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Why cross-correlating 21cm and galaxy surveys?
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radio galaxies
and clusters

Positions of high-z galaxies correlate
with EoR 21cm signal but not with
spectrally smooth foregrounds
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What this talk will be about:

» How does the large-scale 21cm — galaxy cross correlation power

evolve across cosmic time?

» What can we learn from the 21cm-galaxy cross correlation functions

and cross power spectra during reionisation?

» What type of 21cm and galaxy surveys would we need?
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» What type of 21cm and galaxy surveys would we need?



What cross correlation signal do we expect at different epochs?

Mo_riwaki+ 2024
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What cross correlation signal do we expect at different epochs?
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Neutral fraction and spin temperature fluctuations drive
the 21cm-galaxy cross power spectrum

fiducial, Zyan =8.1

neutral fraction
fluctuations

I_H

6T, (RX)= =T, xu(X) redshift density
fluctuations

A
/ 2
'

21cm - galafies i
A '
4 A\ !

X (1+(%) H(z)fd(vZ)/dr

/ neutral fraction
- galaxies

Cross power spectrum




Sign change in 21cm-galaxy cross power traces end of heating!
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Sign change in 21cm-galaxy cross power traces end of heating!

late, Zian =6.6 fiducial, Zyan =8.1
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Sign change in 21cm-galaxy cross power traces end of heating!

late, Zian =6.6
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Emission line selected galaxies or intensity mapping

provide best redshift accuracy
redshift z

21cm

density

Lyman-a emitters
e.g. Hutter+2017,2018,2023b;
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What this talk will be about:

» How does the large-scale 21cm — galaxy cross correlation power

evolve across cosmic time?

» What can we learn from the 21cm-galaxy cross correlation

functions and cross power spectra during reionisation?

» What type of 21cm and galaxy surveys would we need?



21cm — LAE cross correlation function: characteristics
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Simulation results during the EoR: 21cm — LAE cross correlations

21cm-LAE cross correlation functions N
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Astraeus — a fast framework for simulating the evolution of
the first galaxies and the intergalactic medium

Hutter+ 2021a; Ucci, Dayal, Hutter+ 2023; Hutter+ 2023a;
Trebitsch, Hutter+2023; Cueto, Hutter+ 2024
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Astraeus — a fast framework for simulating the evolution of
the first galaxies and the intergalactic medium

Hutter+ 2021a; Ucci, Dayal, Hutter+ 2023; Hutter+ 2023a;
Trebitsch, Hutter+2023; Cueto, Hutter+ 2024

SEMI-ANALYTICAL GALAXY
EVOLUTION MODEL

escape of
ionising
photons metal & dust

enrichment @ SN feedback

7 &
-

4 BH growth

* *»Q***f“"*& feedback
v Star >

formation

- s af Ve ‘.; s "r"’-’ o o R, et ‘ ] ,;'A‘-'.-_.- 5
i L= g i i g5 d : 92 >,
X A g Y ] : - WO e 3
i, R T LY N-BODY SIMULATION ' =~ %« %
X Y, 53 'AJ ~ : o A ¥ 3 ',q!'f' -

=T L s Fas I H o A ; ; ¥ 5

P



Two reionisation scenarios differing in their ionisation morphology

logg(La/erg s71) = 42.! s logig(La/erg s71) = 42.7
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Where are Lyman-a emitters located
In the IGM?

LAEs are located in
the most ionised
overdense regions

L.> 10%2 ergls ‘
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La>10% ergls no 21cm signal
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21cm — LAE cross correlation functions: E—
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21cm — LAE cross correlation function:
small-scale amplitude traces ionisation
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21cm — LAE cross correlations are sensitive to ionisation
morphology!

Hutter, Heneka+ 2023b

21cm-LAE cross
correlation
function
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21cm — LAE cross correlations are sensitive to ionisation
morphology!

Hutter, Heneka+ 2023b
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21cm — LAE cross correlations are sensitive to ionisation
morphology!

Hutter, Heneka+ 2023b
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21cm — LAE cross power spectra sensitive to ionisation morphology!

= oo ~NN
Coocowo

N NNNN
T T T T
N NNNN
1 T T T

(k) [mK]

&
<
)J.\
&
O
~

2

—_
@)
(==

e —
k [h Mpc™!] k [h Mpc™!]

A higher (negative) cross power amplitude implies an overall higher HI density

Sign change in cross power corresponds to the typical size of ionised regions.




lonisation morphology distinguishable by measuring
21cm — LAE cross power spectra?

H©OooNN
Coocowo

N N N N N

= ©O©o~N~N
Soowo

(k) [mK]

&
<
)J.\
&
O
~

2

—_
@)
(==

100
k [h Mpc™!] k [h Mpc™!]

