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The 21 cm line of HI: EprOring the last desert
in the observational universe B
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ZA,.V,:/.J@\@ The 21 cm probes to CD/EoR

-
4 Using CMB as background
- 1. The sky-averaged 21-cm brightness -- the global 21cm spectrum
Reionization begins
Hmza:fvg begins . —> Image Vv,rediT Pritchard & Loeb 2012
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21 cm statistics

M
4 Using high-z radio point sources as background
- 3. 21 cm forest (absorption lines) (e.g. Carilli et al. 2002; YX et al. 2009, 2010, 2011)

A 4
- Receiver yy ot al. 2011 MNRAS




Dark Ages Cosmic Dawn Reionization

Cosmic time
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Heating by Hydrogen (Cohen et-al. 2018)
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~vaoe 1he global 21cm spectrum:measurements
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The SARAS-3 measurement
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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)







Going to the far side of the Moon ...  ~
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Ultra-long wavelengths (v < 30 MHz) - the last unexplored
naoc' electromagnetic window
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Future experiments from the Moon
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@ 21 cm from the dark ages - ‘the origin of cosmic structures

-
« Whether inflation occurred long ago? ST/T (1+ £y, OT/T)
- The non-Gaussianity-(fy,) of primordial fy. ~-5/12 (n-1) ~0.01 n=0.96 (9 ©)

o : Maldacena 2003, Cabass + 2017; Mattarese + 2021
density fluctuations = 6
~S
- N*=~10
Different frequencies trace different instances of the CMB pixels fn|~10

evolution of the early structures in the Universe
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CoDEX Mission

CoDEX
(1 km?2)
M-class

CoDEX
(10 km?)
L-class

CoDEX

(100 km2)
L-class

The radio array required to probe the Dark Ag.es'

Dark Ages z=30,
Power Spectra

S/N~10 for
k~0.01-0.1

S/N~10-100 for
k~0.01-1.0

S/N~100-1000 for
k~0.01-1.0

" Koopmans et al., arxiv:1908.04296

Dark Ages z=30,
Tomography

S/N~5 for
k=0.01

S/N~10-100 for
k~0.01-0.1

S/N~10-1000 for
k~0.01-0.4

Dark Ages z=50,
Power Spectra

S/N<1

S/N>10 for
k~0.01-1

S/N>100 for
k~0.01-1

Dark Ages z=50,
Tomography

S/N<1

S/N>10 for
k~0.01

S/N~10-100 for
k~0.01-0.1




PBEITX!) (DSL)
Discovering the Sky at the Longest wavelength
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1. Reveal the dark ages and cosmic dawn with
_precision measurement of the global spe trun(

2MHz: ~10 KHz
_,J0Ro “200R01AU e —
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ReWEAR @&BAR aR

- Cl— : 3. Observing the Sun and planets to uncover
2. Open up the last unexplored electromagnetic the dynamics of the interplanetary space.
window.



Lunar Orbit Array DSL (%33 %))

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

® lunar satellite: no need for landing "DSL in orbit

® 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 and communicate

8 x low freq.
daughter  =» high resolution sky map at 1 -

30 MHz

1 x high freq. =2 high précision measurement of
daughter ~ global spectrum at 30 — 120 MHz

4 L VR

~|

)
T

'd‘?”(z‘«‘\‘s}:\\l@&\\ﬁl '! Jrh bEFE /\ I T T T LI
NN ] s il 7N T e et et

‘A




/\ Méasuring the global 21 cm spectrum from CD on lunar orbit
NAOC - .

0

21cm signal model : > No gr'ound .
> With only limited RFI
» Foreground + chromaticity
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Méasuring the global 21 cm spectrum from CD on lunar orbit

Beam pattern

Figure 6. The disk-cone antenna. The size parameters are Dy =40 cm,
D,=4cm, H;=30.5cm, and H, =4.5cm. The diameter of the optimal
metallic reflector D; is 55 cm in our fiducial model.
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21 cm model (A = 0.2 K). (¢) Results for Gaussian 21 cm model (A = 0.155

K).

