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The first billion years!

21-Centimeter
Cosmology Explained
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DARK AGES

Epoch of reionization (EoR): weakly Lyman a: large optical depth, absorbed at
constrained high neutral fraction of hydrogen.
% First sources of radiation? 21 cm emission

% How reionization happened?

Credits: Kelly/Discover magazine



Observation of 21-cm Signal
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Observing type: Single radiometer
Signal: Global 21-cm Signal

Experiments: EDGES, SARAS, BigHorns, LEDA, REACH
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Observing type: Radio Interferometers
Signal : HI 21cm Power Spectrum, Tomography of IGM

Experiments : LOFAR, GMRT, HERA, MWA, SKA
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Main processes:

1) Collisional coupling

2) Lya coupling
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A challenging experiment

Extragalactic Foregrounds —

Complex Sources

Astrophysical foreground

Galactic Forgrounds = :
Earth’s Ionosphere 2% b5 A

T )

Radio Frequency Interference (RFT)

Thermal Noise : ) W
Instrumental Systematics
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Chokshi et al., 2024



Global 21c¢m Signal
+

Foreground
+

Ionospheric effects
+

Thermal Noise

T ieno (mK)

ANN Framework for Global 21cm

Developed an ANN-based
framework to rapidly infer
21-cm signal parameters
directly from composite sky
spectra, including foregrounds

and instrumental systematics.
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True vs ML-Predicted Global 21-cm Signal
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Frequency (MHz)
P1 P2 P3 P4 P5 P6
True 14.2000 6.7000 9.7700 3.3100 2.8300 2.8200
Predicted 14.1595 6.2139 9.7655 3.3256 3.3230 2.8217
Error 0.0198  0.5248 0.0166 0.0097 0.5393 0.0050

TARANG-21: Training-based Al for Recovery &

Analysis of the Global 21-cm Signal



Observed PS with SKA
Theoretical PS

Building a signal statistics A _
strophysical
emulator Parameters

Speed up the random walk in a
large multi-dimensional
parameter space by emulating
the signal statistics instead of
time consuming simulations
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The UV Luminosity Function as a Cosmic
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The Reionization Photon Budget: Integrating the UVLF reveals o s
the total number of ionizing photons escaping into the | Ponyan e . (2023
Intergalactic Medium (IGM) to drive the Epoch of Reionization.
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Mapping Dark Matter Halos: The shape of the UVLF translates
directly to the underlying Dark Matter Halo Mass Function, linking
visible light to invisible mass.

-
=)
L]

.
el

jf

¢ /mag / Mpc3
ol

=
5}

=
=)
i1

z=11 z=12.5

-
£

¥ McLeod et al. (2024) # Donnan etal. (2024)
Donnan et al. (2024) Adams et al. (2024)

§  Leungetal. (2023) ¥ Gonzalez et al. (2023)

¥ Finkelstein et al. (2024) b

¥ Gonzalez et al. (2023)

Probing Feedback Physics: The faint-end slope and turnover
mass (Mturn) tell us exactly where and how early star formation
was suppressed by supernovae or inefficient cooling.

,_.
5] =

& 2
h

-
5]
L

¢ /mag / Mpc3

]
g it ] ]
The JWST Revolution: Observations at z>10 test our l Uk T

fundamental assumptions about how rapidly the very first

=
=)
1

galaxies assembled.
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UV Luminosity Function (UVLF): Traces
early galaxy populations and constrains o0
star-formation and ionizing photon production ]
efficiencies.
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21cmFAST_v4: Key Parameters Used to Model the JWST UV
Luminosity Function

*,10 : The baseline star formation efficiency for a 10'°Me halo.
a*: How steeply star formation efficiency scales with halo mass (mass-dependence).

M. : The minimum halo mass threshold where star formation is exponentially

turn

suppressed (usually due to feedback or inefficient gas cooling).

t+: The star formation timescale (represented as a fraction of the Hubble time at that
redshift).

o* : The new scatter parameter, representing the burstiness/stochasticity of the galaxies.
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Bayesian vs ML
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The Bayesian-based
approach took a full day,
while the machine
learning-based approach
completed in just about
an hour.
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Redshift (z) f..10 a, M L o,
2=9.0 -1.168 = 0.434 | 0.347 = 0.092 | 9.870 = 0.835 | 0.528 = 0.017 | 0.482 £ 0.041
z = 10.0 -1.079 = 0.093 | 0.287 = 0.053 | 9.246 %= 0.201 | 0.497 = 0.016 | 0.483 %= 0.003
z=11.0 -0.939 = 0.074 | 0.266 = 0.054 | 8.901 = 0.286 | 0.533 = 0.019 | 0.543 £ 0.008
z=12.5 -0.809 £ 0.490 | 0.317 = 0.145 | 8.996 = 0.522 | 0.494 = 0.047 | 0.494 £ 0.013
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Evolution of Galaxy Properties

Increasing Star Formation Efficiency: The baseline efficiency (F*) steadily rises from —1.16 at z=9 to —0.81 at

z=12.5. Early galaxies were remarkably efficient at converting gas into stars, which helps explain the excess of bright
galaxies observed by JWST.

Active Star Formation in Smaller Halos: The turnover mass (M, ) shifts down from ~9.87 at z=9 to ~8.90-9.00 at
z>10. This suggests lower-mass dark matter halos were actively hosting star formation in the very early Universe,
possibly before accumulated feedback mechanisms could heavily suppress them.

Consistent Burstiness: The stochastic scatter (%) remains highly stable around 0.5 across all measured redshifts. This

confirms that early star formation was fundamentally bursty, requiring this scatter to properly fit the bright end of the UV
Luminosity Function.

Stable Timescales and Scaling: Both the mass-scaling dependence (ax~0.3) and the star formation timescale (t*¥~0.5)
show minimal evolution. The fundamental physics governing how long starbursts last and how efficiency scales with
halo mass appear steady during this epoch.
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Auto Encoder and Decoder

Encoder

UVLF (UVLF)
ot D ’ Parameter
oint Decoder Estimates

Encoder

21cm PS (21 PS)

Joint UVLF-21-cm Analysis via ML
Joint Insight: Using UVLF

copstra_ints improves modgling of Caso Teid O Jacll Oee G Mg 1080(Lx)
ionizing sources and refines True Parameters  —2.39 0.302 —0.60 —0.686 0.87 8.72  39.34
predictions of the 21-cm signal from 21-cm PS Only  —0.88 0.322 —2.13 —0.184 0.50 8.99  40.94
the IGM. 21-cm PS + UVLF —2.47 0.283 —1.13 —0.246 0.62 8.79  39.76
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Ongoing work

Expand Training Data: Train the model on larger, more diverse simulated datasets to improve its overall
accuracy and predictive performance.

Incorporate Updated Observations: Integrate the latest observational UVLF datasets (such as new
JWST constraints) so the model reflects our most current understanding of early galaxies.
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Thank You.
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