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The 21 cm line of HI: Exploring the last desert 
in the observational universe
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The 21 cm probes to CD/EoR

Using CMB as background 
à 1. The sky-averaged 21-cm brightness -- the global 21cm spectrum

à 2. 21 cm tomography 

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

Receiver YX et al. 2011 MNRAS
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21 cm statistics 21 cm imaging

Image credit: Pritchard & Loeb 2012



The global 21cm spectrum from cosmic dawn (CD)
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The global 21cm spectrum measurements

Bowman et al. 2018

LETTERRESEARCH

Extended Data Figure 2 | Low-band antennas. a, The low-1 antenna 
with the 30 m ×  30 m mesh ground plane. The darker inner square is the 
original 10 m ×  10 m mesh. The control hut is 50 m from the antenna.  
b, A close view of the low-2 antenna. The two elevated metal panels form 

the dipole-based antenna and are supported by fibreglass legs. The balun 
consists of the two vertical brass tubes in the middle of the antenna. The 
balun shield is the shoebox-sized metal shroud around the bottom of the 
balun. The receiver is under the white metal platform and is not visible.

EDGES Low-band antennas

image credit: EDGES team 

3.8 σ deviations

Xu et al. 2021

The SARAS-3 measurement

Extended Data Figure 1: The SARAS 3 antenna. The monocone antenna is shown, floating on water
on its raft. The antenna electronics is in an enclosure beneath the antenna ground plane and within the
raft; power is derived locally from Li-ion battery packs within the enclosure. Multi-core fibre optic cables
connect the antenna to the analogue signal conditioning unit (ASCU) in the base station on shore.
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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)



)9�21cm global spectrumOTLNx

Price et al. 2017, Bernardi et al. 2016

LEDA:
)9�21cm global spectrumOTLNx

Sokoloski et al. 2015
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Global 21-cm experimental 
efforts at Cambridge (UK)
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Probing Radio Intensity at high-Z
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Credit: DAPPER collaboration

Current status - Laboratory model testingPRATUSH

Credit: PRATUSH collaboration

Ultra-Low-Frequency Radio Astronomy Observations from a Selenocentric Orbit 17

(a) Egress on 2018 Oct. 01.

(b) Ingress on 2018 Oct. 03.

Fig. 10 The noise level detected by the LFIS receivers in the range of frequencies from 1 to 30 MHz
(the vertical axis) on 2018 Oct 01 (panel (a)) and 2018 Oct 03 (panel (b)). Panel (a) shows egress and
panel (b) ingress of the Longjiang-2 satellite with respect to the Lunar disc. The noise intensity is depicted
in colour in the same scale as in the lower three panels of Fig. 9. The three white vertical lines in each
plot show a start, medium phase (half a disc of Earth is visible from Longjiang-2) and end of egress and
ingress, respectively. The level of RFI noise increases visibly after egress, and decreases after the ingress.
The asynchronous appearance of the noise at di↵erent spectral channels is due to the di↵erence in the
geographical location of the RFI sources on Earth. Narrow RFI signals at about 9.5, 14 and 28 MHz,
which do not demonstarte dependence on the phases of Earth eclipse as see by Longjiang-2 are likely to
have local origin in the satellite instrumentation. Qualitatively similar behaviour of the level of RFI has
been detected in all egress and ingress LFIS observations.

龙江2号

鸿蒙计划（DSL）

DAPPER

Going to the far side of the Moon …

CosmoCube
(Eloy de Lera 
Acedo’s talk)



RAE-2 satellite (1978)

Ultra-long 
wavelength

408 MHz Sky Map RAE-2 spectrum

The Moon can block the 
radiation from Earth

Ultra-long wavelengths (𝝂 < 30 MHz) – the last unexplored 
electromagnetic window

NASA RAE-2 launched 1973



Future experiments from the Moon
  

i 

Global 21-cm Cosmology from the Farside of the Moon 
Authors: Jack O. Burns (University of Colorado Boulder, CU-Boulder), Stuart Bale (UC-Berkeley), Richard 
Bradley (NRAO), Z. Ahmed (DOE/SLAC), S.W. Allen (Stanford/SLAC), J. Bowman (ASU), S. Furlanetto 
(UCLA), R. MacDowall (NASA GSFC), J. Mirocha (McGill University), B. Nhan (NRAO), M. Pivovaroff 
(DOE/SLAC), M. Pulupa (UC Berkeley), D. Rapetti (NASA ARC-USRA/CU-Boulder), A. Slosar 
(Brookhaven National Laboratory), K. Tauscher (CU-Boulder)  

Artist concept of a Global 21-
cm Cosmology telescope on a 
small satellite (DAPPER = 
Dark Ages Polarimetry 
PathfindER) in low lunar 
orbit. The telescope operates 
between ~10-110 MHz and 
takes data only above the 
radio-quiet lunar farside. The 
telescope will explore the 
unobserved Dark Ages and 
Cosmic Dawn of the early 
Universe using the hyperfine 
transition of neutral hydrogen 
redshifted into the VHF radio 
band.  
 

