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I. Cosmic evolution
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large galaxy surveys

Years after the Big Bang

Big Bang

300-400t 0.1 billion >13 billion4 billion1 billion

Dark Ages Cosmic Dawn, Reionization Cosmic Noon

JWST, HST

Where information on cosmology comes from.

Inflation
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⌦b

I. Cosmic Microwave Background

Here: Summary CMB, video cosmo-dependency?
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Temperature fluctuationsTemperature fluctuations from sound waves

<latexit sha1_base64="/tjIxb6NWSTX7Up/zplQTUsXRZU="></latexit>

⌦b,⌦c,⌦⇤, ...Cosmological parameters = 
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Polarisation fluctuations

B-mode  
from lensing
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�E,

E-mode from 
Sound waves

B-mode from GW

(+ integrated quantities)
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I. Cosmic Microwave Background

<latexit sha1_base64="Se1+1auoGXyplemhM++52eoAxtc=">AAAB+XicbVDLSsNAFJ3UV42vqEs3g0VwVRKR6rLoxoVgBfuAJoTJZNoOnZmEmUmhhP6JGxeKuPVP3Pk3TtostPXAwOGce7h3TpQyqrTrfluVtfWNza3qtr2zu7d/4BwedVSSSUzaOGGJ7EVIEUYFaWuqGemlkiAeMdKNxreF350QqWginvQ0JQFHQ0EHFCNtpNBx/AdOhij0700mRrYdOjW37s4BV4lXkhoo0QqdLz9OcMaJ0Jghpfqem+ogR1JTzMjM9jNFUoTHaEj6hgrEiQry+eUzeGaUGA4SaZ7QcK7+TuSIKzXlkZnkSI/UsleI/3n9TA+ug5yKNNNE4MWiQcagTmBRA4ypJFizqSEIS2puhXiEJMLalFWU4C1/eZV0Lupeo954vKw1b8o6quAEnIJz4IEr0AR3oAXaAIMJeAav4M3KrRfr3fpYjFasMnMM/sD6/AEXypKr</latexit>

⌦⇤

<latexit sha1_base64="y+TLecIzEZQom61R2DE/zmhv12A=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUSkuiy6cWcF+4AmhMl02g6dmYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnShhV2nW/rZXVtfWNzdJWeXtnd2/frhy0VZxKTFo4ZrHsRkgRRgVpaaoZ6SaSIB4x0onG17nfeSBS0Vjc60lCAo6Ggg4oRtpIoV3xbzkZotDnSI8kz/A0tKtuzZ3BWSZeQapQoBnaX34/xiknQmOGlOp5bqKDDElNMSPTsp8qkiA8RkPSM1QgTlSQzaJPnROj9J1BLM0T2pmpvzcyxJWa8MhM5gnVopeL/3m9VA8ug4yKJNVE4PmhQcocHTt5D06fSoI1mxiCsKQmq4NHSCKsTVtlU4K3+OVl0j6refVa/e682rgq6ijBERzDKXhwAQ24gSa0AMMjPMMrvFlP1ov1bn3MR1esYucQ/sD6/AGiAZRE</latexit>

⌦c

<latexit sha1_base64="y+TLecIzEZQom61R2DE/zmhv12A=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUSkuiy6cWcF+4AmhMl02g6dmYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnShhV2nW/rZXVtfWNzdJWeXtnd2/frhy0VZxKTFo4ZrHsRkgRRgVpaaoZ6SaSIB4x0onG17nfeSBS0Vjc60lCAo6Ggg4oRtpIoV3xbzkZotDnSI8kz/A0tKtuzZ3BWSZeQapQoBnaX34/xiknQmOGlOp5bqKDDElNMSPTsp8qkiA8RkPSM1QgTlSQzaJPnROj9J1BLM0T2pmpvzcyxJWa8MhM5gnVopeL/3m9VA8ug4yKJNVE4PmhQcocHTt5D06fSoI1mxiCsKQmq4NHSCKsTVtlU4K3+OVl0j6refVa/e682rgq6ijBERzDKXhwAQ24gSa0AMMjPMMrvFlP1ov1bn3MR1esYucQ/sD6/AGiAZRE</latexit>

⌦c

Caroline Heneka, Advanced Cosmology SoSe 2025



Microwave 
CMB

Infrared 
CIB

Radio  
CRB  21cm Emission Lines 

LIM

(Cosmic)                         (s)Background

Cosmic Backgrounds
Neutrino 

CνB

Gravitational Wave 
GW

6Caroline Heneka, Advanced Cosmology SoSe 2025



I. Cosmic evolution & new backgrounds
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300-400t 0.1 billion >13 billion4 billion1 billion

CMB Dark Ages Cosmic Dawn, Reionization Cosmic Noon

21cm Background

+ line backgrounds (LIM: CO/CII, Lyα, ..)

Information on cosmology across the (almost) entire evolution.

Years after the Big Bang

Big Bang
Inflation

Map up to 80% of the observable Universe.

