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CMB Galaxy surveys

ESO/M. Kornmesser
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“[…] it’s like missing your child’s life 
from the moment of conception to the 

first day of school, apart from a 
single ultra-sound. If we don’t have 
information about these formative 

years, what incorrect conclusions are 
we making about our Universe?”

— Emma Chapman (2022, UoM)

Galaxy surveysCMB
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The 21-cm signal
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Dark Ages Cosmic Dawn Epoch of Reionization

CMB acts as 
a back light!
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History of 21-cm cosmology

1930s 

Radio waves 
outside the Solar 

System (Karl 
Jansky 1933)

First radio maps of 
the sky (1940, 

1944, Grote Reber)  

Prediction by van 
del Hulst (1945), 
Shklovskii 1949)

First discrete 
source Cyg-A 

(Hey et al. 1946) 
in UK

First optical 
counterparts 

(Bolton et al. 1949) 
in Australia

Cambridge 1C 
(Ryle et al. 1950)

1951: Ewen and 
Purcell (Harvard), 
Muller and Oort 

(Leiden), and 
Christiansen and 

Hindman  (Sydney)

Radio stars 
(‘stellar’) sources vs 

synchrotron 
sources (‘galactic’)

Steady state vs Big 
Bang

21-cm: ISM in 
emission, and 

absorption against 
sources (e.g. 

Parkes survey of 
1972)

21-cm: IGM in 
absorption against 

sources!

Detection of the 
CMB!

Cosmological leap 
with Zel’dovich 

(1970, 1972)

21-cm: IGM at 
high-𝑧 

(Varshalovich and 
Khersonskii 1977, 
Hogan and Rees 

1979)

First attempts: 
Jodrell, MRAO

1940s 1950s 1960s 1970s 1980s 1990s 

More attempts: VLA, 
WSRT, Arecibo, etc.

Galaxy formation science 
with GMRT (Swarup and 

Subrahmanyan 1987, Scott 
and Rees 1990)

EoR science (Madau, 
Meiksin and Rees 1997)

“[…] by the way, radio astronomy can really become very important if there were at 
least one line in the radio spectrum. […]” – Oort to van del Hulst (1944)

“This whole episode was a fine example of international 
cooperation, which has always been the hallmark of most of the 
relationships in radio astronomy” – Kerr (1984)
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Status of 21-cm observations
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Dark Ages Cosmic Dawn Epoch of Reionization

NenuFAR HERA

LOFAR

MWA

SKAOVRO-LWA

SARAS

REACH

MIST

EDGES

PRIZM

RHINO

EIGSEP

We are entering an 
exciting phase of 21-cm 

experimentation

CosmoCube

DSL



Cosmology in the Alps, 2026Jiten Dhandha, Institute of Astronomy arXiv:2503.21687 + arXiv:2508.13761

Status of 21-cm observations
bit.ly/21cmExperiments 

An exhaustive public repository of 21-cm experiments
(see also bit.ly/21cmSimulators)
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Status of 21-cm observations
eorlimits.streamlit.app

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

*not pip-installable yet but stay tuned!
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Multi-wavelength synergies?

z ~ 15
t ~ 250 Myr

z ~ 6
t ~ 1 Gyr

z ~ 0
t ~ 13.7 Gyr

z ~ 10
t ~ 500 Myr

Chandra (X-ray)

Dark Ages Cosmic Dawn Epoch of Reionization

JWST (infrared)

Planck (radio)

z ~ 1000
t ~ 0.4 Myr

z ~ 80
t ~ 25 Myr

Hubble (optical)

z ~ 30
t ~ 100 Myr

LWA (radio)

SPHEREx
(NIR)

SPT (mm)

CONCERTO (CII)

ALMA (sub-mm)

CCAT-Prime 
(sub-mm)

VLT (optical)
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Multi-wavelength synergies?

z ~ 15
t ~ 250 Myr

z ~ 6
t ~ 1 Gyr

z ~ 0
t ~ 13.7 Gyr

z ~ 10
t ~ 500 Myr

Chandra (X-ray)

Dark Ages Cosmic Dawn Epoch of Reionization

JWST (infrared)

Planck (radio)

z ~ 1000
t ~ 0.4 Myr

z ~ 80
t ~ 25 Myr

Hubble (optical)

z ~ 30
t ~ 100 Myr

LWA (radio)

Abundance of bright galaxies at z > 10:
~25+ confirmed
~100+ candidates
Highest: z = 14.44 (MoMz14)

Finkelstein et al. 2024
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Towards a multi-wavelength picture

First luminous sources

IGM heating

Radio background

IGM ionization
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TS(TK ,Lyω)

]



Cosmology in the Alps, 2026Jiten Dhandha, Institute of Astronomy arXiv:2503.21687 + arXiv:2508.13761