ABSTRACT – Focus Area 1: lunar farside radio telescope to explore the early universe 
We describe how to open one of the last unexplored windows to the cosmos, the Dark Ages and 
Cosmic Dawn, using a simple low radio frequency telescope from the stable, quiet lunar farside to 
measure the Global 21-cm spectrum. The frontier in cosmology is the period between the onset of 
density fluctuations in baryons (observed via the Cosmic Microwave Background, CMB) and when 
the first stars, galaxies, and black holes form. This epoch marks the birth of structural complexity in 
the Universe, yet it remains an enormous unobserved gap in our knowledge of the Universe. Standard 
models of physics and cosmology are untested during this critical epoch. The messenger of 
information about this period is the 1420 MHz (21-cm) radiation from the hyperfine transition of 
neutral hydrogen, which fills the intergalactic medium, Doppler-shifted to low radio astronomy 
frequencies by the expansion of the Universe. The Global or all-sky averaged 21-cm spectrum uniquely 
probes the cosmological model during the Dark Ages plus the evolving astrophysics during Cosmic 
Dawn, yielding constraints on the characteristics of the first stars, on accreting black holes, and on 
more exotic physics such as dark matter-baryon nongravitational interactions. These observations 
address the question: Will the measured neutral hydrogen spectrum redefine the standard 
cosmological model and reveal new physics? This matches well with both NASA and DOE 
science drivers to “understand how the Universe works at a fundamental level”. A single low frequency 
radio telescope, in either lunar orbit or on the farside surface, can measure the Global spectrum 
between ~10-110 MHz because of the ubiquity of neutral hydrogen during this epoch. Precise 
characterizations of the telescope and its surroundings are required to detect this weak, isotropic 
emission of hydrogen amidst the bright “foreground” Galactic radiation. We describe how two 
antennas will permit observations over the full frequency band: a pair of orthogonal wire antennas 
and a 0.3-m3 patch antenna. A four-channel correlation spectropolarimeter, commonly used in radio 
astronomy, forms the core of the detector electronics for the telescope. Technology challenges that 
are well-suited to DOE/NASA collaborations include advanced calibration techniques to disentangle 
covariances between a bright foreground and a weak 21-cm signal, using techniques similar to those 
applied to the CMB, thermal management for temperature swings of >250℃, and efficient power to 
allow operations through a two-week lunar night. This simple telescope sets the stage for an 
interferometric array on the lunar farside to measure the Dark Ages power spectrum.  

Current status - Laboratory model testing

DARE/DAPPER PRATUSH 鸿蒙计划（DSL）

LCRT

FARSIDE & FarView
ALO & DEX

LuSEE‘Night’ 

Tricia Talbert, NASA
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(a) (b)

Figure 12. Conceptual diagram of lunar rover deployment.

dexterous manipulators; (6) when necessary, remote operation can be performed to assist station
and antenna deployment.

To accomplish its task, the rover is designed with the following operating modes:

(1) Perception mode. The navigation camera is powered up to scan the surrounding and
obtain navigation data, and processes it to generate the planned path.

(2) Mobile mode. Receive control commands, arrive at staged navigation point, and complete
local path planning independently as needed.

(3) Autonomous driving mode. Move autonomously with the guidance, navigation and
control (GNC) subsystem to achieve a single travel distance ≥8 m, and an autonomous
multiple continuous travel distance ≥100 m.

(4) Operation mode. The robotic arm of the lunar rover is powered up to load, place and
unfold the antenna units.

(5) Charging mode. The rover is kept stationary, the solar wing is adjusted to achieve solar
orientation, and the battery starts charging.

(6) Hibernation mode. The rover is powered off, except for waiting to receive commands.

(e) Relative position determination
The GNC subsystem of the lunar rover could measure the relative position between the lunar
rover and the master station. As shown in figure 13, the GNC subsystem consists of a global
planning sensor, two local planning sensors, a laser rangefinder, two star sensors, two inertial
measurement sensors and a navigation control unit, to carry out the attitude determination,
environment sensing, path planning, motion control, safety monitoring and fault diagnosis.