DM?

Evolving DE?Inflation?
large galaxy surveys

Modified Gravity?

Caroline Heneka, Advanced Cosmology SoSe 2025
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I. Background fluctuations
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What is the Large-Scale-Structure? Distribution of matter

It emerges due to gravitational instability and its evolution is governed by cosmology. 

Credit: Springel et al. (2005)

Background - Friedmann eqs:

Perturbations - fluctuations:

Key parameters:
<latexit sha1_base64="Ze+GFg4PX0Xv1pY36rx+MvxkGe0=">AAACNXicjZDLSgMxFIYzXmu9jbp0EyyCCylTkeqy6MZFwQr2Ap1hyGQybWiSGZKMUIa+lBvfw5UuXCji1lcw03ZRrYI/BA7ffw7n5A8SRpV2nGdrYXFpeWW1sFZc39jc2rZ3dlsqTiUmTRyzWHYCpAijgjQ11Yx0EkkQDxhpB4PL3G/fEaloLG71MCEeRz1BI4qRNsi3633fOYbuNSc95Lsc6b7kWTCaQ3geyRlUNxtD5NulStkZC/5dlMBUDd9+dMMYp5wIjRlSqltxEu1lSGqKGRkV3VSRBOEB6pGuKQXiRHnZ+NcjeGhICKNYmic0HNPZiQxxpYY8MJ35xeqnl8PfvG6qo3MvoyJJNRF4sihKGdQxzCOEIZUEazY0BcKSmlsh7iOJsDZBF/8XQuukXKmWqzenpdrFNI4C2AcH4AhUwBmogSvQAE2AwT14Aq/gzXqwXqx362PSumBNZ/bAN1mfX1Gaq9M=</latexit>

h0,⌦b,⌦c,⌦r,⌦⇤

ΛCDM, + extensions: wCDM, MG, quintessence, warm DM, …

<latexit sha1_base64="RwNKonL6FbMDGmxHwcN0eWhtD/s=">AAACGXicjZDLSsNAFIYnXmu9RV26GSyCixASkeqyqKAboQV7gTaEyXTSDp1JwszEUkJfw42v4saFIi515ds4aYuoKPjDwOH7z+Gc+YOEUakc592Ym19YXFourBRX19Y3Ns2t7YaMU4FJHccsFq0AScJoROqKKkZaiSCIB4w0g8FZ7jdviJA0jq7VKCEeR72IhhQjpZFvOkPfseDQRxa88Dscqb7gGQnDsQVrFuSfqHl+pZFt275Zcm1nIvh3UQIzVX3ztdONccpJpDBDUrZdJ1FehoSimJFxsZNKkiA8QD3S1mWEOJFeNvnZGO5r0oVhLPSLFJzQrxMZ4lKOeKA780PlTy+Hv3ntVIUnXkajJFUkwtNFYcqgimEeE+xSQbBiI10gLKi+FeI+EggrHWbxfyE0Dm23bJdrR6XK6SyOAtgFe+AAuOAYVMAlqII6wOAW3INH8GTcGQ/Gs/EybZ0zZjM74JuMtw8EKJ5y</latexit>

w0, wa, Ge↵ , Q,mWDM, ...
<latexit sha1_base64="VnQnacYuXbYAc68Hbg4to4lKRw0=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwY0hqbetCKLpx4aKCfUATymQyaYdOJmFmopTQ33DjQhG3/ow7/8ZJW0StBwYO55zLvXO8mFGpLOvTyC0tr6yu5dcLG5tb2zvF3b22jBKBSQtHLBJdD0nCKCctRRUj3VgQFHqMdLzRVeZ37omQNOJ3ahwTN0QDTgOKkdKS89B3bnTYRxcndr9Ysszzul2uncKMVCv2GbRNa4pvUgJzNPvFD8ePcBISrjBDUvZsK1ZuioSimJFJwUkkiREeoQHpacpRSKSbTm+ewCOt+DCIhH5cwan6cyJFoZTj0NPJEKmh/Otl4n9eL1FB3U0pjxNFOJ4tChIGVQSzAqBPBcGKjTVBWFB9K8RDJBBWuqaCLmHhy4ukXTbtqlm9rZQal/M68uAAHIJjYIMaaIBr0AQtgEEMHsEzeDES48l4Nd5m0Zwxn9kHv2C8fwFmjJFL</latexit>

w⇤ = �1

Caroline Heneka, Advanced Cosmology SoSe 2025
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What is the Large-Scale-Structure?

B) Intensity Mapping 
~ tracer of fluctuations

A) Individual sources 
~ peaks in the DM field

Distribution of gas + sources.

Credit: DESI 

Credit: Planck 

21cm 

I. Background fluctuations

Caroline Heneka, Advanced Cosmology SoSe 2025

Credit: A. Cooray

Credit: A. Cooray, HST



SUMMARY 1

Cosmic Backgrounds trace the LSS of the Universe. 

Their structure and evolution is sensitive to cosmology.

