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The 21-cm signal
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The 21-cm signal
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The 21-cm signal
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The 21-cm signal
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History of 21-cm cosmology

Radio waves Prediction by van 1951: Ewen and 21-cm: ISM in Cosmological leap More attempts: VLA,
outside the Solar del Hulst (1945), Purcell (Harvard), emission, and with Zel’dovich WSRT, Arecibo, etc.
System (Karl Shklovskii 1949) Muller and Oort absorption against (1970, 1972)
Jansky 1933) (Leiden), and sources (e.g. Galaxy formation science
First discrete Christiansen and Parkes survey of 21-cm: IGM at with GMRT (Swarup and
First radio maps of source Cyg-A Hindman (Sydney) 1972) high-z Subrahmanyan 1987, Scott
the sky (1940, (Hey et al. 1946) (Varshalovich and and Rees 1990)
1944, Grote Reber) in UK Radio stars 21-cm: IGM in Khersonskii 1977,
(‘stellar’) sources vs  absorption against Hogan and Rees EoR science (Madau,
First optical synchrotron sources! 1979) Meiksin and Rees 1997)
counterparts sources (‘galactic’)
(Bolton et al. 1949) Detection of the First attempts:

in Australia Steady state vs Big CMB! Jodrell, MRAO
Bang
Cambridge 1C
(Ryle et al. 1950)

1930s 1940s 1950s 1960s 1970s 1980s 1990s
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Status of 21-cm observations
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Experiment

us of 21-cm observations

Telescope

bit.ly/21cmExperiments

An exhaustive public repository of 21-cm experiments

(see also bit.ly/21cmSimulators)

Publications

Location

Antenna type

Frequency (MHz)

SARAS

SARAS1

2013ExA....36..319P

Gauribidanur Observatory (southern India)

Fat-dipole correlation spectrometer

87.5, 175

SARAS

SARAS2

2018ExA....45..269S, 2017ApJ...845L..12S

Timbaktu Collective (southern India)

Monopole

110, 200

SARAS

SARAS3

2021arXiv210401756N, 2020JAl.....950006G

Southern India

Monopole

40, 200

SCI-HI

SCI-HI

2014ApJ...782L...9V

Isla Guadalupe (Mexico)

HIBiscus

40, 130

BIGHORNS

BIGHORNS

2015PASA...32...4S

MRO (Western Australia)

Conical log-spiral

70, 200

EDGES

EDGES

2017ApJ...835...49M, 2017ApJ...847...64M, 2018Natur.555...67B

MRO (Western Australia)

Blade dipole

50, 100

PRIZM

PRIZM

2019JAlL.... 850004P

Marion Island (South Africa)

HIBiscus

30, 200

REACH

REACH

2022NatAs...6.1332D

Karoo desert (South Africa)

Hexagonal dipole (+4 more)

50, 170

MIST

MIST

2024MNRAS.530.4125M

McGill Arctic Research Station (Nunavut, Canada); Deep

global

Horizontal blade dipole

25, 105

GINAN

GINAN

Narrabri observatory (Western Australia)

global

SKA Low Antenna, on a blank SKA Low 40-m ground mesh

70, 350

EIGSEP

EIGSEP

Utah (USA)

global

3x Vivaldi feed (for now, new under development)

50, 250

RHINO

RHINO

2024arXiv2410000768

Jodrell Bank Observatory (Manchester, UK)

global

Horn antenna

60, 85

GMRT

GMRT

1991ASPC...19..3768S, 2013MNRAS.433..638P

Maharashtra (India)

interferometer

30 parabolic 45m dishes

50, 1420

21CMA/PAST

21CMA/PAST

2004MPLA. 19.1001P

Tianshan mountains (west China)

interferometer

81 pods x 127 log-spiral antennas

50, 200

NenuFAR

NenuFAR

2012sf2a.conf. 6872

Nancay (France)

interferometer

(96 core + 8 remote stations) x 19 cross-dipole antennas

85

SKA

SKA-LOW

2009IEEEP..97.1482D

Karoo desert (South Africa); MRO (Western Australia)

