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| Cold light from the dark ages:

the 21-cm signal

(and related physics)
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The first billion years
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Probes of the first billion years

- Thomson scattering of CMB
- Galaxies seen by HST, JWST, ALMA, etc.

- The Lyman-alpha line:
- Gunn-Peterson effect
- Lyman-alpha forest
- Ly-alpha damping wing

- The 21-cm signal from the IGM



CMB anisotropies + Thompson scattering = polarization
The CMB is sensitive to:
t=[n,0.dl

< Integral contraint on reionization history

Iy £ Iy,

(I quadruole # 0)

U

Result from Planck: | 7 — wrrmat

«w ollipop
(Adam et al., 2016) . e L

NB:
No resulting Polarized

. . . 0.04 contributed by z<6
inet polarization gcattered light Y

Simple reionization model
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JWST sees only the tip of the iceberg

Cumulative escape emissivit
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. At z=10 JWST misses 90% Deduced reionization history
% of the ionizing photons (>99% at z=15) - Daring extrapolation
g - Very model dependent
- Very uncertain



Probing the EoR with the Lyman-alpha line

Physics of the Lyman-alpha transition:

optical depth: dt = ny; o(v) dl

Neutral hydrogen 1S -> 2P transition
density Cross section

~ 0(vg) is very large. But v changes along the path due to cosmological expansion.

c dv
o, _ fizVme? Voigt function

H(z) v 0 == \\\\‘ K///

Considering a medium at temperature T: o(v) = oy Hy (

" The relation is: dl =

Av; v—va)
2Avp ’ Avp

Avy, v—va) c dv

The integrated optical depth is: 7 = [ nuo0 Hy (3 750 5055
D D



Lyman-alpha photons and the IGM

: “Integrated optical depth:

_j . (AVL v—va) c dv
¢T ) IS AOAy Ay, JH(Z) v

'Integral of Hy is normalized... but v, H(z), T, ny; vary. Or not so much?

8 ,Typ|cal width of the core of the line: Avp = ZkBT /10001{ km/s

. ',H(z*'le) ~ 1000 km.s_l.Mpc_1 => redshift trough the core in a few kpc and ~107? years.

=>v,H(z), T,ny; can be considered constant (t;~108 years)

3

, 3
T = ny, fizme” 1 106 (ﬂ)z (in the IGM)




."‘What happens to absorbed photons ? Two possibilities:
1) De-excitation to 1S ground state <> resonant scattering
2) Reshuffling from 2P to 2S through collisions with p* or e7, then 2-photon de-excitation:

proba ~10~12 of reshuffling vs 1S de-excitation at IGM density

~Lyman-alpha is a resonant line: many scatterings (~10°) in dust-free hydrogen

- ‘Incomplete picture!

- Thermal motion of atoms => frequency diffusion in gas rest-frame
- Atom recoil

- Effect of gas peculiar velocity (turbulence, inflows, outflows)




J1148+5251 z=6.42

A redshifting photon enters the line in the IGM

I_f_-xHI = 107° thent > 1.
~=>scattered out of the line of sight.
=> absorption trough in the spectrum

JO818+1722 z=6.00

- A'very sensitive probe of the end of reionization J1306+0356 2=5.99

e e s TN

J1411+1217 z=5.93

_.Predicted in the 60’s!

' o 2 J14356+5007 z=5.83 ‘
- First observed in 2001 (Becker et al.) L'w““wllﬂlmlii'I“im"‘"“lmllmlliAIHIA“m

JOB56+0054 z=5.82
B A A s A At e A A A

JO0002+2550 z=5.80
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| ‘-'I_'dea by Miralde-Ecudé (1998) 1.00 1200 4220 1240 1260

" Dirac line profile => Gunn Peterson trough

~ Strong line => absorption in the red wing
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2 ‘Uvnsat‘urated at high neutral fraction

0.00 -
10800 11000 11200

Umeda et al. 2024 )‘obs [A]

<z>=7.122
<z>=7.441

F,/F, (1450 A)

: ;F;‘"irAst' observed in JWST spectra (Curtis-lake 2022)

Umeda et al. 2024 Wavelength [A]



| ‘F‘rci)m DW observations to xy, constraints:

- - Model dependent: state of IGM

s e 'High LoS variability
- =>large statistics needed

7% m;éke_direct probe is desirable.

Umeda et al. 2025
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Neutral hydrogen:

Hyperfine transition
in ground state

=>21cm photon

8

roton

Parallel spins

v

Antiparallel spins

Copyright © 2005 Pearson Prentice Hall, Inc.



Expans|on => observe a full 3D lightcone (tomography)

The 21-cm signal: a huge potential

| Stationary -
| universe X

| Information is lost!

