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The 21cm line of HI:

Exploring the last desert in the observational universe

Years after the Big Bang
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What we know to inform the 21cm observations

» The Thomson scattering optical depth measured on CMB polarization map
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» The Gunn-Peterson tests on high-z QSO spectra

The Ly-a resonant
absorption
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» Thomson 7 to CMB (Planck Collaboration+2020);

Lof JEURA—— ]
T 77 » Dark pixels statistics (McGreer+2015; Jin+2023);
0-8¢ ! % ! e » Lya fraction (Mesinger+2015);
1y 0.1
0.6 ne g _Z 1 » Lya EW distribution of LBGs (e.g. Mason+2018, 2019;
Nt 0.0 = L
: { 0 55 60 6.5 Bolan+2022),
0.4r¢f —— 7=20,Mpin=5x 108M, ¥ LBG Lya fraction . . ~ .
7= 25 My =5 X 10°M, LBG Lya EW » Lya damping wings (e.g. Ban ados+2018; Greig+2019,
— {=30Mp,=5x10°M, § QSODW 2022; Yang+2020);
e, § ot | SR TONGTER)
— T2SMmmex10Me g g alr » Dark gaps in Lyp forest (Zhu+2022);
0.0 . LY Dokels . . ] » Clustering of LAEs (Sobacchi & Mesinger 2015);
6 8 10 12 14 16 18
z » Lya LFs (e.g. Morales+2021; Goto+2021; Wold+2022).

Zhu, YX et al. 2023, RAA



Pieces collected by JWST

» 25 Galaxies at zgpec = 8.61 - 13.20 Confirmed with JWST/NIRSpec
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The 21cm transition of HI

» Observable: differential brightness against a background source

Ts — T)(2) _ Ts — Ty(z)
0T, (V)= — (1 —e ™) ~
b( ) ( e ) 1 e TVO
T,(z) || H(z)/(1 +2)
~ 9xpr (1 + 0)(1 + )/ [1 — } [ mK.
Is dvy/dry
» Signallevel: determined by Ts (spin temperature)
F :_1 _____
I\\‘\__é__—/} mo_ g exp (_5) e Ts> T)/ - emission &
o g _ Lo onmoogo o\ T
&SQ“\FTEQN . Ts < Ty = absorption

—

The cosmological redshift: as space expands,
the wavelength grows.

2.876 x 101551 (11 million years)
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» Rough timing - Target band:
50 MHz ~< v <~ 200 MHz
» Bright foreground VS. Weak signal

» Unknown temperature

» Unknown signal level



The 21 cm probes to CD/EoR

+Using CMB as background

- 1. The sky-averaged 21-cm brightness -- the global 21cm spectrum
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Single-antenna experiments for the global spectrum




+ Using CMB as background

- 2. 21 cm tomography

=0.16 ‘
Z=6.04! 7(“\=0.10

21 cm imaging ¥ g, | ) 21 cm statistics
| (power spectrum,
bispectrum,
skewness, ...)
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Wu, YX et al. 2022, ApJ
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2— 21 cm Tomography — power spectrum upper limits

Power Spectrum 95% Confidence Upper Limits [0.03 < k < 0.4 Mpc™]
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with HERA ¢ =
without HERA ¥ e
] kw0 13cMpx HERA

The HERA Collaboration, 2022, ApJ, 924, 51

» Complex physical processes
interplaying

» Fast realization of 3-D lightcone -
parameter inference

» 21CMMC (Greig+15, 18)
» 21cmDELFI-PS (Zhao et al. 2022)

» Model-dependent - possible bias
- accurate modeling required
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Using high-z radio point sources as the background:

3. 21 cm Forest (absorption lines)
(e.g. Carilli et al. 2002; YX et al. 2009, 2010, 2011)
Statistical measurement: a simultaneous probe of Dark Matter & first galaxies

See Yue Shao’s talk days later... ® S

Volume 7 Issue 9, September 2023

o e The dark matter forest at the dawn of time
nature aStr0n0m)’ The 21-cm forest — absorption lines of atomic hydrogen against a background high-
redshift radio source — can be used to probe small-scale structures in the early Universe.
1292 1294 1296 1298 3 ‘ . . . - .
2 ' When observed at scale with the upcoming Square Kilometre Array, statistical analysis of
these lines will be able to constrain the properties of dark matter at that epoch.