Towards a multi-wavelength picture

First luminous sources

IGM heating

Radio background

IGM ionization

<latexit sha1_base64="EWnf1dGRGQh3BvZld4jAcGz5kiM=">AAACt3icjVHtihMxFM2MX2v96qr//BMswgpaOouurr8WV3DFBau224XOMGQydzqhmUxMMktLyCv5Pr6GT2DaTsEVBS8ELuece+/hJJOcaTMY/AjCK1evXb+xc7Nz6/adu/e6u/fPdN0oCmNa81qdZ0QDZwLGhhkO51IBqTIOk2x+vOInF6A0q8XILCUkFZkJVjBKjIfS7ncbr5fYSckMuFFq9yOHY6lqaWq8Jd8qRudfIHeLND awMPbkg/MqDoWZ4uh5XChC7VY8bJTk4PCo1SqSO+fsKP26t5V8UkTMVtc+umdb7JRV8F4BCLcZO126mHBZEvfUn1JsVprEpd1e1B+sC/+76aG2hmn3Z5zXtKlAGMqJ1tNoIE1iiTKMepOduNEgCZ2TGUx9K0gFOrFrRw4/8UiOi1r5Jwxeo79PWFJpvawyr6yIKfWf3Ar8GzdtTPE6sUzIxoCgm0NFw7GPfPVJOGcKqOFL3xCqmPeKaUl8yMZ/5aVN+QWTunW92Nju/F9IZ/v96KD/8vOL3tFhG9cOeoQeoz0UoVfoCJ2gIRojGjwM3gTHwbvwMEzDIiw30jBoZx6gSxV++wVX/91A</latexit>

T21 → xHI

[
1↑ Trad

TS(TK ,Lyω)

] 21-cm signal
(SARAS3 non detection, 

HERA limits)
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Cosmic X-ray bg. 
(Chandra, HEAO, Swift BAT, etc.)

(see e.g. Fialkov et al. 2017)

Towards a multi-wavelength picture
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IGM heating

Radio background

IGM ionization
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Neutral fraction
(Planck 𝜏!"# measurement)
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Cosmic X-ray bg. 
(Chandra, HEAO, Swift BAT, etc.)

(see e.g. Fialkov et al. 2017)

Cosmic radio bg. 
(ARCADE2, LWA1, Haslam, etc.)

Towards a multi-wavelength picture

First luminous sources

IGM heating

Radio background

IGM ionization
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Multi-wavelength data

Dhandha et al. (2025a; arXiv:2503.21687)  
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HERA Phase 1 SARAS 3 non detection

+ Planck 𝜏 
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• 21cmSPACE (Semi-numerical Predictions Across Cosmological Epochs)

Numerical radiative 
transfer

Analytic halo and star-
formation prescription +

• Faster than numerical simulations (~3hr) à Easy to explore parameter space!

The simulation
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The inference pipeline
Construct 7D parameter space

Train NNs to emulate the observables

Extract 5 observables of interest:
X-ray background, radio background, 

21-cm statistics, UVLFs

Perform classical Bayesian inference to 
get your astrophysical constraints

Profit???
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Vc, fω,II,M0,ωω,εω, fX , frad

Profit???
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à 𝑉! ≲ 25	𝑘𝑚/𝑠
o SARAS3 prefers high threshold for star-

forming halos
o UVLFs disfavours that by direct galaxy 

observation

à *𝑓∗, 𝑀#, 𝛼∗, 𝛽∗	
o SFE constrained by HST/JWST UVLFs

à 𝑓$ = 0.8%#.'().*

o HERA disfavours weak IGM heating
o CXB disfavours strong IGM heating

à 𝑓+ ≲ 17
o HERA and CRB both strongly disfavour 

excess radio background

The inference pipeline
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What can we learn? Galactic 
properties

IGM
properties

21-cm 
signal
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What can we learn? Galactic 
properties

IGM
properties

21-cm 
signal

• Star-formation efficiency increases with redshifts at z > 10
• X-ray efficiency ~ expected low-metallicity HMXBs

Star-formation efficiency:

X-ray efficiency:

Radio efficiency:

<latexit sha1_base64="Jq16UZV/LW9IoLfZn+koPjYFW7g="></latexit>

fω,II →






2% z ↭ 10

8% z → 12

21% z → 15
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What can we learn? Galactic 
properties

IGM
properties

21-cm 
signal

• Matter temperature, radio temperature, spin temperature, SFRD
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Prior envelope Joint constraint posterior samples Matter temperature:

Radio temperature:

Spin temperature: !!!!

<latexit sha1_base64="VN0kRpEqVBchDc/5DThTJ+8B3Bc="></latexit>

TK,adb → TK(z = 15) ↑ 6K

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

TCMB < TK(z = 6) ↭ 2000K

<latexit sha1_base64="FJmMjyzAL3JH769GSrMacYdr8gA="></latexit>

TCMB → Trad(z = 15) ↭ 47K

TCMB → Trad(z = 10) ↭ 50K

TCMB → Trad(z = 6) ↭ 100K
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Joint : UVLF + CXB + CRB + HERA + SARAS 3
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What can we learn?