Caroline Heneka, Advanced Cosmology SoSe 2025



The Cosmic 21cm Background

Caroline Heneka, Advanced Cosmology SoSe 2025
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Hydrogen  = 74% of baryonic matter

λ ~ 21 cm 
ν ~ 1.42 GHz

Spin Temperature in thermodynamic equilibrium:

<latexit sha1_base64="6ZtA1ZJ2TKSs0yZo9RYAqxJ/g6c="></latexit>

n1

n0
=

g1
g0

exp

✓
� �E

kBTS

◆

}<latexit sha1_base64="jono/YaEqJc5Om2h9Xl6UgIbTtc=">AAAB73icjVDJSgNBEK1xjXGLevTSGARPYSISPQYX8BjBLJAMoadTkzTpWeyuEcKQn/DiQRGv/o43/8bOclBR8EHB470qqur5iZKGXPfDWVhcWl5Zza3l1zc2t7YLO7sNE6daYF3EKtYtnxtUMsI6SVLYSjTy0FfY9IcXE795j9rIOLqlUYJeyPuRDKTgZKVW5xIVcXbVLRTLJXcK9jcpwhy1buG904tFGmJEQnFj2mU3IS/jmqRQOM53UoMJF0Pex7alEQ/ReNn03jE7tEqPBbG2FRGbql8nMh4aMwp92xlyGpif3kT8zWunFJx5mYySlDASs0VBqhjFbPI860mNgtTIEi60tLcyMeCaC7IR5f8XQuO4VK6UKjcnxer5PI4c7MMBHEEZTqEK11CDOghQ8ABP8OzcOY/Oi/M6a11w5jN78A3O2ydQMI+D</latexit>

�E

<latexit sha1_base64="0npJn/3A/HUwr9CfaiPJTBlO2aE=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmkRIljA7mU2GzM4sM71CWPIJXjwo4tUv8ubfOHkcVBQsaCiquunuilIpLPr+h1dYWl5ZXSuulzY2t7Z3yrt7Laszw3iTaanNXUQtl0LxJgqU/C41nCaR5O1odDn12/fcWKHVLY5THiZ0oEQsGEUn3ahe0CtXgqo/A/mbVGCBRq/83u1rliVcIZPU2k7gpxjm1KBgkk9K3czylLIRHfCOo4om3Ib57NQJOXJKn8TauFJIZurXiZwm1o6TyHUmFIf2pzcVf/M6GcbnYS5UmiFXbL4oziRBTaZ/k74wnKEcO0KZEe5WwobUUIYundL/QmidVINatXZ9WqlfLOIowgEcwjEEcAZ1uIIGNIHBAB7gCZ496T16L97rvLXgLWb24Ru8t08Ea42k</latexit>n1

<latexit sha1_base64="3bUu0gH44ve7XKL3i03+vi31v/o=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmkRIljA7mU2GzM4sM71CWPIJXjwo4tUv8ubfOHkcVBQsaCiquunuilIpLPr+h1dYWl5ZXSuulzY2t7Z3yrt7Laszw3iTaanNXUQtl0LxJgqU/C41nCaR5O1odDn12/fcWKHVLY5THiZ0oEQsGEUn3aie3ytXgqo/A/mbVGCBRq/83u1rliVcIZPU2k7gpxjm1KBgkk9K3czylLIRHfCOo4om3Ib57NQJOXJKn8TauFJIZurXiZwm1o6TyHUmFIf2pzcVf/M6GcbnYS5UmiFXbL4oziRBTaZ/k74wnKEcO0KZEe5WwobUUIYundL/QmidVINatXZ9WqlfLOIowgEcwjEEcAZ1uIIGNIHBAB7gCZ496T16L97rvLXgLWb24Ru8t08C542j</latexit>

n0

<latexit sha1_base64="slb9H6wQoI3aUDyu4qzKonNw7Is=">AAAB7nicjVBNS8NAEJ3Ur1q/qh69LBbBU0lUqheh6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuE17UFHwwcDjvRlm5gWJFAZd98MpLC2vrK4V10sbm1vbO+XdvZaJU814k8Uy1p2AGi6F4k0UKHkn0ZxGgeTtYHw989v3XBsRqzucJNyP6FCJUDCKVmoP+x65JKf9csWrujnI36QCCzT65ffeIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn+XnTsmRVQYkjLUthSRXv05kNDJmEgW2M6I4Mj+9mfib100xvPAzoZIUuWLzRWEqCcZk9jsZCM0ZyokllGlhbyVsRDVlaBMq/S+E1knVq1Vrt2eV+tUijiIcwCEcgwfnUIcbaEATGIzhAZ7g2UmcR+fFeZ23FpzFzD58g/P2CZ0SjnU=</latexit>

