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Marks the universe’s last major phase transition: from neutral to ionized hydrogen.

Shapes the large-scale structure of the intergalactic medium (IGM).

Is strongly linked to the formation and growth of the first galaxies and black holes.

Sets the stage for many observables: CMB secondary anisotropies, 21-cm signal, high-z
galaxy surveys.
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The brigthtness temperature describes the difference between the CMB temperature and the
spin temperature of neutral hydrogen
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Removing the contribution from the black body spectrum of the CMB yields the explicit 21-
cm signal:

0

50

100

150

200

250

300

350

400

2 4 6 8 10 12 14 16 18 20 22

In
te

ns
ity

 [M
Jy

/s
r]

Frequency [1/cm]

Cosmic microwave background spectrum (from COBE)

COBE data
Black body spectrum

Simulating the EOR with self-consistent growth of galaxies



The 21cm signal 5 / 16

Simulating the EOR with self-consistent growth of galaxies



The 21cm signal 6 / 16

[2]

Simulating the EOR with self-consistent growth of galaxies



The 21cm signal 7 / 16

𝑑𝑇b(𝒙, 𝑧) ≃ 𝑇0(𝑧) ⋅ 𝑥HI(𝒙, 𝑧) ⋅ (1 + 𝛿𝑏(𝒙, 𝑧)) ⋅
𝑥𝛼(𝒙, 𝑧)
1 + 𝑥𝛼(𝒙, 𝑧)

⋅ (1 − 𝑇CMB(𝑧)
𝑇gas(𝒙, 𝑧)

)

(e.g [2])
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Following [3], [4]:

𝜌𝛼(𝑟 | 𝑀, 𝑧) =
(1 + 𝑧)2

4𝜋𝑟2
⋅∑
𝑛𝑚

𝑛=2
𝑓𝑛 ⋅ 𝜀𝛼(𝜈′) ⋅ 𝑓⋆ ⋅ 𝑀̇(𝑧′ | 𝑀, 𝑧)

3
2
⋅ d𝜌ℎ(𝑟 | 𝑀, 𝑧)

d𝑧
= 3𝜌ℎ(𝑟 | 𝑀, 𝑧)

1 + 𝑧
−
𝜌xray(𝑟 | 𝑀, 𝑧)
𝑘𝐵(1 + 𝑧)𝐻(𝑧)

𝑥HII(𝑟 | 𝑀, 𝑧) = 𝜃H[𝑅𝑏(𝑀, 𝑧) − 𝑟]
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Lorem ipsum dolor sit amet, consectetur adipiscing elit, sed do eiusmod tempor incididunt ut
labore et dolore magnam aliquam quaerat.

slow and big
radiative transfer

⟹ semi-numerical approaches such as BEoRN [5]

validation
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This is a backup slide Lorem ipsum dolor sit amet, consectetur adipiscing elit, sed do
eiusmod tempor incididunt ut labore et dolore magnam aliquam quaerat voluptatem. Ut
enim aeque doleamus animo, cum corpore dolemus, fieri tamen permagna accessio potest, si
aliquod aeternum et infinitum impendere malum nobis opinemur. Quod idem licet transferre
in voluptatem, ut.
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Lorem ipsum dolor sit amet, consectetur adipiscing elit, sed do eiusmod tempor incididunt ut
labore et dolore magnam aliquam quaerat voluptatem. Ut enim aeque doleamus animo, cum
corpore dolemus, fieri tamen permagna accessio potest, si aliquod aeternum et infinitum
impendere malum nobis opinemur. Quod idem licet transferre in voluptatem, ut.
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𝐸 = 𝑚𝑐2
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𝐸 = 𝑚𝑐2

𝐹 = 𝑚𝑎
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