interferometer

512 stations x 256 log-periodic antennas

50, 350

MWA

MWA

2013PASA...30....7T, 2018PASA...35

MRO (Western Australia)

interferometer

4096 cross-dipole bowtie antennas

70, 300

PAPER

PAPER

2010AJ....139.1468P

PSA: Karoo desert (South Africa); PGB: Green Bank (Uni

interferometer

128 (PSA) + 32 (PGB) antenna array

120, 180

LOFAR

LOFAR

2013A8&A...556A...2V

Netherlands and Europe

interferometer

Arrays of tiles with 16 crossed-bowtie dipoles each

120, 240

HERA

HERA

2017PASP..129d5001D

Karoo desert (South Africa)

interferometer

350 (planned) parabolic 14m wire mesh dishes

50, 250

OVRO-LWA/LEDA

OVRO-LWA/LEDA

2018MNRAS.478 4193P

Owens Valley (California)

interferometer

288 cross-dipole drooping antennas

27, 85

LCRT

LCRT

10.1108/AERQS50100.2021.9438165

Lunar farside

global

1 km diameter parabolic mesh in a crater

47,47

FARSIDE

FARSIDE

2021arXiv2103086238

Lunar farside

interferometer

128 dipole antennas across 10 km x 10 km area

0.1,40

DALI

2007AAS ... 21113521L

Lunar farside

interferometer

1000 stations x 100 dipole antennas in 50 km diameter area

10, 100

ALO

2024AAS ...24326401K

Lunar farside

interferometer

1, 80

FarView

2024AdSpR..74..528P

Lunar farside

interferometer

In-situ built 100,000 antennas over 200km2

5, 50

DAPPER

2021arXiv2103050858

Jiten Dhandha, Institute of Astronomy

Lunar orbit
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Cross dipole antenna?
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Status of 21-cm observations

¥ Trott2020.yaml

# Yoshiura2021.yaml
# Rahimi2021.yaml
& Wilensky2023.yaml
& Nunhokee2025.yaml
LOFAR

@ Patil2017.yaml

& Gehlot2019.yaml
# Mertens2020.yaml
# Acharya2024.yaml
¥ Mertens2025.yaml
GMRT

¥ Paciga2013.yaml
# Pal2021.yaml
HERA

¥ HERA2022.yaml

# HERA2023.yaml
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eorlimits.streamlit.app

A web-app to access® and plot latest power spectrum limits

21-cm Power Spectrum Limits
Plotter

This is an interactive tool to visualize published 21-cm power spectrum limits from various experiments.
You can select datasets from the sidebar (collapsible on the top left corner of the page), choose plotting
options, and customize the appearance of the plots. The datasets are sourced from the 'eor_limits' Python
package, which provides a standardized interface to access these limits.

Note that for each dataset, the limits are grouped by redshift. For datasets containing multiple fields or
polarizations at the same redshift, they are treated as separate redshift entries.

Pro tips: You can click on a legend item to toggle its visibility. Double-clicking a legend item will
isolate it. Furthermore, you can zoom into a specific region of the plot by clicking and dragging your
mouse, or reset the view by double-clicking on the plot area. Hovering over data points will show
detailed information about that point.

Cosmology in the Alps,

¥ MWA (Yoshiura, 2021), =14.2 (EOR1 E-W)
le+12 ¥ MWA (Yoshiura, 2021), z=14.2 (EoR1 N-S)
¥ MWA (Rahimi, 2021), 7=6.5
v MWA (Rahimi, 2021), z=6.8
1e+10 =  MWA (Rahimi, 2021), z=7.1
MWA (Wilensky, 2023), 226.5

2 jas - = v MWA (Wilensky, 2023), 2=6.8
E -~ # v ¥ MWA (Wilensky, 2023), 2=7.1
a ¥ MWA (Nunhokee, 2025), z=6.5
leté M ad = ¥ MWA (Nunhokee, 2025), z=6.8
ad MWA (Nunhokee, 2025), z=7.0
A
Sara ?bi ¥ LOFAR (Patil, 2017), =83
M ¥ LOFAR (Patil, 2017), 2=9.15
kod ! LOFAR (Patil, 2017), z=10.1
100 - INEAD [Cahlat 7010} +=77 &
10 20 30
Redshift z
Plot type zrange
5.0 30.00
scatter v @ <
X axis log(k) range
-3.00 2.00
z v @ =l
- = . ar range
# Show x axis errors | Log x axis Lo & -
2010 2030
@ 0

# Show only lowest limit per z
*not pip-installable yet but stay tuned!
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Multi-wavelength synergies?