g1 = 3

<latexit sha1_base64="Q5/kjpcXItJYZwfEh/TfCbQRoIY=">AAAB7nicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCCYRkiXMTmaTIbMzy0yvEJZ8hBcPinj1e7z5N04eBxUFCxqKqm66u6JUCou+/+EVlpZXVteK66WNza3tnfLuXsvqzDDeZFpqcxdRy6VQvIkCJb9LDadJJHk7Gl1N/fY9N1ZodYvjlIcJHSgRC0bRSe1BzycXJOiVK0HVn4H8TSqwQKNXfu/2NcsSrpBJam0n8FMMc2pQMMknpW5meUrZiA54x1FFE27DfHbuhBw5pU9ibVwpJDP160ROE2vHSeQ6E4pD+9Obir95nQzj8zAXKs2QKzZfFGeSoCbT30lfGM5Qjh2hzAh3K2FDaihDl1DpfyG0TqpBrVq7Oa3ULxdxFOEADuEYAjiDOlxDA5rAYAQP8ATPXuo9ei/e67y14C1m9uEbvLdPmIKOcg==</latexit>

g0 = 1

}

=3

II. Basics of the 21cm Background

Caroline Heneka, Advanced Cosmology SoSe 2025
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1. Absorption & stimulated emission γ’s 

2. (De-)excitation (other HI, e-, p) via collisions 

3. Lyman-alpha coupling (Wouthuysen 1952, Field 1959)

 
+ spontaneous emission 1 spin-flip per 10 Mio. years per hydrogen

<latexit sha1_base64="isO/Vydj7loydJbfeCAmsEABby0="></latexit>

nH(z)=
⇢b
mp

(1� YHe)(1 + z)3⇡ 0.19 (1 + z)3 [atoms/m3]

Cosmology

<latexit sha1_base64="1u/MoGwsoWOLVh7AOwvDucojpyQ=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4j5AXJEnons8mQmdl1ZlYIIT/hxYMiXv0db/6Nk8dBRcGChqKqm+6uKBXcWN//8HIrq2vrG/nNwtb2zu5ecf+gaZJMU9agiUh0O0LDBFesYbkVrJ1qhjISrBWNrmd+655pwxNVt+OUhRIHiseconVSu97rDlBK7BVLQdmfg/xNSrBErVd87/YTmkmmLBVoTCfwUxtOUFtOBZsWuplhKdIRDljHUYWSmXAyv3dKTpzSJ3GiXSlL5urXiQlKY8Yycp0S7dD89Gbib14ns/FlOOEqzSxTdLEozgSxCZk9T/pcM2rF2BGkmrtbCR2iRmpdRIX/hdA8KweVcuX2vFS9WsaRhyM4hlMI4AKqcAM1aAAFAQ/wBM/enffovXivi9act5w5hG/w3j4B7KGP6g==</latexit>

T�

CMB
<latexit sha1_base64="kfzXwJSxMmUJ6tkgtvrvC9sHCVs=">AAACLHicjVDLSgMxFM34tr6qLt0Ei1BByoyIuvSxcaeCVaGtw530tg3NZIbkjlCGfpAbf0UQF4q49TtMaxcqCh4InHvOuSQ5UaqkJd9/8cbGJyanpmdmC3PzC4tLxeWVS5tkRmBVJCox1xFYVFJjlSQpvE4NQhwpvIq6xwP/6haNlYm+oF6KjRjaWrakAHJSWDwu109jbEMY8c7N9hYfTWI41amDBGFu+45CtqVD6xJKlwP/Jg/8Pj8M7eZmISyWgoo/BP+blNgIZ2Hxsd5MRBajJqHA2lrgp9TIwZAUCvuFemYxBdGFNtYc1RCjbeTDz/b5hlOavJUYdzTxofp1I4fY2l4cuWQM1LE/vYH4m1fLqLXfyKVOM0ItPi9qZYpTwgfN8aY0KEj1HAFhpHsrFx0wIMj1+88SLrcrwW5l93yndHA0qmOGrbF1VmYB22MH7ISdsSoT7I49sGf24t17T96r9/YZHfNGO6vsG7z3DwHDpP8=</latexit>

(⌦bh
2,⌦ch

2, ✓s, ⌧, ns, ln(10
10As))

<latexit sha1_base64="pkmV05/MlnUV615PEsJgXC7yP9g=">AAACAHicjVBNS8NAEN3Ur1q/oh48eFksQgUpiUj1WPTSYwXbCk0Im82mXbrZDbsboYZe/CtePCji1Z/hzX/jpu1BRcEHA4/3ZpiZF6aMKu04H1ZpYXFpeaW8Wllb39jcsrd3ukpkEpMOFkzImxApwignHU01IzepJCgJGemFo8vC790Sqajg13qcEj9BA05jipE2UmDveXIogvAYehFhGhWsVbs7qgR21a07U8C/SRXM0Q7sdy8SOEsI15ghpfquk2o/R1JTzMik4mWKpAiP0ID0DeUoIcrPpw9M4KFRIhgLaYprOFW/TuQoUWqchKYzQXqofnqF+JvXz3R87ueUp5kmHM8WxRmDWsAiDRhRSbBmY0MQltTcCvEQSYS1yeyfIXRP6m6j3rg6rTYv5nGUwT44ADXggjPQBC3QBh2AwQQ8gCfwbN1bj9aL9TprLVnzmV3wDdbbJzgrlOE=</latexit>