Expanding

7

The physical limit:

Atoms thermal velocities
=> mix info between redshifts

Mixing scale: Ve~ H(2) Lix
Atz ~ 10:
H ~ 1000 km/s/Mpc
T~10K = vy~ 300m/s

= Lnix ~ afew ckpc

Also: T ~ 021nH1Lmix~10_2
=> no reabsorption

=> millions of indep images ?



S'i'g_n'al_-'to-huisance ratio < 103 Signal-to-noise ratio:

EOR signal Depends on collecting area, integration time,

(~5mK) . angular scale, redshift, etc..

EXTRAGALACTIC
foregrounds

For SKA at z=10, 1000h:

SOENEEA A cosmological - Power spectrum: S/N=20 at k=0.1 h/cMpc
foregrounds : b s A 21cm signal ;
(~2K) ‘A A oh - Tomography: S/N~1at~5(~20 cMpc)

1) Beat thermal noise

. 2) Calibrate at better than 103

chrotron emission 3) Redo every 10 min obs (ionosphere)

4) Separate components with high dynamical range

@ 120 MHz Mellema et al. (2013)






Intensity of the 21-cm signal




Between hyperfine level of hydrogen ground state

Forbidden emission line: A;q = 2.85 x1071° 51

But a lot of neutral hydrogen in the universe....

- The specific intensity is determined by:
T - Absorption
- Stimulated emission

- Spontaneous emission P——— .
: specific intensity

dl: line element
Nng: number density in state 0

s B“.ajdlatlve transfer equation: nq: number density in state 1

abs stim spont 0y, : absorption cross section
[ : T : T ' . 010 : stimulated emission cross section
dl = —Tl00'01dl [ + TllO'lodl I + TllAlthdl (1) A1y : Einstein coef for 1-> 0 spont transition

v : frequency




The 21-cm radiative transfer

i-'_‘"De‘f-in.e the stimulated emission-corrected optical depth:
dt = (nggp1 — n1070) dl
5 ‘R_ad.i'a';tiv_e transfer equation changing variable from [ to T :

ﬂ R Aionihv

at Np0p1—N1010

(1) =

‘»U'_si,’n'g the relations B{g = —nps 001 = hvBy4(several defs!) and By = 3Bqg

- = -]+ > (2)
A local physical property
of the medium.



-+ 'Introducing the spin temperature T : o3 exp (_ T_O)

Ny S

W|th excitation temperature kgTy = hvy1om = 0.06 K < Tg (approx 1)

3R . T, dl ZkBVZ
- ——¢ = — = —
.De_ve.I_Ato first order in - (2) = I + " Ts
- _.._-ivr: ' : ; . TBZkB'V dTB —
-~ n t.he Rayylelgh-Jeans regime I = —=— . (approx2) = — = —Tg + T

f_f-ln expandlng universe: - v is redshifting from blue to red side of the core of the line

- Core thermal width 300 m/s < redshift after only a few ckpc
- IGM properties constant across line profile => Tg=cst (approx 3)

3 =>5|mple solution: Tg(t) =Ts(1—e %)+ Tg(0)e™ "




Computing the optical depth 7

(in an exanding universe)

- ‘From the expression of dt:

| r= j(ho%l ~ Mo1p) dl = j

0

00)

hv
4__7-[ ¢(Vgas)(n0301 — TllBlO) dl

: Rélf.a't‘ioh between dl, dv and dVggs:

d
o dl=cdt = dl=c= ~
. ~ 55 a 2
o A a“ dv
. VO'bS 5 _ vaS >' dl = —C .
= b i dv = — 2 da a Vops
E - J

- From Doppler.

¢ (v): normalized line
profile

v: frequency in global
cosmo rest frame

Vgas: frequency in local
gas rest frame

Vops: Observed frequency
a: expansion factor




Computing the optical depth 7

(while redshifting across the core)

2
a< dv \Y%
a vobs C
dv =dv(1—m)—vﬂ
gas C C
_ _Viy _vavy
= dv (1 VC) @ dlz
— Vi _vavy a” dv
_dv(l c) cdlcdvobs
dv Vi ]_dV
dl = —CE 1 gas dvgas =dv<1—-£+ﬁd—l”)
H (L 1AV Vops kel
H dl pprox

Back to the optical depth:
Approx 3 again

oo h h co
= fo Equ(vgas)(nOBOl —nyByo) dl = ﬁ(noBm — n1B1) fo ¢ (Vgas)dl

hv ca 1
= — —(ngByg; — B
4_7.[( 0~01 1 10) HvaS (1+idV”>
H dl

fonbS d) (Vgas)dvgas




Computing the optical depth 7

(while redshifting across the core)

hv ca 1 : : :
— Triplet/singlet hyperfine levels = By; = 3B
T = — ——(noBo1 — n1B1o) p] PIEETEEE VR or T e
H di Tp= —2MMm T, =>n—1=3(1——°)
0 kB S Ny TS
Approx 1 again and ny; = ng +nq = 4ny

| Combining everything:

3  hc3A n 1 dvy\ 1L
_ 10 HI (1_|_ II)

321 kgVi,.m H(2)Ts H dl

Pluging in usual cosmological notations and parameter values:

3 —
— 00002 LED2 iy (141U 1 &1 Approxs
T = U. TS XHI H di



21-cm differential Brightness Temperature

f..':: ‘-"_’TB;‘(T)‘ =Ts(1—e ")+ Tg(r =0)e "

. ‘Wit'hTB(T =0) = Teyp(2), Tt <K 1and 6T = Ty — Temp(2)

o 6TB [TS Teyp(2)] T at redshift z

__ _ At redshlft of

: 5TB (TS TCMB(Z))T 3 hcAyo Ts—TcmB __ MHI (1 41 dVII) !

1+z 327 KBV31cm Ts H(z)(1+2)

- Plugging in numerical value or constants and cosmology:

s 0T = 28mRay (14 0) {5, % H dl ) \0o042073/\a.) \1-0248



21-cm differential Brightness Temperature

. ’L,f‘-s_.i‘mpl ified” result”

1+ Z)l/z TS — TCMB ( 1 dV”)_l

-
10 Ts

._ ’R‘-’e'c‘a,p of approximations:
o Ty & T

Tg2kgVv?
C2

- IGM properties constant over a few ckpc
- v < c (0th order devel) \ Wrong in mini-

/ haloes
-TK1

: - Rayleigh-Jeans: I = . Can be considered as change of variable ?



21-cm signal: complex...or rich ?

Number of Intensity
emitting atoms  « per » atom

(see next)
Local fields Origin Underlying physics
0, % Cosmology Gravity + hydro
First stars UV Rad Transf + hydro
Tk X-ray bin, AGN, ... X-ray Rad Transf
First stars Ly-alpha Rad Tranf




The process of reionization




The process of reionization

With universe expansion primordial radiation (CMB) loose energy
By z~1000 ionizing spectrum cannot balance recombination

=> universe is neutral until first stars start reionization

Reionization: 2 key quantities




Modelling reionization

.~ Radiative transfer in an expanding universe:

0l _, (cl 0l
— + v.( ~ ﬁ) : () (v—v —~ 31V) = —k,I, + S,

ot a(t) dv
—— N~ W\ ¥
redshifting  Flux absorption Sources + recomb
dilution

~ Specific intensity I, is 7-dimentional (%, t, 7, V) :

- Solve by taking moments (freq and/or direction) + closure relations
- Sample with (monte-carlo) ray-tracing

- Average on everything except t and solve analytically



Modelling reionization

T - Compute local photo-ionization rate I' from specific intensity (or moments)

“-Solve time-dependent ionization-temperature state (see Cen, R. 1992, ApJS, 78, 341):

dx;
- = —a(T)xine +y(T)(1 — x))ne + I'(1 — x;)
dt o » Tt
recombination collisional photo-ionization
ionisation

dT_Tdn_l_ 2
dt ndt 3kgn

[}[(T, xi) T A(T, xi) ]

Heating: Cooling:
Compton Collisional ionization
Photo-ionization Recombination
Hydro Collisional excitation
Adiabatic Bremsstrahlung
Adiabatic

=> Get x; as a function from time and space.



If temperature increase creates pressure gradients comparable to gravity.

- Notin the IGM. But in halos?

Condition:  thermal energy similar to potential energy Star formation rate GoDa I
5 < gas temperature similar to virial temperature

z=5.8
z=6
z=7
z=8

il “Iohizfed gas is heated to ~10*K < T, of halos ~ 10® Mg Gob:

— — — CoDa I x 4.47 V.
/

* Feedback can quench star formation by photoevaporating
small halos

‘Don’t confuse with the effect of atomic cooling temperature floor.
10
Ocvirk et al. (2020)  log10(Mnaio[Mq])




The hydrogen spin temperature




Competing processes

T, determined by populations of the hyperfine levels: % = 3 exp (_ 77:_0)
0 S

Spontaneous Stimulated Lyman-a  Collisions CMB Lyman-a  Collisions
4 dno emission emission pumping absorption pumping

‘ . — = ny(A10 + IempBio + Pro + C10) — noUcmpBo1 + Po1 + Co1)

L nH1=n1+n0

‘During EoR, timescale for CMB equilibrium (I-pBg1) ™t < 10° years.
=> Assume equilibrium with secular evolution:

n1(A10 + IcmpBio + Pio + C10) = noUcmpBo1 + Po1 + Co1)



T is driven by gas temperature and Ly-a flux

Plug in:
2
- Rayleigh-Jeans I-yp = TCMBCZZRBV
_ A10C2
“Bio = 2hv3

(G _ T
i no - 3 ( TS)
- Detailed balance: Cy; = 3 ( — ;—0) Cio
K
- Def of color temp T,.: Py; =3 ( — ?) Py
c