Dark Ages Cosmic Dawn
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Multi-wavelength synergies?
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Towards a multi-wavelength picture

Tra
T21 X L1 [1 — s ]

Ts(Tk,Lya)
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Towards a multi-wavelength picture

— 21-cm signal
& (SARASS3 non detection,
' HERA limits)
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Towards a multi-wavelength picture

— 21-cm signal
& (SARASS3 non detection,
' HERA limits)

Galaxy UVLFs
(HST, JWST)
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Towards a multi-wavelength picture

21-cm signal
(SARASS non detection,
| HERA limits)

Galaxy UVLFs
(HST, JWST)

Cosmic X-ray bg.
(Chandra, HEAO, Swift BAT, etc.)
(see e.g. Fialkov et al. 2017)
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Towards a multi-wavelength picture

Jiten Dhandha, Institute of Astronomy

Cosmology in the Alps, 2026

21-cm signal
(SARASS non detection,
| HERA limits)

Galaxy UVLFs
(HST, JWST)

Cosmic X-ray bg.
(Chandra, HEAO, Swift BAT, etc.)
(see e.g. Fialkov et al. 2017)

Neutral fraction
(Planck 7.y measurement)

Cosmic radio bg.
(ARCADE2, LWA1, Haslam, etc.)
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Multi-wavelength data
SARAS 3 non detection
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Harrison et al. (2016)
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’ © logy,[GH]
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Pochinda et al. (2024; arXiv:2312.08095) Dhandha et al. (2025a; arXiv:2503.21687)
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The simulation

* 21cmSPACE (Semi-numerical Predictions Across Cosmological Epochs)

_- " LR . : “ . ,l” e
- ,,‘ ‘ \ #

e

* Faster than numerical simulations (~3hr) 2 Easy to explore parameter space!

_|_
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The inference pipeline

Construct 7D parameter space
V67 f*,II7 MO7 Oé*, /8*7 fX7 frad

(¥

Extract 5 observables of interest:
X-ray background, radio background,
21-cm statistics, UVLFs

Vs

&

Train NNs to emulate the observables

e

U

Perform classical Bayesian inference to
get your astrophysical constraints

Vs

Profit???

Jiten Dhandha, Institute of Astronomy

Cosmology in the Alps, 2026

—  Joint
s UV luminosity function (Hubble + JWST)
Cosmic X — ray background (Chandra+)
wwss (Cosmic radio background (LWA1+)
messs 21 — cm power spectrum (HERA P1)
21 — cm global signal (SARAS 3)

logio(fert) logio(Ve)
[}

woN

log 10 Mp)

1 10
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o L]
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2K
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2

logyo(fr)
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1.0 1.5 — 2 -1 9 10 0.25 1.00 1.75 1.0 2.5 -2 0 2 0 2

log, (V) I"’gl()(‘jw” ) log (M) [ B K log,o(fx) log,(f:)
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The inference pipeline

2> V. <25km/s _ R

mmmms [JV luminosity function (Hubble + JWST)

@) SARASS pI’efeI‘S hlgh threShOId fOI‘ Stal’- E: B \ Cosmic X — ray background (Chandra+)

e (Cosmic radio bac

forming halos , = e 510 i
. o = PR : 8 | ~ 21 — c¢m global signal (SARAS 3)
o UVLFs disfavours that by direct galaxy ‘ -

observation

9 ﬁk) MO; a,, ﬁ* 3 . 5;“-:‘, ) —
o SFE constrained by HST/JWST UVLFs [ b S, I LS
: 1 ,,,! —_— Lo . ',‘t‘- o : "_" / 3 " ‘ |