⇢b, �b, H(z)
<latexit sha1_base64="lxY/a02cbzJ98+iFTBIzvUAH6cA=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4rNG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4btx8HFQUfDDzem2FmXphKYdB1P5zC2vrG5lZxu7Szu7d/UD48apsk04z7LJGJ7obUcCkU91Gg5N1UcxqHknfCyc3c79xzbUSiWjhNeRDTkRKRYBSt5LcGE1IalCte1V2A/E0qsEJzUH7vDxOWxVwhk9SYnuemGORUo2CSz0r9zPCUsgkd8Z6lisbcBPni2Bk5s8qQRIm2pZAs1K8TOY2Nmcah7Ywpjs1Pby7+5vUyjK6CXKg0Q67YclGUSYIJmX9OhkJzhnJqCWVa2FsJG1NNGdp8/hlC+6Lq1aq1u8tK43oVRxFO4BTOwYM6NOAWmuADAwEP8ATPjnIenRfnddlacFYzx/ANztsnwI2OAg==</latexit>

Tk
<latexit sha1_base64="UusHziJK2TYEgVN0V/GpmwN174U=">AAACDnicjVDLSsNAFJ3UV62vqEs3g6XQgpREpLosuumygn1AE8JkMmmHTjJhZiLU0C9w46+4caGIW9fu/BsnbREVBQ9cOHPOvdy5x08Ylcqy3o3C0vLK6lpxvbSxubW9Y+7udSVPBSYdzBkXfR9JwmhMOooqRvqJICjyGen544vc710TISmPr9QkIW6EhjENKUZKS55ZqUJHjLjnH0EnIEyhnLWqN7XPdwRrJc8s23VrBvg3KYMF2p755gQcpxGJFWZIyoFtJcrNkFAUMzItOakkCcJjNCQDTWMUEelms3OmsKKVAIZc6IoVnKlfJzIUSTmJfN0ZITWSP71c/M0bpCo8czMaJ6kiMZ4vClMGFYd5NjCggmDFJpogLKj+K8QjJBBWOsF/htA9rtuNeuPypNw8X8RRBAfgEFSBDU5BE7RAG3QABrfgHjyCJ+POeDCejZd5a8FYzOyDbzBePwDhuJl8</latexit>

(⇢b, �b, H(z), �m)

3 main couplings:

II. Basics of the 21cm Background

<latexit sha1_base64="eRhdZXQdoHIEC7c31240o9fY9fA="></latexit>

(A10 = 2.85⇥ 10�15 s�1)

Caroline Heneka, Advanced Cosmology SoSe 2025



The global 21cm Background

2

• Absorption & stimulated emission by CMB γ’s 
• Collisions for (de-)excitation (other HI, e-, p) 
• Lyman-alpha coupling (Wouthuysen 1952, Field 1959)

+ spontaneous emission: 1 spin-flip per 10 Mio. years

<latexit sha1_base64="0WXRW/4De/9GXOJRrHzJGb123Fk=">AAACBXicjVDLSgMxFL1TX7W+Rl3qIliEFqHMiFQ3QtGNywr2Ae0wZDKZNjTzIMkIbenGjb/ixoUibv0Hd/6NaTsLFQUPBE7OOZebHC/hTCrL+jByC4tLyyv51cLa+sbmlrm905RxKghtkJjHou1hSTmLaEMxxWk7ERSHHqctb3A59Vu3VEgWRzdqmFAnxL2IBYxgpSXX3O9yHfZxaVRG5yi7uBYq2UejsmsW7Yo1A/qbFCFD3TXfu35M0pBGinAsZce2EuWMsVCMcDopdFNJE0wGuEc7mkY4pNIZz34xQYda8VEQC30ihWbq14kxDqUchp5Ohlj15U9vKv7mdVIVnDljFiWpohGZLwpSjlSMppUgnwlKFB9qgolg+q2I9LHAROniCv8roXlcsauV6vVJsXaR1ZGHPTiAEthwCjW4gjo0gMAdPMATPBv3xqPxYrzOozkjm9mFbzDePgEc45Zp</latexit>