The accuracy of attitude measurement is better than 2° (3σ ) during movement, and 1° (3σ ) at
rest. The relative distance measurement accuracy is better than 0.5 m.

The GNC subsystem achieves long-distance movement through autonomous path planning
and local obstacle avoidance planning. Taking the final target point, the global path planning
algorithm is performed at each stop, and generates a series of path points within the current
sensing range. These path points are connected to form a fold trajectory, and the local planning
algorithm converts the fold trajectory to a series of arc trajectories, taking care to avoid the
obstacles not effectively recognized by the global planning, and optimizes the local trajectories
according to certain guidelines.

During the global path planning, the mast movement is used to drive the laser rangefinder
to scan and image the terrain around the lunar rover, and then the navigation control unit of
the lunar rover completes the three-dimensional terrain stitching, and generates the sequential
motion target points. These points are submitted to the local obstacle avoidance planning
algorithm, which completes the fusion with the large three-dimensional terrain data recovered
from the camera, and plans the safest path to the nearest target point. The path is handed over
to motion control for motion decomposition to start moving. After reaching the target point, the
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21 cm from the dark ages à the origin of cosmic structures

• Whether inflation occurred long ago?

• The non-Gaussianity (fNL) of primordial 

density fluctuations 

Slide by Joe Silk 



Koopmans et al., arxiv:1908.04296

The radio array required to probe the Dark Ages
!  of !15 20

In summary, we require: 

• A collecting area of ~10 km2 (f=1, 4) to reach a S/N>10 at k=0.01-0.1 Mpc-1 at z=30 within a 5-year mission 
lifetime, with 10MHz BW (i.e. redshift range), assuming all-sky imaging. 

• A collecting area of ~100 km2 to reach a S/N>10 at k~0.01-0.1 Mpc-1 at z=50 within a 5-year mission lifetime, 
with 10MHz BW (i.e. redshift range), assuming all-sky imaging. 

We conclude that to measure the 21-cm signal from the Dark Ages from z~30 up to z~50, any space-based low-
frequency interferometer should have a lifespan of at least 5 years, a collecting area of >1 km2 (M-mission scale) for 
first results, expandable to 100 km2 (L-mission scale), a filling factor of unity and all-sky. field of view to reach the 
minimum S/N>10 for both power-spectrum and tomography over at least one dex. in spatial scale. The  technical 
requirement of such a generic instrument (CoDEX) are summarised in Table.2. 

Mission concept considerations 

We now look in particular at a swarm of (cube)sats and/or connected receivers, either in sun-earth or lunar L2, in lunar 
orbit or on its surface. Each option has commonalities, requiring large collecting areas, a high filling factor and a large 
field of view. We again refer to this generic concept as CoDEX, the Cosmic-dawn Dark-ages EXplorer. 

Free-space mission concept:  

Based on previous designs for space-based, low-frequency, interferometry missions such as DARIS (Daris, 2010), 
SURO, HEIMDAL, DARE (Burns et al. 2012) and OLFAR (Engelen 2010), and most recently DEX (Klein Wolt et al. 
2013), a generic space-based mission concept could be as follows. 

๏ The individual antennas are (semi)omni-directional di or tripoles (active antennas), with their sensitivity optimised 
in the 1-80 MHz regime over a bandwidth of 40 MHz. An array of core antennae can be placed on inflatable/
foldable space structures or connectable nano-satellites, putting them in a (regular) grid (‘core’) to provide a high 
filing factor (f~1) optimally sensitive to the very 21-cm faint signals, surrounded by outer antennae (e.g. free-
floating satellites) to enable the higher resolution imaging. 

๏ The free-floating antennas are mounted on nano or small satellites that provide power (solar panels) and basic 
processing (RFI excision, FFT and averaging algorithms) and communication. Together with a mother-ship, 

