D.1. Inference of astrophysical source pa-
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power constraints, which are virtually uninfor-
mative (R? < 0.51, posterior volumes ~ 73%
across the entire test dataset). Results assume
the fiducial survey configuration with FOV =
100 deg?, spectroscopic redshift uncertainty
o, = 0.001, and halo mass detection threshold
Mymin = 10" My, but with an optimistic 21cm
foreground model that recovers wedge modes
down to the primary beam scale. The dramatic
improvement in cross-power constraints com-
pared to moderate foregrounds with this mass

threshold (Section [£.4) demonstrates that re-
covering wedge modes can compensate for de-
tecting fewer faint galaxies, offering a comple-
mentary observational pathway to constraining
source properties. The persistent weakness of

auto-power constraints reveals that additional

21cm modes do not break the fundamental de-
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ties because different combinations of escape fractions and star
formation efficiencies can produce similar global ionization his-
tories and thus nearly identical power spectrum shapes. Recover-
ing additional modes does not break these degeneracies. In con-
trast, the cross-power spectrum directly probes the correlation
between ionized regions and galaxy positions, which depends
sensitively on how efficiently individual galaxies produce ion-
izing photons. The large-scale modes recovered by optimistic
foreground removal are precisely those that encode the strongest
source-bubble correlations, explaining why cross-power con-
straints improve substantially while auto-power constraints re-
main weak.

This result establishes two complementary pathways to con-
straining reionization source properties through 21cm galaxy
cross-correlations. Deep galaxy surveys detecting faint sources
(Mymin ~ 100 M) can achieve tight constraints even under
conservative 21cm foreground treatment. Alternatively, surveys
targeting brighter galaxies (My min ~ 10" Mg), which are more
readily accessible to planned facilities such as the WST and PFS,
can reach similar precision if paired with aggressive 21cm fore-
ground cleaning that successfully recovers wedge modes. This
flexibility is crucial for practical observational programs, as it
allows constraints on source properties to be achieved through
improvements in either the galaxy survey sensitivity or the 21cm
foreground removal capability. The dramatic contrast between
cross-power and auto-power performance under optimistic fore-
grounds (R? ~ 0.83 versus R?> ~ 0.31) underscores the unique
role of cross-correlations in accessing source properties. While
both observables benefit from increased sensitivity to the 21cm
signal morphology, only the cross-power translates this into
meaningful constraints on the parameters controlling where and

generacies among source models that produce
similar global ionization histories, highlighting
the unique capability of cross-correlations to
access source property information.

how efliciently ionizing photons escape from galaxies. This re-
inforces the conclusion of Section [4.4] that 21cm galaxy cross-
correlations provide not merely complementary information to
auto-power measurements, but essential information for param-
eters that remain degenerate in single-probe analyses.
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