The dark matter forest
atthe dawn of time

See Shao et al.

Image: Xin Zhang, Northeastern University, Shenyang, China and Yidong Xu, National
Astronomical Observatories, Chinese Academy of Sciences. Cover design: Bethany

Vukomanovic.

Subscribe Shao Y., XuYD, et al. 2023 Nature Astronomy




Dark Ages

Cosmic Dawn

Reionization

» Cosmic time
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The UNEXPECTED spectrum measured by EDGES

EDGES Low-band antennas

Age of the Universe (Myr)
150 200 250 300

0.2

—200
-0.21

3.8 o deviations €

P [
< »

61

—400

Brightness temperature, T,, (K)

-04F —H3
H4
Hs
-0.61 H6 —600
- P8 ages dawn reionization
26 24 22 20 18 16 14 = T R T
Redshift. 2 Bowman et al. 2018 v Barkana 2018
1 :
0.15 |(1+2z ) |2( 2¢h Tr(z
Ty(z) ~0.023 K X x15(2) ) P
2m )L 10 0.02 Ts(z)

= Higher Ty ? (Tg > 104 K) (e.g. Feng & Holder 2018; Ewall-Wice et al. 2018; Fraser ef al. 2018)
lmp//'cat/bns = Lower T ? (T < 3.2 K) (e.g. Barkana 2018; Fialkov et al. 2018; Barkana et al. 2018; Slatyer & Wu 2018; Hirano & Bromm
2018; Munoz et al. 2018)
= Modified cosmology (largely constrained by the CMB)



Any neglected effects

within the framework of standard model?

5Ty (v) = 3~ 1@

(1—e"™)~

14z

Ts — Ty (2)

szﬂL+®ﬂ+qﬂﬂ{L—%@q[

v

HI density

Ts

H(z)/(1 +Z)] K
dvy /dry '

Gas temperature

Velocity gradient

Does the non-linear structure formation have an overall effect?



The non-linear structure formation

results in inhomogeneity in the IGM!

102 ———— ————————y .
imulated IGM d halos: M = (0.8 — 1.2) x 107M, ] . . .
,s,:'f';,u,?,:ode,, Ma:mf(;‘,wjos plhbn i g « Non-linear gas density fluctuations
Tt §$——4 simulation-mean&STD: M = (0.8 — 1.2) x 10"M, | . Peculiar velocities
, b‘q‘l | | « Adiabatic heating & cooling
. f N « Shock heating
10 \ ’ ; .
[ \ : « Compton heating
3 \\\
LN | Very high resolution
: hydrodynamic
10} TS Simulation required!
N B
i r [h~ cMpc]




The cosmic hydrodynamic simulation

» High-resolution GADGET-2

103

+ collisional ionization & recombination,
+ collisional excitation & deexcitation,

+ Compton scattering _

» Assuming safurated coupling between cMB
10"

TS and TK — homogeneous Gas
— Tgas x (1+2)?

e o GADGET-2, 4 h~'Mpc, all densities
==  GADGET-2, 4 h~\Mpe, |6] < 0.05
only, NO exfra heating process 100 e 0!

z

» Compton heating and shock heating




The maximum global 21 cm signal

6Ty K]

High resolution cosmic hydrodynamic simulation
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Atz=17,dTy =-190 mK ~ 15% decrement w.r.t. the homogeneous IGM case.

YX, Yue, Chen, 2021, ApJ




Under-resolved signal

» The expected 21 cm spectrum for a typical semi-numerical simulation

z
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» T profile around halos

104 4

shock heating

= =

infall-mock

no Compton & no shock

no shock
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Take-home message: global 21 cm spectrum

The non-linear structure formation reduces the maximum 21 cm absorption signal
byl5% atz =17

Necessary to take into account the non-linear structure formation when interpreting
the upcoming data, and looking for new physics!

Enlarged discrepancy between theory and EDGES signal!




The SARAS-3 measurement

L]
Frequancy (NH2)

Reported a non-detection of the EDGES absorption feature at 95.3% confidence using
15 hrs of observations between 55 — 85 MHz (z = 15 - 25)
(S. Singh et al. 2022)
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HSE IR
Discovering the Sky at the Longest wavelength (DSL)

Dark Ages Cosmic Dawn Reionization

5 10 150 2
Frequenc MHZz]

First galaxies
form

Lyman-a
coupling

Heating by
early X-rays

Hydrogen
reionization

i P
primordial fluctuations

1. Reveal the dark ages and cosmic dawn with high-precision
measurement of the global spectrum. K

KK 2MHz: ~10 KHz
(30MHz):  —J0Ro T200R0IAU

s e — 3. Observing the Sun and planets to uncover the

e dynamics of the interplanetary space.
2. Open up the last unexplored electromagnetic window.




