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Setting the scene — Hydrogen as a tracer
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The 21-cm signal

YCMB
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The 21-cm signal
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Atomic Physics —



The 21-cm signal

CMB temperature

The spin temperature is dictated by its (de)coupling to T}, and 1. This is determined by:

1. Absorption and emission of 21cm photons from and to the CMB
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The 21-cm signal

CMB temperature

\ / Gas kinetic temperature
1 1

TS -1 _ 7 heating dependent

The spin temperature is dictated by its (de)coupling to T}, and 1. This is determined by:

1. Absorption and emission of 21cm photons from and to the CMB

2. Collisional coupling between H atoms
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The 21-cm signal

CMB temperature
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/ Gas kinetic temperature
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heating dependent
UV dependent

The spin temperature is dictated by its (de)coupling to T}, and 1. This is determined by:

1. Absorption and emission of 21cm photons from and to the CMB

2. Collisional coupling between H atoms

3. Wouthuysen-Field Effect (Lyman-alpha photons)

Dominic Agius — (IFIC, CSIC-UV, Valencia)



21lcm physics (a primer)

Differential brightness temperature
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21lcm physics (a primer)
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21lcm physics (a primer)

Differential brightness temperature / CMB temperature
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The 21-cm signal
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The 21-cm signal
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The 21-cm signal — zoomed in
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The 21-cm signal — convert to temperature
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The 21-cm signal
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The standard story
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EoR Heating Cosmic Dawn Dark Ages 1

%1 [sz]

Radiative coupling most efficient (too low
densities for collisions) and 1y >~ 1,
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The standard story

100

Radiative coupling most efficient (too low

densities for collisions) and 1y >~ 1,

Lyman-alpha photons from first sources
couples 1¢ — T, through the WF effect

EoR Heating Cosmic Dawn Dark Ages 1

%1 [sz]
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%1 [mKQ]

The standard story

100

80

Radiative coupling most efficient (too low

densities for collisions) and 1y >~ 1,

~_. Lyman-alpha photons from first sources

couples 1¢ — T, through the WF effect

X-ray heating of the gas, where WF effect still

Heating Cosmic Dawn Dark Ages 1

couples 1T — 1% We see emission when
I >1,

T ol e,

Tg_l —

1+x + 2.,
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21cm physics (with exotica)
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21cm physics (with exotica)
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21cm physics (with exotica)
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The broad picture
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The broad picture —

Expensive Simulations

See Nathan Cohen’s
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The signal space from ‘standard’ astrophysics is wide
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Independent constraints on astropnysics

- UVLFs [1809.08995,2003.04442, 211013919, etc.|
- CMB optical depth [1809.08995, 2502.03525, etc.]

- Chandra X-ray and HERA additional heating [2502.03525, 2108.07282, etc.]

- Starburst99 Synthesis models (+ more recent)
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We choose scenarios consistent with opservations:

I I I
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Accreting PBHs: A typical heating signal

L =c¢c (M) Mc?
d°E Y PDM
dV dr | ._ iV

1nj

Details in [2403.18895, 2510.14877]
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Accreting PBHs: A typical heating signal

[Image from Jeremy Schnittman - NASA]

For other heating signals
see Daniela Montes Doria’s
talk on Thursday

“Exotic energy injection in
the 21-cm power spectrum”

Details in [2403.18895, 2510.14877]
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LESS-CONSTRAINING SCENARIO: N, =3 x 103, Lx = 10* ergs™* M ' yr, T\;; = 10K
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The astropnysical scenario matters
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Consider Lyman-a instead ot
neating



Lyman-alpha from particle (e.g. axion) decay

1.0 )
) - Ly«
- —— Heat
0'8__ H 1on
: ——  (Continuum
0.6‘_
0.4-
0.2-
O'O__ LI L L oottt
20) 20 30 30 4() 45 510
m, |eV]

Ay 4

Dominic Agius — (IFIC, CSIC-UV, Valencia)

34



Lyman-alpha from particle (e.g. axion) decay

1.0-

0.8

0.6 -

0.2-

0.44

0.0

— Ly«
——— Heat
—— H 1on
——  (Continuum
L—o— |
' ot
20) 20 30 30 4() 45
m, eV

o0

Tg_l —

Ay /4

TW_l -+ ZEka_l -+ xaTk_l

l+x + 2,
extra Lyman-a (new)

extra heating (old)

Dominic Agius — (IFIC, CSIC-UV, Valencia)

35



Back to the 21-cm signal
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Fiducial scenario bound
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Scenario Lx/M. NHSE  Nivel Nl NLSC
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Fiducial scenario bound
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Fiducial
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;What else can we learn from this?
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