. ’_ Get spin temperature relation:

-1 -1 -1 - X, K 1, except at z>40
T_1 . TCMB + xaTc + xCTK or in minihalos (see
S i Furlanetto et al. 2006 for
1 + xCZ + xC formula and values)
- T, =T in EoR conditions
4P, T,
xa - P,: number of Ly-a

scattering per atom per
101 CMB
second. Set by flux: J,



The Ly-(X flux (Wouthuysen-Field coupling)

The LOCAL Ly-a flux was redshifted from shorter wavelength at the source

Assuming free streaming and
homogeneous universe:

] (Z)=(1+Z)2cjzﬁg(z 1+Zev ) dz,
* 4t ), “1+z “/H(z,)

(e.g Furlanetto et al. 2006)

3 bands 2 bands Contrib 1 band

But:

1) Emissivity € is NOT homogeneous

3
>
i
c
o
e

. o1
=> convolution of € with = kernel

Ho

(Mesinger et al. 2011)
2) Free streaming not valid
=> change kernel
(Reis et al. 2021, Semelin et al.2023)

: Radius 3) Gas is not homogenous...
2-photon decay




The Ly-a flux: assessing approximations

Free streaming — homog gas  Line profile —homog gas

Xo | (1 +Xq)

Full RT — no velocities FuIIART — veIo;ities.

(Semelin et al. 2023)

Homogeneous € not realistic.
Free streaming => reduced fluctuations

Inhomogenous gas density and temp
=> no big change

So full RT not necessary?

Gas peculiar velocities make a
difference

Only full RT account for velocities
(for now)



Kinetic temperature of the neutral gas

~ Until Z~135
e - CMB energy dens >> gas thermal energy
Free e couple Ty, to Teyp = 2.71 KX(1 + z)

© 2~135 to 2~25:
“ Adiabatic cooling Tp

2
3

=cst=> T « (1 + z)?

| _ﬂ' After Z~25
‘ Heatlng by X-rays from AGN, X-ray bin, SN
(Santos et al. 2008, Baek et al. 2010, etc.)

- X-ray emissivity <~ model parameter

9 10 11 12

- 9 Bt . Semelin et al (2017) redshift




Putting it all together

ST, o< 28mK (1+ o _ Temp + xoTe '+ x Ty

1+ x, + x,

20 6T, is a 3D signal! But...
Sky averaged for a simple first analysis.

- Ty < Tepmg => signal in absorption
strong if late heating

- Ty > Ty => signal in emission
max ~ 20 mK

But foregrounds are at a few K...!




: GlObal fSignal: <5TB >sk.v (z) « <xHI >sk.v <1 ~ Lo /Ts>sk.\'

Non-gaussian Imaging:
Statistics:
ST,
Bispectrum,
Minkovsky func Y

- Power spectrum:

(k3/2rm%)P(k) (mK?)
log1o(fx)

Mo R SR  Full info + random phases



Part 2:
Observing the signal




EOR signal 3104 ke
(vSMK) | x103-10% brighter foregrounds

EXTRAGALACTIC

foregrounds
(~0.8K)

Different behaviour in freq

Various component separation
methods

GALACTIC M : s . 3,‘:,“~ AP o 4 cosmological

foregrounds g o . 21cm signal - - -
(~2K) pradt AR Signal can easily be absorbed in

the foreground component

)

radio galaxies
and clusters

- - = .

free-free emission Redshlft

: e EoR 5|gnal—
synchrotron emission V\ /WWM

e 2 < 200f Foregroundsﬁ
@ 120 MHz Mellemaetal. (2013)f5=

140 150
Frequency [IMHz]




EDGES:

- single dipole experiment => sky-averaged
- At future SKA site, Australia
- >100 h integration

Detected signal: exotic!

total calibrated
signal

Many Validations tests but...

X
~
g
=)
2
o
@
o
1S
@
2

Some serious questions:
foreground modeling
instrumental effect (ground plane)

r.m.s. = 0.025 K

Temperature, T (K) 8

N 90 100 50 70 80 90 100

Minus ( foreground +
4-param signal)

Hills et al. (2018), Badley et al. (2018)

Temperature, T (K) Q

70 80 90 100
Frequency, v (MHz)




YREE 14+ 2T, —T, 1 dv
; dT’B:-: 28mKXXH1(1+5)( ) 2 CMB( ;

10 Ts

. : 7 1+Z 1/2 TS_TCMB
<4TB)—28mK< 10) < T >

% MaX|mum absorptlon atz=17:

T TCMB(Z— 17) = 48.8K

- Pure adiab cooling + full Ly-alpha coupling:
' Ts = Tg((p)) = 6.5K

. =>(dTp) =~ —245 mK #-500 mK
H'ypdtheti-c'soIUtionS'

e Change background (ie T¢ys): add strong radio galaxies
SR el (e.g Skider et al. 2024)
e Cool the gas: interaction with exotic DM.