Ultra-long wavelengths (v < 30 MHz) - the last unexplored
electromagnetic window
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US:

India:

DARE/DAPPER PRATUSH

b ==y

CoDEX Mission

CoDEX
(1 km?2)
M-class

CoDEX
(10 km?2)
L-class

CoDEX
(100 km?2)
L-class

China:

PB5<iTxl (DSL)

Dark Ages z=30,
Power Spectra
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S/N~100-1000 for
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Dark Ages z=30,
Tomography
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Dark Ages z=50,
Power Spectra
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S/N>100 for
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US: Europe:
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z
Dark Ages z=50,
Tomography
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Koopmans et al., arxiv:1908.04296



Discovering the Sky at the Longest wavelengths

(DSL/IE=Rit% )

An interferometer array with 1 mother +9 daughter satellites in lunar orbit

® |unar satellite: no need for landing

® Lunar orbit period is a few hours, can use solar power

® Observe on the far side of the Moon, and transmit data back on
the front side

® All flying on the same orbit, easy to maintain ansl/communicate

8 x low freq.

daughter => high resolution sky map at 0.1 -

30 MHz

1xhigh =2 high precision measurement of
freq. global spectrum at 30 - 120 MHz

mother-daughter combo daughter



r(r=1) for 042
n(z) = 0.132 em™ exp(—2z/830pc)
Tmex = 10 kpe

distance to t=1 due to free-free absorption

of ISM (Jester & Falcke 2009)

P ﬁ. ‘%A, y
The absorption becomes significw_v’. 'v"?;“;
at ultra-long wavelengths 2 onl T
10.0MHz * . L’:;imrmw —= Seca ot

v [MHz]

52 5.4 E6
log(T/K)

— — 2.9 Log ()

Ultra-Long wavelength Sky with Absorption Model (ULSA)

(Cong, Y et al. 2021, ApJ, 914, 128)



Fig.2: The spacial frequency samplings

Fig.1: The trajectory of antenna array
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correlation limit.



What can we do?
— reconstructing Galactic 3-D structures from ultra-long wavelength sky maps

reconstructed

—B =g —4: =20
kpc

NE2001
-0.80

-2.30

6.8697.07.17.27.37475767.77.87.98.08.1
log(T/K)

1 MHz
Cong et al. 2022 ApJ.

-8 6 -4 -2 0
kpc



What can we do?

— Measuring the global 21 cm spectrum on lunar orbit

21cm signal ~ 0.1 - 0.2 K Foreground ~ 104K
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Measuring the global 21 cm spectrum from Cosmic

Dawn on lunar orbit

21cm signal model

Mock observation (60 MHz)

Simulated spcetrum
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(b) Results for Gaussian 21 cm model (A = 0.2 K). (¢) Results for Gaussian 21 cm model (A = 0.155

Shi, Deng, YX et al. 2022, ApJ, 929, 32.




On-going works: End-to-End simulation
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On-going works: Global Spectrum Field Test

28.0

temperature at center of box

27.5 A

27.0

26.5 A

26.0

25.5 A

25.0 A

24.5 A

—— center

24.0

04-22 00 04-22 03 04-22 06 04-22 09 04-22 12 04-22 15 04-22 18 04-22 21 04-23 00

Sky temperature (K)

1100 A

1000 A

900 +

800 -

700 A

600 -

500 -

S —— Average
\ —— Loud sky
—— Quiet sky
———
= \\ T b s SRPRD

— iyt
T e

I "“-‘A—-Ln.q S

60 65 70 75 80 85 90 95
Frequency (MHz)




» 21 cm global spectrum: the non-linear structure

21 cm probes: challenging but intriguing!

pEEP S
DSL

formation reduces the maximum 21 cm absorption
signal by 15% atz = 17

21 cm tomography: upper limits on the 21 cm power
spectrum start to constrain the ionizing sources &
absorbers.

» 3 > »
» » » >

» 2 2 2 3

21 cm forest: a simultaneous probe of DM & first
galaxies
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