21-cm global signal:

21-cm power spectrum:

<latexit sha1_base64="ZN/miAIxEhUTU5uY7pDDLr75ecY="></latexit>

→200mK ↭ T21,min ↭ →70mK

10 ↭ zmin ↭ 16

130MHz ↭ ωmin ↭ 85MHz

<latexit sha1_base64="cor7gUoQx8/3sA7Yvhs6FUKDtPA="></latexit>

9mK2 ↭ !2
21(z = 15) ↭ 200mK2

!2
21(z = 10) ↭ 1000mK2

!2
21(z = 8) ↭ 180mK2

Galactic 
properties

IGM
properties

21-cm 
signal

• Promising 21-cm global signal and power spectrum limits!
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What can we learn? Galactic 
properties

IGM
properties

21-cm 
signal

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

21-cm global signal:

21-cm power spectrum:

<latexit sha1_base64="ZN/miAIxEhUTU5uY7pDDLr75ecY="></latexit>

→200mK ↭ T21,min ↭ →70mK

10 ↭ zmin ↭ 16

130MHz ↭ ωmin ↭ 85MHz

<latexit sha1_base64="cor7gUoQx8/3sA7Yvhs6FUKDtPA="></latexit>

9mK2 ↭ !2
21(z = 15) ↭ 200mK2

!2
21(z = 10) ↭ 1000mK2

!2
21(z = 8) ↭ 180mK2
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Caveats?

YES :(
(everything is model dependent) 
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Caveats?
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Rotating Pop III stars can 
ionize the Universe early!
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Rotating Pop III stars can 
ionize the Universe early!

Some Pop III IMFs can 
heat the Universe early!
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Caveats?
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Rotating Pop III stars can 
ionize the Universe early!

Some Pop III IMFs can 
heat the Universe early!

Pop III stochasticity 
can affect the PS!
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Multi-wavelength constraints are cool and promising, but there’s still lot to be done!

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.

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

Star-formation efficiency:

X-ray efficiency:

Radio efficiency:

<latexit sha1_base64="Jq16UZV/LW9IoLfZn+koPjYFW7g="></latexit>

fω,II →






2% z ↭ 10

8% z → 12

21% z → 15

<latexit sha1_base64="45BDsXIFh+FvhJXhljZicD1/hSA=">AAACEXicjVDJSgNBEO1xjXGLevTSGISAOM7EuFyEgCAePMQlC2TGoafTSZr0LHTXiGGYX/Dir3jxoIhXb978GyfLQUXBBwWP96qoqueGgiswjA9tYnJqemY2M5edX1hcWs6trNZUEEnKqjQQgWy4RDHBfVYFDoI1QsmI5wpWd3vHA79+w6TigX8F/ZDZHun4vM0pgVRycgVLBB185jR2LGC3EF+eXCT4CJcMvXQdb5m6mTjxtqHvJk4ub+rGEPhvkkdjVJzcu9UKaOQxH6ggSjVNIwQ7JhI4FSzJWpFiIaE90mHNlPrEY8qOhx8leDNVWrgdyLR8wEP160RMPKX6npt2egS66qc3EH/zmhG0D+2Y+2EEzKejRe1IYAjwIB7c4pJREP2UECp5eiumXSIJhTTE7P9CqBV1c1/fOy/ly8VxHBm0jjZQAZnoAJXRKaqgKqLoDj2gJ/Ss3WuP2ov2Omqd0MYza+gbtLdPEEaalQ==</latexit>

logLX/SFR = 40.4+1.1
→0.3

<latexit sha1_base64="5o8JggTuGqd9q4lW7SNJdm38Bks=">AAACCnicjVDJSgNBEO2JW4zbqEcvrUHwFJNxPQYE8eAhLlkgMww9nUrSpGehu0YMQ85e/BUvHhTx6hd482+cLAcVBR8UPN6roqqeF0mhsVj8MDJT0zOzc9n53MLi0vKKubpW02GsOFR5KEPV8JgGKQKookAJjUgB8z0Jda93MvTrN6C0CINr7Efg+KwTiLbgDFPJNTdtGXbouat2bYRbTK5OLwfUlqC1Fj619gqWa+ZLheII9G+SJxNUXPPdboU89iFALpnWzVIxQidhCgWXMMjZsYaI8R7rQDOlAfNBO8nolQHdTpUWbYcqrQDpSP06kTBf677vpZ0+w67+6Q3F37xmjO1jJxFBFCMEfLyoHUuKIR3mQltCAUfZTwnjSqS3Ut5linFM08v9L4SaVSgdFg4u9vNlaxJHlmyQLbJDSuSIlMkZqZAq4eSOPJAn8mzcG4/Gi/E6bs0Yk5l18g3G2ydjOJlh</latexit>

logLr/SFR ↭ 23.2

21-cm global signal:

21-cm power spectrum:

<latexit sha1_base64="ZN/miAIxEhUTU5uY7pDDLr75ecY="></latexit>

→200mK ↭ T21,min ↭ →70mK

10 ↭ zmin ↭ 16

130MHz ↭ ωmin ↭ 85MHz

<latexit sha1_base64="cor7gUoQx8/3sA7Yvhs6FUKDtPA="></latexit>

9mK2 ↭ !2
21(z = 15) ↭ 200mK2

!2
21(z = 10) ↭ 1000mK2

!2
21(z = 8) ↭ 180mK2

Conclusions