> fx = 08553
o HERA disfavours weak IGM heating
o CXB disfavours strong IGM heating

2> f s 17
o HERA and CRB both strongly disfavour
excess radio background

25 1.00 1.75 1.0 2.5 4.0 0.045 0.065 2

log, (V) |.,gh)(./"v”) log, (M) e,
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What can we learn? - - -
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What can we learn? [l (SHGE (=

« Star-formation efficiency increases with redshifts at z > 10

« X-ray efficiency ~ expected low-metallicity HMXBs

4 . w \
4o Star-formation efficiency:
—o Sk s+ This work (0.2 — 95 keV)
S 2% 2510
] = 8% 2z=~12
( 21% 2z~ 15

X-ray efficiency:

log Lx /SFR = 40.4* -1

IR

S~
=
—
O]
=
|
n
80
—
)
~~
oo
3
n
~
%
%
(@]
Lol
o0
9

Radio efficiency:

log L,./SFR < 23.2
\ J
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Galactic

What can we learn? [

21-cm
signal

 Matter temperature, radio temperature, spin temperature, SFRD

Prior envelope —— Joint constraint posterior samples

PAPER (Greig + 16)

HERA (423, 21culC)

MWA (Nunhokee + 25)
LOFAR (Ghara + 25, A, # 0)

- Tg = Trad
A HERA (423, excess radio)

TS/TI‘ad(V21)

Jiten Dhandha, Institute of Astronomy

10°
10%
103
102
10t

10°

10t

-~ TcwMmB
- TK,adiabatic

Cosmology in the Alps, 2026

Matter temperature:
TK,adb ~ TK(Z = 15) ~ 6K

Toup < TK(Z — 6) 5 2000 K

Radio temperature:

Tems < Traa(z = 15) < 47K
TomB < Traa(z = 10) S 50K
TemB < Traa(z = 6) S 100K

Spin temperature: !!!!

(¥

o

TK,adb < TK(Z = 10) < 2TCMB

arXiv:2503.21687 + arXiv:2508.13761
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What can we learn?

Galactic
properties

IGM
properties

* Promising 21-cm global signal and power spectrum limits!

UVLF + CXB

Agl [mK?2]

>
g
—
3
&~

UVLF + CRB SARAS 3

Joint : UVLF + CXB + CRB + HERA + SARAS 3

v [MHz]
200

T51 [mK]

Jiten Dhandha, Institute of Astronomy

v [MHz]
200 100

k = 0.35 hMpc—?!

Cosmology in the Alps, 2026

[21-cm global signal: A

Y

105 Zmin §16
130MHz < vpin S 85 MHz

—200 mK S T21,min < —70mK

21-cm power spectrum:

ImK? < AZ (2 = 15) < 200 mK*
A2, (z =10) < 1000 mK*
A2 (z =8) < 180 mK?

(¥ %

arXiv:2503.21687 + arXiv:2508.13761
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What can we learn? |

Galactic
properties

J{

IGM
properties

* A ‘treasure-map’ / discovery space for observers

Jiten Dhandha, Institute of Astronomy

Vmin [MHZ]

100

Prior

Joint (68% C.I.)

L

Joint (95% C.1.)

Cosmology in the Alps, 2026

[21-cm global signal: A

—200mK < T21 ,min N —70mK
10 S Zmin S 16

130MHz < vpin S 85 MHz

21-cm power spectrum:

ImK? < AZ (2 = 15) < 200 mK*
A2, (z =10) < 1000 mK*
A2 (z =8) < 180 mK?

\ 4

arXiv:2503.21687 + arXiv:2508.13761
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Caveats?
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Caveats?
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Conclusions

Multi-wavelength constraints are cool and promising, but there’s still lot to be done!

Me realizing how much time I have
to finish my PhD thesis (c. 2026)

I'll be at Kavli IPMU, Tokyo starting Sept 2026. I'd love to collaborate and start new
projects, so please send me a message: jitendhandha.com / jvd29@cam.ac.uk.
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