(Barkana et al. 2018)

(V]
s
)
-y
2
©
S
)
o
€
o)
Q9
(7]
(7]
1]
c
£
<
o)
=

Age of the Universe (Myr)

Ly-a coupling
within 30 Myr

~200-300 Myr
in simulations

Redshift, z

200

X-ray heating
within 30 Myr

> 100 Myr in
simulations




The limits of the sky-averaged signal
EN I NEIRELE)

Limited information: can be fitted with 5-6 param function
Not easily separated from foregrounds/instrumental artefacts

=> Degeneracy between model parameters and other components

We need more information!

=> Measure angular fluctuations.



i ‘.The.'power spectrum is the variance of the complex amplitude of the Fourier modes:

(6Tp(k) 6T (k")) = 2m)>6(k — K")P (k)

"-'Limits ih"measuring the power spectrum: _
L Typical SKA survey

Power—spectrum, z= 8.95

2 -“Therma

|” noise (McQuinn et al. 2006, Mellema et al. 2013): =
Power-Spectrum
2 E:'ImEarlr?lzloise
ANOLSQ TSyS ANOlS@ Acore Sample Variance
2
vV B tobs Acoll
1} . ”,
A Sample variance”: Because ensemble
Ag‘{ P(k) avg ( ) is replaced
bin ;bvy k—blnoI avg over
i, MOdes _
bin Koopmans et al. (2015) k (Mpc 1)




Interferometers searching for the signal

PAPER (South Africa) GMRT (India) LOFAR (Netherlands)

And of course SKA in 2027-2030!



Limits at k around 0.1 h cMpc™?!

Paciga 2013 (GMRT)

Dillon 2014 (MWA)

Ewall Wice 2016 (MWA)
Beardsley 2016 (MWA)

Patil 2017 (LOFAR)
Kolopanis 2019 (PAPER)
Barry 2019 (MWA)

Gehlot 2019 (LOFAR)
Gehlot 2020 (AARTFAAC)
Mertens 2020 (LOFAR)
Eastwood 2020 (OVRO — LWA)
Trott 2020 (MWA)
Yoshiura 2021 (MWA)
NenuFAR (1000 h Garsden 2021 (OVRO-LWA)
HERA 2022 (HERA)

New 2022 (LOFAR)

LICORICE: LoRelLi database
LICORICE: Exotic signal
21cmFAST Bright
21cmFAST Faint

22.5 25.0
Credit: F. Mertens, R. Mériot, B. Semelin
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An example:
The Cosmic Dawn Program
on NenuFAR

https://vm-weblerma.obspm.fr/nenufar-cosmic-dawn/



_Difficulties compared to EoR:

* Foregrounds:
~ x15 brighter at 50 MHz than at 150 MHz

60 70 80
Bowman et al. (2018) v [MHZ]

¢ Instrumental resolution as v~1

— Confusion limit for brighter point sources
— Sky model with fewer sources

. * lonosphere
Stronger at low freq
Larger FoV => more DD calib

NCP LOFAR, 140 MHz NCP LOFAR, 50 MHz
(Mertens et al. 2019) (Gehlot et al. 2019)

Wider range of possible signals
Impact on foregrounds removal (e.g. GRP prior)



: The NenuFAR interferometer

A SKApathflnder in Nancay (France)

\ Chllboltm ,' Norderstedt™ Batdy

' ""S'taﬁdall_‘ohe-_and LOFAR extension . @ o

Jiilich
Q Ffftlsy

Unterweilenbach .

w

Boréwiec

~|rjﬂauguratéd_in 2019

= 11010 85 MHz
P '_‘?4';11938 antennas (LWA de5|gn) Dense
AR core:

R good for
Y 400 m diameter core 21cm

'  ’?9,6+8 mini-arrays I

~

-A few km maximum baseline
:-- '_?:’-.:'ﬂ.-CobaIt 2 corelator (LOFAR)

7.:"'-‘_._{'._'ﬂ'_H‘ome'-made preamplifier, software, etc...

5 - WL



The NenuFAR interferometer

. -® operational
- ® |n preparation

. Currently operational: Upon (imminent) Completion :
80 core MA 96 core MA
4 distant MA 8 distant MA (L,.,= 5km)




~ 1500 h of observation on NCP field

Single night of observation (11.4h)
76+3 Mini-Arrays
61-72 MHz band (best RFl)

Pipeline adapted from LOFAR-EOR project:
A running start!