�(z) = �0(1 + z)
<latexit sha1_base64="FGSQq6mPYwpkgUhkAU8Sq/DQcOg=">AAACBXicjVDLSgMxFL1TX7W+qi51ESxCi1BmRKoboejGZQX7gM5QMmmmDc1khiQjtEM3bvwVNy4Uces/uPNvTB8LFQUPXDg5515u7vFjzpS27Q8rs7C4tLySXc2trW9sbuW3dxoqSiShdRLxSLZ8rChngtY105y2Yklx6HPa9AeXE795S6VikbjRw5h6Ie4JFjCCtZE6+X1XJMVRCZ0jN5CYpObZscdp0TkalcadfMEp21Ogv0kB5qh18u9uNyJJSIUmHCvVduxYeymWmhFOxzk3UTTGZIB7tG2owCFVXjq9YowOjdJFQSRNCY2m6teJFIdKDUPfdIZY99VPbyL+5rUTHZx5KRNxoqkgs0VBwpGO0CQS1GWSEs2HhmAimfkrIn1s0tAmuNz/Qmgcl51KuXJ9UqhezOPIwh4cQBEcOIUqXEEN6kDgDh7gCZ6te+vRerFeZ60Zaz6zC99gvX0CUvyXNQ==</latexit>

⌫(z) =
⌫0

(1 + z)

Reminder redshift:

In practice, 3 processes are important for the Ts evolution:

Caroline Heneka, Advanced Cosmology SoSe 2025



2

+ spontaneous emission ~10-15 flips/atom/s:
<latexit sha1_base64="isO/Vydj7loydJbfeCAmsEABby0="></latexit>

nH(z)=
⇢b
mp

(1� YHe)(1 + z)3⇡ 0.19 (1 + z)3 [atoms/m3]

How many spin-flips right now (~s) in the observable Universe?

A) ~1030 times γ’s from the Sun 

C)  << Planck event rate of 
1/tPl~ 1043 events/s.

B) Well, which cosmology? 

D) Not sure without the size of 
the observable Universe.

A)  >> Planck event rate of 
1/tPl~ 1043 events/s.

All the spin-flips

Caroline Heneka, Advanced Cosmology SoSe 2025



2

What does  a map of ~80% of the observable Universe even mean?

Observable Universe  d ~ 28 Gpc (~100 Gly) 
1 ly ~ 1016 m

Let’s say we resolve only Mpc: 
~ 109 - 1010 modes measured!

Planck 2018 ΛCDM

Size of the Universe

Adapted from C. Chiang



2

+ spontaneous emission ~10-15 flips/atom/s:
<latexit sha1_base64="isO/Vydj7loydJbfeCAmsEABby0="></latexit>

nH(z)=
⇢b
mp

(1� YHe)(1 + z)3⇡ 0.19 (1 + z)3 [atoms/m3]

How many spin-flips right now (~s) in the observable Universe?

A) ~1030 times γ’s from the Sun 

C)  << Planck event rate of 
1/tPl~ 1043 events/s.

B) Well, which cosmology? 

D) Not sure without the size of 
the observable Universe.

A)  >> Planck event rate of 
1/tPl~ 1043 events/s.

All the spin-flips



… and how much of it reaches us?

How does the signal depend on cosmology?

Adapted from C. Chiang



12.1

HI

Radio  
Background

<latexit sha1_base64="r+PUhkum66vTIo3L8GUGRdI7m74=">AAAB7nicjVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoRW8RzAOSJfROZpMhM7PLzKwQlvyEBy8qXv0dj/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZpqxBE5HodoSGCa5Yw3IrWDvVDGUkWCsaXU391j3Thifqzo5TFkocKB5zitZJ7Zted4BSYq9UDir+DORvUoYF6r3Se7ef0EwyZalAYzqBn9owR205FWxS7GaGpUhHOGAdRxVKZsJ8du+EHDulT+JEu1KWzNSvEzlKY8Yycp0S7dD89Kbib14ns/FFmHOVZpYpOl8UZ4LYhEyfJ32uGbVi7AhSzd2thA5RI7Uuov9l0DytBNVK9fasXLtcpFGAQziCEwjgHGpwDXVoAAUBD/AEz17qPXov3uu8dclbzBzAN3hvn1Y5j88=</latexit>

I�

21cm background: Tracer of neutral hydrogen (HI)

<latexit sha1_base64="CGMbZhmX4K5RjwFV3gMhOdL79H8=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hWyQ6DHoRW8RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7wkQKi+Xyh7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rXturNDqFscJD2I6UCISjKKTmte9rOJPeoWiXyrPQP4mRVig3iu8d/uapTFXyCS1tuOXEwwyalAwySf5bmp5QtmIDnjHUUVjboNsdu2EHDulTyJtXCkkM/XrREZja8dx6DpjikP705uKv3mdFKPzIBMqSZErNl8UpZKgJtPXSV8YzlCOHaHMCHcrYUNqKEMXUP5/ITQrJb9aqt6cFmsXizhycAhHcAI+nEENrqAODWBwBw/wBM+e9h69F+913rrkLWYO4Bu8t08Cj47H</latexit>

I21

CMB

?

II. Basics of 21cm Cosmology

Caroline Heneka, Advanced Cosmology SoSe 2025



A) ~1030 times γ’s from the Sun 

C) Background H(z) and 
     matter density parameter Ωm.

D) Can’t tell without 
     cosmological model.

B) Background H(z), Ωm,  
     and density fluctuations δb.

A) Background H(z).