CoDEX Mission Dark Ages z=30, 
Power Spectra

Dark Ages z=30, 
Tomography

Dark Ages z=50, 
Power Spectra

Dark Ages z=50, 
Tomography

CoDEX  
(1 km2) 
M-class

S/N~10 for  
k~0.01-0.1

S/N~5 for  
k=0.01

S/N<1 S/N<1

CoDEX  
(10 km2) 
L-class

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

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

S/N>10 for  
k~0.01-1

S/N>10 for  
k~0.01

CoDEX  
(100 km2) 
L-class

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

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

S/N>100 for  
k~0.01-1

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

Table 1: CoDEX expected 21-cm signal S/N ratios for a 5 year mission lifetime assuming full-sky imaging. Image cubes have 
a depth of 10 MHz, centred on these redshifts.For the S/N calculation we assume the fiducial model as predicted from ΛCDM. 
The orange coloured boxes correspond to Fig.8. The green boxes reach our minimum power-spectrum requirements of S/N>10 
over one dex in k-modes and the orange and blue boxes exceed these (either in S/N or k-mode range) for both power spectrum 
measurements and tomography.
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1. Reveal the dark ages and cosmic dawn with high-
precision measurement of the global spectrum. 

2. Open up the last unexplored electromagnetic 
window. 

3. Observing the Sun and planets to uncover 
the dynamics of the interplanetary space.

鸿蒙计划 (DSL) 
Discovering the Sky at the Longest wavelength

Chief Scientist:
Xuelei Chen (NAOC)
Tech Chief: Jingye
Yan (NSSC)
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An interferometer array with 1 mother +9 daughter satellites in lunar orbit

l lunar satellite: no need for landing

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

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

the front side

l All flying on the same orbit, easy to maintain and communicate

DSL in orbit

8 x low freq.
daughter

1 x high freq.
daughter

mother satellite

è high resolution sky map at 1 –
30 MHz

è high precision measurement of 
global spectrum at 30 – 120 MHz

mother-daughter combo

Lunar Orbit Array DSL（鸿蒙计划）



Measuring the global 21 cm spectrum from CD on lunar orbit

21cm signal model

UltraLong wavelength Sky with
Absorption Model (ULSA-1.0)

Ø No ground
Ø With only limited RFI
Ø Foreground + chromaticity
Ø Fast-varying

inhomogeneous sky



Recovery of the global 21cm signal (Very low chromaticity required! )

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

Simulated spcetrumBeam pattern Frequency gradient of beam

Measuring the global 21 cm spectrum from CD on lunar orbit



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

Inhomogeneous 
foreground spectrum

Chromatic beam 
response⨂

Measuring the global 21 cm spectrum from CD on lunar orbit



Forward modeling the sky — Divide the sky into 𝑁 regions (Anstey et al. 2021, 2023)

To minimize the effect of foreground inhomogeneity



Fast moving satellite à
Fast-varying sky

When applying this strategy to a lunar–orbit experiment …

12 regions
15 regions
20 regions



Physics-motivated error modeling 

Uncorrelated Modeling Correlated Modeling
Model errors:
Ø Inhomogeneous spectral 
index in sky regions; 
Ø Correlation in residuals 
between data points at diff. t 
and at diff. 𝝊; 
Ø Correlation between Tsky
and spectral index.

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



Unbiased extraction of 21cm signal with correlated error modeling 

Ideal dipole

Li et al., 2026 (arXiv:2507.13102)

Unbiased extraction
even for a testing 
antenna with a 
relatively high level of 
chromaticity, given 
that the beam can be 
measured precisely.



Unbiased extraction of 21cm signal with correlated error modeling 

21 cm signals of various amplitudes

• Robust against moderate beam chromaticity, 
significantly relaxes the stringent design and 
manufacturing requirements for the antenna

Provided that ** The beam can be measured precisely;
** Foreground basemap is know exactly.

Li et al., 2026 (arXiv:2507.13102)

Haoran Li 李浩然

Furen Deng 邓辅仁



Preliminary tests with foreground basemap errors (~ 15% Tsky)



Thank you!





Origin of the Fake Unbiasedness by Observations within a
Quarter Orbit



Covariance with basemap errors

In 2000 times realizations:

Resi = Mocki - Modeli

∫ 𝐵𝑒𝑎𝑚 𝑆ℎ𝑎𝑑𝑒 ∗ 𝑇!"#,% 𝑑Ω

𝑇!"#,%(Ω) = 𝐴&''(Ω) ∗
𝜈
𝜈(

)*!(,)

使用随机实现的带误差的408天图

i: i-th realization
Mock Model Fit the mean 

spectra for 𝑇!"#,%(Ω)



• No need for high precision adjustment of satellite positions, but do need high precision of relative
position measurement

• Synchronization, Distance Measurement (1 m), Data Communication: microwave link between
mother and daughter satellites

• Angular position: mother satellite carrying blinking LED lamp, daughter satellites use star
sensor to determine position (1 m)

Chen et al., arXiv:2007.15794

Interferometer Array Realization


