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SKA-Low Aperture Array Verification
System (Australia)

Future with SKA-Low

7 March 2024: first of the 131,072
SKA-Low antennas deployed



Current power spectra upper limits

Power Spectrum 95% Confidence Upper Limits [0.03 < k& < 0.4 Mpc™!]
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V Barry+2019 (MWA) B Yoshiura+2021 (MWA) ¥ Gehlot+2020 (LOFAR) ==+ Mesinger+2016 (k = 0.03) SKA FG-Avoid 1000 hr Ba rry et
*  Li+2019 (MWA) V  Kolopanis+2019 (PAPER) V¥  Paciga+2013 (GMRT) =+ Mesinger+2016 (k =0.1) === SKA FG-Sub 100 hr
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® Ewall-Wice+2016 (MWA) *  Mertens+2020 (LOFAR) V Eastwood+2019 (LWA) WV HERA+2022 (HERA) SOFAR preliminary (2022)




Redshifted 21-cm signal

« Observed with the CMB as background signal:

T 1+ 2\ /2
0Ty, = 27xy(1 + 6) (1 — C;\[B) ( :E) ) mKk
S

« Depends on:
o Hldensity: x,,, (1+8)

o Spin (excitation) temperature: Tg



Simple case 1: only x_ fluctuations

. . T'. . 1 A 1/2
8Ty, = 2Tz (1 + 6) (1 -~ Fjl‘”*) (%) mK
S

o IfTg> Toyg: A%(k) < 72.9(1 + 2) mK*
largest when k-scale fully matches sizes of HIl regions.

. o Ten N2 .
e For arbitrary, homogeneous T.: A2 (k) < 72.9(1 + z) (1— '(TI:B> mK?



Simple case 1

Power Spectrum 95% Confidence Upper Limits [0.03 < k& < 0.4 Mpc™!]
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Simple case 2: Unheated neutral IGM

Adiabatic, homogeneous T, and x,=1, only density fluctuations:

T.=0.02(1+z)*K (unheated IGM), T, .= 2.7(1+z) K

A3 (k) = T2.9A2

m

135 \° .| (i -
()1 + 2)! (1 _ 135 ) 2 (linear bias model)
1+ 2 Abdurashidova et al. (2022)

At z~8: A2, (k=0.3 hMpc™") = (50 mK)? Above HERA UL!
Atz~9: A2 (k=0.075 hMpc') = (15 mK)2  Below LOFAR UL!



Simple case 2

A? [mK?]
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Power Spectrum 95% Confidence Upper Limits [0.03 < k& < 0.4 Mpc™!]
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General inference

[ Observations }

Y

Power spectra /
Upper Limits

Reionization model inputs: source parameters.

e 21-cmsignal not produced by sources
e do we trust our parametrized source model?
e dowe trust our reionization model?




|GM Inference for LOFAR ULs
J

Ghara, Giri, GM et al. (2020) -



Inference on IGM parameters

lonized regions in IGM with High T, regions embedded in
uniform low T.: low T, environment
> - (non-uniform T,):

Parameters: Parameters:
¢ <XHII> ¢ fheat
o TS ° <Ts>
e (R _  AR)sizesionized e (R _,,AR)sizes heated

peak peak

regions regions
® <5Tb> e <XH|I>
O <6Tb>

Ghara, Giri, GM et al. (2020)



LOFAR UL Implications for IGM

Ruled out (20) models must
have:

O TS <3K
o <X,> € [0.13, 0.74]

o RIoeak € [8, 58] Mpc 0.
e AR € [16, 185] Mpc
e <ol > €& [-251,-57] mK /\

0.25 0.50 0.75300 —200 —100 1 2 1 2

THI 0T3, (mkK)

R ] ARMy
logio(7Riss) logio(F=hipe)

Ghara, Giri, GM et al. (2020)



Multi-redshift Upper Limits?

e Next LOFAR EoR ULs will be for three redshifts (10.4, 9.1, 8.1);
joint interpretation preferable.

e But: IGM parameters by construction constrain a single redshift.

e Do IGM parameters evolve in a predictable / parameterizable
way?
A3, (k)

e Gharaetal.(2024): 21-cm scale-dependent bias {2, —
1T AL




21-cm Bias Evolution
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Evolution of A and y: 5 parameters

Reionization history: 3 parameters



Testing the Bias Evolution Model

C2RAY 21cmFAST
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Understanding the 21-cm Bias

Do these parameters have any
physical meaning?

Under investigation; some
connections already known:

o Breakemean free path for
ionizing photons (Georgiev et
al. 2022)

o Amplitude at large scales &
source bias & ionization
fraction (e.g. McQuinn &
D’Aloisio 2018)
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Georgiev, GM et al. (2022)




Summary

e Currentupper limits are on the edge of yielding hard constraints.

e Parameter inference can be done on source parameters or IGM
parameters.

e Constraints on IGM parameters should be model-independent but
are for a single redshift.

e The 21-cm bias appears to yield a parameterizable evolution which
can be used for IGM inference.

e The shape of the 21-cm bias curves connect to key physics but
needs further investigation.
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Upper limits exclude scenarios

Ghara, Giri, GM et al. (2021)
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Probability Density
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Probability D

Upper limits exclude scenarios

Marginalised 1D PDFs

Tk at z=10.4
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BE ~71 Adiabatic cooling limit

} === 21cmMC Prior

— 21cmMC Posterior without HERA

___ 2lcmMC Posterior after 18 nights
with HERA (H22b)

21cmMC Posterior after 94 nights
with HERA (this work)
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Tk at z=7.95

TK at z=7.9

HERA collaboration et al. (2022)
effectively 150 hrs, k=0.25 Mpc™'

A%< (21 mK)? at z=7.9
A%< (59 mK)? at z=10.4

Analysis: At both z=10.4 and 7.9,
the neutral IGM has been heated
above the adiabatic value!