Which cosmological properties influence the 21cm Background?

II. Basics of the 21cm Background

Caroline Heneka, Advanced Cosmology SoSe 2025



12.2

HI

Radio  
Background

<latexit sha1_base64="r+PUhkum66vTIo3L8GUGRdI7m74=">AAAB7nicjVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoRW8RzAOSJfROZpMhM7PLzKwQlvyEBy8qXv0dj/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZpqxBE5HodoSGCa5Yw3IrWDvVDGUkWCsaXU391j3Thifqzo5TFkocKB5zitZJ7Zted4BSYq9UDir+DORvUoYF6r3Se7ef0EwyZalAYzqBn9owR205FWxS7GaGpUhHOGAdRxVKZsJ8du+EHDulT+JEu1KWzNSvEzlKY8Yycp0S7dD89Kbib14ns/FFmHOVZpYpOl8UZ4LYhEyfJ32uGbVi7AhSzd2thA5RI7Uuov9l0DytBNVK9fasXLtcpFGAQziCEwjgHGpwDXVoAAUBD/AEz17qPXov3uu8dclbzBzAN3hvn1Y5j88=</latexit>

I�

21cm background: Tracer of neutral hydrogen (HI)

<latexit sha1_base64="HeSSrkc0hVvQmpvgeDer961P/yQ=">AAAB9HicjVDLSgMxFL1TX7W+qi7dBIvgqsyItC6LbnRXwT6gM5ZMmmlDk8yQZApl6H+4cKPi1n9x6d+YabtQUfDAhcM593IPJ0w408Z1P5zCyura+kZxs7S1vbO7V94/aOs4VYS2SMxj1Q2xppxJ2jLMcNpNFMUi5LQTjq9yvzOhSrNY3plpQgOBh5JFjGBjpfubvi+wGSmR+TKd9csVr+rOgf4mFVii2S+/+4OYpIJKQzjWuue5iQkyrAwjnM5KfqppgskYD2nPUokF1UE2Tz1DJ1YZoChWdqRBc/XrRYaF1lMR2s08o/7p5eJvXi810UWQMZmkhkqyeBSlHJkY5RWgAVOUGD61BBPFbFZERlhhYmxR/+ugfVb1atXa7XmlcblsowhHcAyn4EEdGnANTWgBAQUP8ATPzsR5dF6c18VqwVneHMI3OG+fcVKSyA==</latexit>

I⌫ = specific intensity (spectral radiance)
<latexit sha1_base64="sVsfE5cbv6cmsm3jPJxvdGJRg9U=">AAAB/nicjVDLSsNAFL3xWesrKrhxEyyCqzYtUl0W3XRZwT4gjWUynbRDZyZhZiLUWPBbXLhRcetvuPRvnLRdqCh44MLhnHu5hxPEjCrtuh/WwuLS8spqbi2/vrG5tW3v7LZUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDkYXmd++IVLRSFzpcUx8jgaChhQjbaSeve91OdJDydN2iV9XSkqW6rcTv2cXykV3CudvUoA5Gj37vduPcMKJ0JghpbyyG2s/RVJTzMgk300UiREeoQHxDBWIE+Wn0/wT58gofSeMpBmhnan69SJFXKkxD8xmFlb99DLxN89LdHjmp1TEiSYCzx6FCXN05GRlOH0qCdZsbAjCkpqsDh4iibA2lf2vg1alWK4Wq5cnhdr5vI0cHMAhHEMZTqEGdWhAEzDcwQM8wbN1bz1aL9brbHXBmt/swTdYb5/Sc5Wi</latexit>

[W/m2/sr/Hz]

<latexit sha1_base64="CGMbZhmX4K5RjwFV3gMhOdL79H8=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hWyQ6DHoRW8RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7wkQKi+Xyh7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rXturNDqFscJD2I6UCISjKKTmte9rOJPeoWiXyrPQP4mRVig3iu8d/uapTFXyCS1tuOXEwwyalAwySf5bmp5QtmIDnjHUUVjboNsdu2EHDulTyJtXCkkM/XrREZja8dx6DpjikP705uKv3mdFKPzIBMqSZErNl8UpZKgJtPXSV8YzlCOHaHMCHcrYUNqKEMXUP5/ITQrJb9aqt6cFmsXizhycAhHcAI+nEENrqAODWBwBw/wBM+e9h69F+913rrkLWYO4Bu8t08Cj47H</latexit>