21cm: SKA1-LOW (baselines < 10km) Survey area: FoV = 25 deg?
LAESs: Subaru Prime Focus Spectrograph (g,=0.0007) Survey depth: L,> 10% erg/s




What this talk will be about:

» How does the large-scale 21cm — galaxy cross correlation power

evolve across cosmic time?

» What can we learn from the 21cm-galaxy cross correlation functions

and cross power spectra during reionisation?

» What type of 21cm and galaxy surveys would we need?



Observational uncertainties for 21cm-galaxy cross correlations
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Observational uncertainties for 21cm-galaxy cross correlations
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Observational uncertainties for 21cm-galaxy cross correlations

21cm: SKA1-LOW (baselines < 10km)
LAEs: Subaru Prime Focus Spectrograph (0,=0.0007)

Survey depth: L,> 10% erg/s
Survey area: FoV = 25 deg?
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see also LaPlante+ 2023 (HERA-Roman);
Heneka+ 2021 (SKA-SPHEREX);
Heneka+ 2020, Hutter+ 2018, Kubota+2018, 2020,
Vrbanec+ 2020 (SKA-Subaru)



Observational uncertainties for 21cm-galaxy cross correlations

21cm: SKA1-LOW (baselines < 10km)
LAEs: Subaru Prime Focus Spectrograph (0,=0.0007)
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Observational uncertainties for 21cm-galaxy cross correlations

sample thermal sample shot
variance noise variance noise
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Observational uncertainties for 21cm-galaxy cross correlations

sample thermal sample shot
variance hoise variance noise
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Observational uncertainties for 21cm-galaxy cross correlations

21cm: SKA1-LOW (baselines < 10km)
LAEs: Subaru Prime Focus Spectrograph (0,=0.0007)

Survey depth: L,> 10% erg/s
Survey area: FoV = 25 deg?

=

=i
P~

=4
SN—r
=
=
=
g
Q
i

[a\Ea\]

100
k [h Mpc™!]

ll]"
k [.Ir.' :"l.ll} ¢ J ]

see also LaPlante+ 2023 (HERA-Roman),
Heneka+ 2021 (SKA-SPHEREX);
Heneka+ 2020, Hutter+ 2018, Kubota+2018, 2020,
Vrbanec+ 2020 (SKA-Subaru)



Observational uncertainties for 21cm-galaxy cross correlations
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variance noise variance noise
f_H A Y - A~ ’—M

1 rnoise
O-;l,gal(kuu) = E[Pgl,galu(uu) + (le(k,‘lﬂ + Py (k,‘u)) (Pgal

1 1
I ZMNk

Oil,gal(kuu)

KAk AuV
(27)°

surv

k =

increase of survey area

21cm survey
large survey area

galaxy survey
large survey depth

1
n, (k

obs perp )

increase observing time or
number density of antennas

N4
S
limited by
< | sample variance
Nba decrease of
survey area
I

less observing time
or lower antenna
number density

(o) + P (k)

gal

-1 co,
°C Nggy €XP| K gy H(z)
increase
survey depth
higher redshift
uncertainty o,
or <= .

lower number limited by

density galaxy survey

(i

limited by
21cm survey

k [Mpc']



21cm — galaxy cross correlation Weinberger+ 2020
21cm SKA - LAE Subaru PFS

uncertainties forecasts

Moriwaki+ 2024
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Conclusions &

> How does the large-scale 21cm - galaxy cross correlation power
evolve across cosmic time? X
+ Cross power changes sign three times: onset of X-ray heating, end of X-ﬁay~
heating, end of reionisation
+ Second sign change tracks when IGM is heated

w T
il

> What can we learn from the 21cm-galaxy cross correlation functlons
and cross power spectra during reionisation? po

+ lonisation history and morphology: A gy
+ Real-space small-scale amplitude traces overall IGM HI density ,-".,;;:‘:Trr;-'éi.-', _' |
+ Inversion (cross correlation fuction) or sign change (cross power spectq,im)
trace typical size of ionised regions around galaxies

> What type of 21cm and galaxy surveys Would we need”



21cm — LAE cross correlations trace the 21cm profile around LAEsS

Ts=6 K, (1-1,/T5)=-2.71
Ty=12 K, (1-T/T5)=-0.95
Ts=40 K,(1-T,/T5)=0.47
T4=640 K, (1-T,/T5)=0.97

EOS simulations with 21cmFAST
(1.6 Gpc)2with 10243 cells
Mesinger+ 2016

LargeHIl scenario:

only halos with Ty > 2 x 10°K
are sources

Hutter, Heneka+ 2023



Too small boxes underestimate 21cm — LAE cross correlation
amplitudes due to missing large-scale power

-~ 160 h* $
— 320h* |

Simulation volumes of larger than ~(250 cMpc)? needed.




Neutral fraction and spin temperature fluctuations drive
the 21cm-galaxy cross power spectrum
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