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21cm Observable Universe Roadmap

High S/N map of >50% of
the observable Universe

~2030-20407?

The SKAO
S hine

W

0.1 0.2 0.3
k [Mpct] z=9.1, Mondal+20

Universe mac

'\3‘5 Now: upper limits on power spectra

)

. | | ¥A Soon: Low S/N detection, cross-correlation?
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-OR synergies with galaxies and LIM

What is the Large-Scale-Structure?
Distribution of gas + sources.
Sl D )
S e e PRt
- "*"'j i:* ‘;u 7 s :!" e 8 .-
LRt A Crenipig) B
A) Individual sources .
~ peaks in the DM field . - .

.

B) Intensity Mapping
~ tracer of fluctuations

~few% high-z

Created by Uwe Kils (iceberg) and User:Wiska Bodo (sky).
CC BY-SA 3.0 <http://creativecommons.org/licenses/by-sa/3.0/>
Wikimedia Commons: https://commons.wikimedia.org/wiki/File:lceberg.jpg

Credit: A. Cooray
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~ Lya (UV/optical) vs. 21cm (radio) @C. Heneka




The Universe is multi-colour

The multi-line signal during CD/EoR is a rich signal

Multi-line
modelling

. . Heneka+17
Heneka, Mesinger 20
Heneka, Cooray 21
LIMFAST (Bernal+23)
Hutter, Heneka+23

Lya (UV/optical) vs. 21cm (radio) @C. Heneka
|
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The Universe is multi-colour

The multi-line signal during CD/EoR is a rich signal

Multi-line
modelling

Heneka+17
Heneka, Mesinger 20
Heneka, Cooray 21
LIMFAST (Bernal+23)

i
' . ‘. .'! ’ _.0 .{; A .“'o
| Lya' Moticr vs&21° rl’h '
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Multi-line The Universe is multi-colour

modelling
Heneka+17
Heneka, Mesinger 20 " o "
Heneka, Cooray 21 4
LIMFAST (Bernal+23) L =
Hutter, Heneka+23 m
21cmFAST .

* Density/halo fields r TK? Ly f « SFR. L-SFR/M-SFR
Veloc:|ty fields rec .
lonisation fields ~ i _

* Spin, gas b -  Escape fraction
temperature fields /f esC e (UV) Luminosity function

XSFR ; ¥
A - alactic RYe!
V4 b LB e Ve, v NI N/
diffuse IGM A 5. T
(ionized) IGM
LINE BRIGHTNESS \
COSMOLOGY scattered IGM Lya Soggggégi\éxw
IGM EVOLUTION
o ¥

+ available: Ha, PAH
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The Universe is multi-colour

The multi-line signal during CD/EoR is a rich signal

Example: ¢ .
Comparison with hydro+MC-RT a mgglellllirr‘\e
(with B.Ciardi@MPIA) 9
‘ » . Heneka+17
. . Heneka, Mesinger 20
AR L & e Heneka, Cooray 21
' et S , #0 . y’ . LIMFAST (Bernal+23)
WG Do ' o y | , Hutter, Heneka+23
1 1 ,3 ;‘ - o“f
&' ¢
. . Example:
Example: ‘ - A mock Lyd sky with wide-field surveys
PAH 11.3um at z~6, S/N (Pk)~100 - (Heneka&Cooray21)

(with A. Cooray, FIRSST proposal 2024) s

“+noise (CDIM) + noise + projected (CDIM)

Lya (UV/optical) vs. 21cm (radio) @C. Heneka
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Synergies: LIM cross-correlations

Cross-power encodes additional information:
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Heneka&Cooray21

21cm x Lya Lya x Ha Lya-IM vs. LAE
Size distribution Size of Lya regions Scales probed vs.
of ionised regions Radiative escape sighal-to-noise

+ damping is important!
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Synergies: Galaxy cross-correlations

Modelling framework should be:
[Olll] emitter x 21cm

e Fast

Suitable for forward-modelling
& model exploration

e Consistent

Model lines, galaxies &
intensity maps (mocks) alongside

Upcoming new SKA Red Book: Synergies for the Epoch of Reionization and Cosmic Dawn
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Synergies: Galaxy cross-correlations

Modelling framework should be:

LAE x 21cm
* Fast
more Suitable for forward-modelling
lonized & model exploration

e Consistent

Model lines, galaxies &
intensity maps (mocks) alongside

Upcoming new SKA Red Book: Synergies for the Epoch of Reionization and Cosmic Dawn

Caroline Heneka, 05.06.2025, LIM2025, Unveiling the EoR with LIM and galaxy synergies 10



Synergies: Galaxy cross-correlations

2 setups:
Intrinsic luminosities: - -
' . A. ‘Semi-numerical’

. SEMI-NUMERICAL ey

REIONIZATION SIMULATIONS L e ( ’) \ . . . .