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



Méasuring the global 21 cm spectrum from CD on lunar orbit

N

However, the simple polynomial fit would fail if there is a moderate level of chromaticity.

—— RMS = 0.075K N —— RMS = 0.498K
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(c) chromatic disc-cone antenna 60 80 100 120
Frequence [MHz] Frequence [MHz]
q

Inhomogeneous ® Chromatic beam
foreground spectrum response
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6 Regions

Galactic

500 ey
X thmy 1000

Fast moving satellite >
Fast-varying sky
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/\ Ph"ysics;motivated error modeling

N

NAOC

0

Uncorrelated Modeling

1 N, N,
InL = —722

eff

V)
Tinodel (is Vj) — Tinock (tis V)
owm (1, vj) :

owm (i, v))
[B(t. v. @)S(t, A)di

eff
on (ti, Vj) =

; eff
y = (ﬂnodel - 7;nock)/ Oth

Li, Deng, Zhou, YX, Chen, 2026, ApJ, 997, 4 (arXiv:2507.13102)

spectral index

.
Correlated Modeling

Inf = —

yT (Cmodel + Cth)_ ly

2

log(GSM408)

Model errors:
» Inhomogeneous spectral
index in sky regions;

>  Correlation in residuals

between data points at diff. t
and at diff. v;
> Correlation between T,

- and spectral index.
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Unbiased extraction

even for a testing
~antenna with a

relatively high level of

chromaticity, given

that the beam can be
(a) Dipole-like antenna (b) Ice-cream antenna (c) Chromatic disk-cone antenna measured precisely.

dipole-like ice-cream disk-cone
10 regions 10 regions 10 regions
add cov add cov add cov

TZlcm [K]

Li et al., 2026 (arXiv:2507.13102)




@ Unbiased extraction of 21cm signal with correlated error modeling

.
21 cm signals of various amplitudes
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* Robust against moderate beam chromaticity,
significantly relaxes the stringent design and

Furen Dehg X[ —
manufacturing requirements for the antenna

180°

(b lceream anterna " Provided that ** The beam can be measured precisely;
** Foreground basemap is know exactly.

Li et al., 2026 (arXiv:2507.13102)



15R, Ice, Fixed, RealErrCase, FitBoth, NSseed8381 15R, Ice, Fixed, RealErrCase, FitBoth, NSseed8912 R 15R, Ice, Fixed, RealErrCase, FitBoth, NSseed9224
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Thok(t, V) =—F———————
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x {Tm(t. v)+ [ B v, S i) [Ty v, )
+ Biem(¥)]d2},

408

N, -3 1
Thoder (£, V) = Z Kp(f, V)(L) ’ » K,(t, v)=
P

f B(t, v, A)S(t, A)d<

+ Tem + By em(v), y fB(t, v S, My
X [TM)S(ﬁ) - TCMB]dQ.



Origin of the Fake Unblasedness by Observations within a
naoc' Quarter Orbit
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Covariance with basemap errors

In 2000 times realizations: -
Mock Res; = Mock; - Model; Model Fit the mean .
i i-th realization spectra fog Ty, i(0)
[ Beam Shade * Tsky,i A2 ; ; Tnode(t, v) = ZK (t,v) 408

+TCMB + Tr1em(V) ,

: Vv Bi() ]
Tsky,i(Q) = Aerr(ﬂ) F (V_>
c

(5)

Random Spectral Index Map

TemsldQ.

e, e—
log10(K)

———
0.414 log10(K) 3.376
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Ihtérferometer Array Realization

’ -
* No need for high precision adjustment of satellite positions, but do need high precision of relative

position measurement
. Synchromzatlon, Dlstance Measurement (1 m), Data Commumcatlon microwave link between - =

mother and daughter satellites -
* Angular position: mother satellite carrylng blinking LED lamp, daughter satellites use star

sensor to determine position (1 m)

Mother sat. e ‘Daughter sat.
l g 1 . < .
E .Ilw - orbit ! g s,
i A 1
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