- Bandpass calibration

- RFI flagging

- Averaging

- Calibration-subtraction of A-team and 3c
- DD-calib of NPC sky model (7 clusters)

- ML-GPR foreground removal

Spherical PS

<
AV
£
S
o
<

excegg’
.
varignce

Data
—f— Skymodel Sub
/ .
,7 |—F GPR Residual

-4 - Thermal Noise

005 01 02 04

k[hcMpc~t]
Munshi et al. (20204)




Dealing with the beam:

Strong grating lobes

-40°

Credit lliass Caréga



Locél RFI idenfied trough NCP does not
~near-field imaging allow for
efficient
treatment

100 -100 -50

Stokes |

0.8

¢ Explore
0.6 G

E other
0'4}_3 fields

o
N

-200 0
X (m)




3153 3c129

2 3c111_ "

3C134 Gt
(o}

4 nights of observation on field NTO4:
- RFI flagging, data time-averaging
- Sky-model subtraction / calibration
- Component separation (diffusion backg/signal/excess)

1) Reduced excess variance
2) Time-Incoherent => longer
integration is possible.

0.05 0.1 0.2 0.4 0.05 0.1 0.2 0.4
k[hcMpct] k[hcMpc?]

Sensitivity H  NCP HH  NTO4

After
sky-model
substraction ’ Jy/Bm

0.00 0.25




Limits at k around 0.1 h cMpc™?!

10° E Exotic models
] Paciga 2013 (GMRT)
108 4 v Dillon 2014 (MWA)
E 4 ‘; § Ewall Wice 2016 (MWA)
- 3 . 3 Beardsley 2016 (MWA)
107 5 v Patil 2017 (LOFAR)

Kolopanis 2019 (PAPER)

P
106-; O N O Barry 2019 (MWA)

Gehlot 2019 (LOFAR)

105 4 § Gehlot 2020 (AARTFAAC)
9 ¥ \ # Mertens 2020 (LOFAR)
é ] ¥ \ § Eastwood 2020 (OVRO — LWA)
= 10% 3 L] ¥ Trott 2020 (MWA)
< ] y ‘ i ‘ NenuFAR (1000 h F Yoshiura 2021 (MWA)
103§ ¥ e § Garsden 2021 (OVRO-LWA)
1 77888\ _-—~~. | ..l N NN ~ ¥ HERA 2022 (HERA)
2 1 Vi R e | . | T § New 2022 (LOFAR)
102 4 NN lgyn 1000 n ¥ Munshi 2024 (NenuFAR)
] \ - Munshi 2025 (NenuFAR)
10° 3 \ —— LICORICE: LoReLi database
LICORICE: Exotic signal
100 - SEREMEPRUEELAL /20 o0 - LU RN I SN N o e e 21cmFAST Bright

= = 21cmFAST Faint

7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Redshift Credit: F. Mertens, R. Mériot, B. Semelin



Part 3:
constraining astrophysics
and cosmology
with the 21-cm signal




Principle

|>‘S,“Ophysical paramete,.s

Galaxy UV
luminosity
]26‘0 ~ Mﬂ

physical fieldg

os“prOCESSing Galaxy SED

i

Jo Jiw

Star formation
rate
T M

min

Cosmology
Hy, Q,, etc

X-ray sources
Jx » Twss




The sources of stochasticity

If one-to-one mapping: model parameters <> 21-cm signal
=> “simple” inversion problem.

But: sources of stochasticity

Instrumental: Physical:
e Separate from model e |nstrinsic to model
* Easily averaged (?) v Cosmic Var
* Possible complex likelihood v Sub resol Var
* Averaging?
* Possibly simple likelihood




Building informative summary statistics

o 8 ~Learning from the full 3D signal:

- Recover model parameters + initial conditions (random density field)
=> infer millions of “parameters”
- Field level inference (using HMC) is possible...but very new/hard.

. Build summary statistics sensitive mostly to (a few) model parameters:

" Example: power spectrum

(6T (k) 6T5 (k")) = (2m)36(k — k)P (k)

No dimensionality reduction yet because ( ) is an ensemble average.



Initial Gaussian random field:
- statistically invariant by translation and rotation

- Fully characterized (statistically) by P(|I_{>|)
~ 21-cm signal:
" - Non-gaussian
- Line of sight (LOS) # other directions (evolution, velocities, etc.)

Cylindrical powe

(27‘[)3P(k”, kJ_, Z) = <5TB

What observers
More infor

Good for compone
) i 0.02 0.04 0.06
Still not all inf k. [hcMpe-1]

k [hMpc']




"~ Non-gaussian summary statistics:

- Bispectrum: (6T5(k;),6T5(k3),6T5(k3)) = V 6(ky + ky + k3 )B(ky, k3)

(e.g. Simabukuro (2016), Watkinson (2019), etc.)

v

- PDF: Pixel (probability) Distribution Function

(e.g. Ciardi (2023), Mellema (2006), Semelin (2017), Semelin (2025)) ' -200 -100
melin (2024) 67b [MK

- Betty numbers, Minkovsky functionals
(e.g. Yoshiura (2017), Giri (2021), etc.)