WAL ROy ok n M, \ Semi-numerical simulations
- 216m FAST/ DexM | Foites 21cmFAST (Mesinger+10, Murray+20, Davies+25)
[basea ‘on,.Meslmger etatl. 10] Lya damping: . .
- | | e + galaxy properties calibrated
- with observations
(e.g., Heneka&Mesinger20, Gagnon-Hartman+25 )
SEMI-ANALYTICAL GALAXY B. ‘Hybrid’
EVOLUTION MODEL
DARK MATTERONLY < | | 1&_,\;”@* UMERICAL "“*-‘a':("“_ S, N-body + semi-numerical (CIFOG)
N-BBDY SIMULATION + | rREVor ZATION S J gs accretion e X | |
S N + analytical galaxy evolution model
160h1MpC rnDM=6X106 h-l MO " “‘ CIFOG fe?(‘ih*zlck cscupuii(mising;
" f-. ””“9€2018 | = Astraeus (l. Hutter+20 - X. Hutter+25)
: based on DELPHI
Dayal+ 2014

Do these setups agree?
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Synergies: Galaxy cross-correlations

(r) = — (xu1) (1 +0)ur [1 — CDF(r)

(-t

Analytical function: &21.1A

Hutter, Heneka+24
arXiv:2306.03156
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Size distribution
of ionised regions
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Synergies: Galaxy cross-correlations

Redshift uncertainty Luminosity threshold Field-of-view
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(Subaru/HSC) Depth mag >25 > few 100 arcmin fields
grism (Roman, JWST NIRCam)
(VLT/ELT)

Upcoming new SKA Red Book: Synergies for the Epoch of Reionization and Cosmic Dawn
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21cm lessons: More information with Intensity Mapping

Challenges: TB/s, few EB/day
Archive: ~700 PB/yr

[Data volume)(>T8/s for radio)

- Number of modes (>109)

- Noise, foregrounds, systematics S w
7 2o — Ed e A
-_Non-Gaussian signal s b
The SKAO Universe machine

Are we up for the challenge?
Solutions (non-exhaustive list, Credit: Adélie Gorce):
« Minkowski functionals & topology
e« Higher-order statistics, bispectrum
e Scattering transforms

e |Al/ML techniques
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21cm lessons: Cosmology at z > 6

First 21cm beyond-ACDM simulations
+ Fisher forecast

%-precision ACDM + beyond

04}

e Tomography lifts degeneracy astro + cosmo

0.2+
0.0t
0.2¢

« More information via (mildly) non-linear scales

0.4}
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oo} . 00} @ L ool \ I Liu, Heneka, Amendola (2020) 1910.02763
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21cm lessons: Unbiased inference

Likelihood-free inference from intensity maps

. Astro + Cosmo
21cm light cone

Data Parameter
Compression Estimation

mocks

Create(_j WVilda WY

1800
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21cm lessons: Unbiased inference

Likelihood-free inference from intensity maps

Optimal
Summary

Robust to noise!

mocks

log1o(Lx)

+ optimal calibrated posterior

IF joint estimate of optimal summary

+ Unbiased il B N DY
m WDM 0910 (Tyir Eo

Unbiased Parameter {f

1800
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1frame=1MCMC
For any model in prior range

Q 21cm_pie Public
3D-21cmPIE-Net Public

‘Optimal, fast, and robust
iInference of reionization-era
cosmology with the 21cmPIE-INN'

Schosser, Heneka, Plehn 2025
Neutsch, Heneka, Briggen 2022

See also new SKA Red Book:
Machine Learning for the SKA

21cm lessons: Unbiased inference

Parameters
0.4 03  100/}.0 53 10 250 38 42 100 1500

Inference

] ] /' 1
0.31 0325 50 75454647 25 30 3540.0 405 0 2000
m MwomM 10g10(Tyir) 4 10g10(Lx) Eq

Credit: Benedikt Schosser
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21cm lessons: Transfer (model + noise)

Self-supervised learning:

Train a network to produce informative representations

Ayodele Ore, Heneka, Plehn 2025

without using labels (physics parameters)

L ow-res |
sim (~30,000) QM
Physics
parameters
High-res
: mMwpM
+ Nnoilse
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More 21cm highlights: Reconstructions & fast simulators

mWDM=2.OO, QM=0.32, E0=11009, Lx=38.41, Tvir=4-97: C=23569

Global xHI histor

95% CI With Noise

—— Inferred Mean With Noise
95% CI Without Noise
Inferred Mean Without Noise

Neutral Hy@@ogen Fraction xH

12 14
Redshift z

Yannic Pietschke, Heneka+25, in prep.

21cm

Dark Matter

Parameters

C = {Z, EO7 LX7 Tvz’ra C}

. . . Power Spectra - -,R’;:q:-:'g?'-".:',.:_;‘:'.';'.'.
Diffusion-based simulators — e e sy Py L

Léon Begiristain Ribo, Heneka+, in prep.
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The EoR with LIM and galaxy synergies

1) Cross-correlations add information, e.g. on size distribution of ionized regions, radiative escape

2) Galaxy and LIM correlations are complementary goals.

3) Exploiting the EoR 21cm signal: correlate, correlate + ML

CMB Dark Ages Cosmic Dawn, Reionization Cosmic Noon Years after the Big Bang

300-400t 0.1 billion 1 billion 4 billion >13 billion
l — R ST F S @ '
¥ 21cm Background: - | “n
'/ —D m " r ‘
f '3’§ n f “ LIM: COy/CII, Lya, .
i 3 1 \—
The Dark Age &5 Slonising sources? y Brasint dey
[*/]
o IGM topology?
84, IGM tor)oloéy” -
. Heating? 4
Fully ionized tralized ¢t ugn_o‘nlz-cfon_LAEQ Fully ionized .

|




Synergies: Galaxy cross-correlations

Analytical limit: Also holds for positive 21cm-LAE correlation during heating.

Hutter, Heneka+24
arXiv:2306.03156 Ea1.0AaE(r =0) =~ — (xmu1) (1 + )nur

0.5 < (14 6)ur < 1.0

Small-scale amplitude
traces reionization topology

\ 4

pOSt-
ol heatmg ____________________________________________________________ —

+ Heating state of the IGM
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