-Scattering transforms, wavelet based statistics
(Greig (2022), Hothi (2024))

A 4

Greig (2022)



 Quentifying information content: Fisher formalism
"'-.'Dé‘finition of the Fisher information matrix:

4 . o ;
.j-ffij(e )=E (a—eiln L(d|9)|9* X a_ejln L(dlﬁ)‘g*>

- =V_e'ry simple case: L gaussian
dl (91)' d2 (62) Model realisation for 8*
variance o; indep of 8, mean y; d
1

A %1)2
CFa(0) = (55t
=> F;i is the (square of) ratio of sensitivity of d to 6, to sentivity of d to stochastic noise

S -l;f’”?:.f.Lérge det(F) means good sensitity to 8 => tight constraints



.

Hothi (2024)

7PS
¢£1,12 2 1:2

~WST,,
¢£1,l2 :1,2

Assessing det(F) over the whole prior :

2/ 2
o’/o
| Gaops

10~2

Probability

1DPS

2DPS

Wavelets

RNN

IMNN 90k

2DPS + IMNN 90k

15

0 5 10
Prelogovic (2024) log,y(det F

20 25

New comparison expected in next

SKA science book




- An explicit likelihood L is required to compute F
- Gaussian assumption is common

- Many samples are required to compute [E (gradients sensitive to noise)

Fisher is NOT an inference:
e  Afiducial AVERAGE model is required to compute F
. Can only be provided with chosen fiducial parameters 6*

. Real data is ONE stochastic realisation of the model (best case !)



My view of Bayesian inference

Toy model

- 3-valued statistics of the signal

- 2-parameter stochastic model

Posterior probability

—

Observation

73 SN -"7 \
_/L‘“AI \‘r \\\"/\\ z"”ll ’
[ PR TN Average
U \ 1
A Parameter
model

manifold space

Iso-likelihood

SLEEl |< Monte Carlo sampling (MCMCQ)

space



Bayesian inference: refresher

Goal: compute posterior probability that data d result from parameters 6

Use B th :
se Bayes theorem Prior Likelihood

m(0)L(d]0)
P(d)

PO|d) =

Best case:
- L analytical function of d and the average model prediction d;(0)
- But dj;(8) is usually not known analytically (only numerically)
=> P(6|d) easily sampled but no closed form

Realistic case:
- L is unknown, but hopefully not too far from Gaussian



We know or assume analytic form for the likelihood.
Algorithm: sampling such that parameter space sample density « posterior

Example: Metropolis-Hasting

- Random walk in parameter space (step size from distribution)

L(d;9n+1)ﬂ(9n+1))
L(d,0,,)1(60,)

- Accept new position with proba min (1,

Limitations:
- Slow convergence (nb steps)
- Multi-modal posteriors

Alternatives:
- EMCEE, HMC, ...
- Nested sampling

Ppiior distribution p(6) Posterior
distribution P(A|y

From wikipedia



| 10> to 10° steps for 5-parameters MCMC inference
- One model computation for each step
~ Even with a few seconds/model run => high CPU cost

. Exemple with 21cmFAST: | — HERA a1
- (Greig & Mesinger 2015) : —hd

= | g

. —i20
*  Perform inference on power spectrum

» Assume uncorrelated gaussian likelihood

e 1283resolution => 3 sec per step

log; o (T\,F;ied [K])

4

2
5.2
5.0
4.8
4.6
4.4
4.2
4.0

R (Mpc)



Necessary improvements

Assumed likelihood is an approximation
Inference with more complex models

Inference with other summary statistics



Using machine learning to
improve 21-cm signal inference




Training emulators

Typical 4-5 param MCMC inference: 10°-10° steps
-> Slow with semi-analytical models (21cmFast -> few sec / step )

-> Impossible with full radiative transfer simulations

Replace model with fast emulator:

Astro
parameters

Summary
- statistics

\ Train with

~10* examples

—




Fist employed to emulate semi-analytic models by Jennings et al. (2019)

Application to full RT simulations?

" Need a database of simulations to learn from: 10g10(fx)
0.0

Adap code to run realistic simu in ~500 CPUh T = Lorar termal noise

= == NenuFAR thermal noise
+ LOFAR +20
HERA +22

(instead of > 10> CPUh) ’ " | IoaR e

Loreli I, 10* simu, 5 param, 1.5 Po
(https://21ssd.obspm.fr)

L R AN
(1114 *’t‘ 7 AN W
i VAVEAR

1
A VMY

Mériot et al. (2024)



EMU stacked

" Train NN with Loreli II: Mériot, et al. (2024)

| Astro - N -Powerspectrum 3
' parameters Network P(k,z) d

Emulator

o

o7
o
o
o)
™
.
Y
©
2
o
N
>
!
2
oF
Nig

Percent level accuracy:

Emulated

I L

Simulated

. LA

0.16 0.93 0.16 0.93 0.16 0.93 0.16 0.93 0.16 0.93
k (h.cMpc™?) k (h.cMpc™1) k (h.cMpc™?) k (h.cMpc~?! k (h.cMpc™?)

9, 9, o,

o
4

~N
X
2
&
|3
N
N
™
X
S
3
<)
L

s

Redshift

O b ™
2 ‘b/\ QQ q’b ,\,"l« ,\’% N 0)0 4)6 0‘\, 0’1 0”) o

/0910[Mm n/Mo] fx

See also Breitman et al (2024): 21CMEMU



‘Current HERA upper limit disfavor a
~-zero Xray reinoization. (e.g. Abdurashidov 2022)

“Same q.ualitative conclusion is reached
with NN emulator + full RT simulations.

’Quantitat’i\/e agreement between methods
yet to be reached.

o
s
=~
g
3
=
o
~
)
L
)
o
~
()
-

T (Gyr) l0g10[Mmin/Mo] 10g10fx

fes C

Mériot (2025)

1.0 1.3 1.7 8.0 8.5 9.1 -1.0-0.3 0.3 0.1 0.2 0.4 0.0 0.3 0.7

T'Hys



Simulation based inference (SBI)

Sesto workshop 2025: “Who understands SBI ?” -> 4 raised hands...
v d

~_Explanation with a toy model: i o

sample

- 1 parameter 0
-1datad PC)) S .
- Gaussian likelihood with '

unknown u(6) and a(0)

~ - Use a Neural Network + training sample to lean u(8) and o(8)

d
u(o)
6 wm) ‘ — -(6) \

Loss = nvlvlnz —log Lypg (di |0k, wy) resample
"R



SBI for real applications

Data (summary statistics) vector of dim = 10.

=> Full co-variance matrix needs to be learned (dim 100 to 1000)
... as a function of N parameters 6;

NN training can become tricky.

=> Learning the posterior (NPE) directly reduces the dimensionality.

What if likelihood is not gaussian?

Approximate with Gaussian Mixture Models, MAF, normalizing flows, etc.



V-With semi-numerical simulations With full RT simulations

Mériot (2024) o stacked
BNN stacked

Prelogovic (2023)

—— NDE Gauss mixture
= NDE CMAF

o
=
<
£
£
=
o
S
>
o

O SRR RSNSOI R

\?’\.\\,:7’\4\\3.,0.%—,0,»
VA A AaN4 N \\D\Q

ﬁt‘SC,lU ]\[tum ‘( /SFR EO




_Principle: -
- Ogrye 1s a draw from the « true » posterior
- Should be evenly distributed in each quantile

~.=>run many inferences with different signals
s Build quantile histrogram
| --;-:‘=>_’c':hec‘k flatness

_ 10'00 inferences with Loreli Il signals:
~ Compare with toy gaussian model

=>Bias~ 0.2 0
. =>over/under confident by ~20%

"l'O-Qh'hoise + Loreli Il => emulator performs best!

Emulator

S

biased by +0.00
overconfident by 0.150

overconfident by 0.20
and biased by 0.00

overconfident by 0.250
biased by 0.250

0.2

biased by —0.050
underconfident by 0.1c

0.4 0.6 0.8 1.0
’:(Mmin)

overconfident by 0.0c
and biased by —0.250

overconfident by 0.20
biased by —0.10

0.4 0.6 0.8 1.0
F(Mmin)




_C.'o'mfb"ining several summary statistics: Example with 21-cm signal:

. ‘_-in»o analytic form for the likelihood - Power spectrum + Pixel Distrib Func
- not independent => correlations - Summarize PDF with linear moments
S _ - 5 summaries x 3 redshifts for each
- (see also Prelogovic et al. 2024) - Fit joint likelihood with NDE
2=12.06 | 2z=10.32 | z=8.18
0.4 - 0.4 - 0.4
k3
0.3 0.3 1 0.3 -
i 5
0.2 4 fX
0.1 - oS
0.0 0.1

~200 ~100 0 ' —-200 -100 0 ' ~200 ~100 0
5T [MK] 5Ts [MK] 5Ts [MK]
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:Qu\an_tif'\"/ing the information gain:

‘-"-Avera*ge 1-sigma of marginalized posteriors
- Average generalized variance of 4D posterior: V = det(Z)l/2

Ave'rage,_ oV_er_ 908 inferences:

, Statitics PS+PDFl, PS PDFI[, PDFm
(V) x 10’ 0.48 1.33 7.53 8.58
(Tlog,y(f)) 0.019 0.024 0.0375 0.0369
(Tlog (1)) 0.052 0.075  0.080 0.087

Gainin 92.5%
of cases

(Trs) 0.035 0.049 0.060 0.067
0.063 0.087 0.109 0.109

| : <0-10g1(Mmin)> -

w
g
>
My
w
q
a
+
&
>

(smaller is better)

Q‘u'a‘litatively similar to Prologovic et al. (2024),
- But difficult to compare quantitatively

Vps + Por/Vps



Thank you!