I21

Rayleigh-Jeans law:
<latexit sha1_base64="SbAId2iMgMM8YbIBh15ERivFMPY=">AAACFHicjVDLSgMxFM3UV62vUZdugkWoIKUdpLoRSt3orkJf0GmHTJppQ5PMkGSEMsxPuPBbXLhRcSu49G9MHwsVBQ9cOJxzL/fe40eMKl0qfViZpeWV1bXsem5jc2t7x97da6kwlpg0cchC2fGRIowK0tRUM9KJJEHcZ6Ttjy+nfvuWSEVD0dCTiPQ4GgoaUIy0kTz75NpzRQwLjWN4Ad1AIpw4Rug7cOy5HOmR5EktbaQJ7jupZ+fLxdIM8G+SBwvUPfvdHYQ45kRozJBS3XIp0r0ESU0xI2nOjRWJEB6jIekaKhAnqpfMvkrhkVEGMAilKaHhTP06kSCu1IT7pnN6qPrpTcXfvG6sg/NeQkUUayLwfFEQM6hDOI0IDqgkWLOJIQhLam6FeIRMNNoE+b8MWk6xXClWbk7z1doijSw4AIegAMrgDFTBFaiDJsDgDjyAJ/Bs3VuP1ov1Om/NWIuZffAN1tsn4TCdww==</latexit>

I⌫(T ) =
2⌫2kBT

c2

CMB

?

REMINDER

II. Basics of 21cm Cosmology

Caroline Heneka, Advanced Cosmology SoSe 2025



12.3

HI

Radio  
Background

<latexit sha1_base64="r+PUhkum66vTIo3L8GUGRdI7m74=">AAAB7nicjVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoRW8RzAOSJfROZpMhM7PLzKwQlvyEBy8qXv0dj/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZpqxBE5HodoSGCa5Yw3IrWDvVDGUkWCsaXU391j3Thifqzo5TFkocKB5zitZJ7Zted4BSYq9UDir+DORvUoYF6r3Se7ef0EwyZalAYzqBn9owR205FWxS7GaGpUhHOGAdRxVKZsJ8du+EHDulT+JEu1KWzNSvEzlKY8Yycp0S7dD89Kbib14ns/FFmHOVZpYpOl8UZ4LYhEyfJ32uGbVi7AhSzd2thA5RI7Uuov9l0DytBNVK9fasXLtcpFGAQziCEwjgHGpwDXVoAAUBD/AEz17qPXov3uu8dclbzBzAN3hvn1Y5j88=</latexit>

I�
<latexit sha1_base64="CGMbZhmX4K5RjwFV3gMhOdL79H8=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hWyQ6DHoRW8RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7wkQKi+Xyh7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rXturNDqFscJD2I6UCISjKKTmte9rOJPeoWiXyrPQP4mRVig3iu8d/uapTFXyCS1tuOXEwwyalAwySf5bmp5QtmIDnjHUUVjboNsdu2EHDulTyJtXCkkM/XrREZja8dx6DpjikP705uKv3mdFKPzIBMqSZErNl8UpZKgJtPXSV8YzlCOHaHMCHcrYUNqKEMXUP5/ITQrJb9aqt6cFmsXizhycAhHcAI+nEENrqAODWBwBw/wBM+e9h69F+913rrkLWYO4Bu8t08Cj47H</latexit>

I21

CMB

Radiative transfer for brightness 
<latexit sha1_base64="CGMbZhmX4K5RjwFV3gMhOdL79H8=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hWyQ6DHoRW8RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7wkQKi+Xyh7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rXturNDqFscJD2I6UCISjKKTmte9rOJPeoWiXyrPQP4mRVig3iu8d/uapTFXyCS1tuOXEwwyalAwySf5bmp5QtmIDnjHUUVjboNsdu2EHDulTyJtXCkkM/XrREZja8dx6DpjikP705uKv3mdFKPzIBMqSZErNl8UpZKgJtPXSV8YzlCOHaHMCHcrYUNqKEMXUP5/ITQrJb9aqt6cFmsXizhycAhHcAI+nEENrqAODWBwBw/wBM+e9h69F+913rrkLWYO4Bu8t08Cj47H</latexit>

I21

<latexit sha1_base64="iPoJpL5/diK34O5WOsjyino+Ua4=">AAAB8XicdVDLSsNAFL2pr1pfVZdugkWom5Bqqe2u6MZlBfuAJJTJdNIOncyEmYlQQj/DhRsVt36NS//G6QPxeeDC4Zx7ufeeMGFUadd9t3Irq2vrG/nNwtb2zu5ecf+go0QqMWljwYTshUgRRjlpa6oZ6SWSoDhkpBuOr2Z+945IRQW/1ZOEBDEachpRjLSRPB+xZITKPk9P+8WS6zTq1ca5a1ccd47fpARLtPrFN38gcBoTrjFDSnkVN9FBhqSmmJFpwU8VSRAeoyHxDOUoJirI5idP7ROjDOxISFNc23P160SGYqUmcWg6Y6RH6qc3E//yvFRH9SCjPEk14XixKEqZrYU9+98eUEmwZhNDEJbU3GrjEZIIa5OSyeD/1z9J58yp1JzaTbXUvFymkYcjOIYyVOACmnANLWgDBgH38AhPlrIerGfrZdGas5Yzh/AN1usHYpiQ+A==</latexit>

↵(⌫) net absorption/emission 
coefficient

?

<latexit sha1_base64="FSFFEjZpYvp/+LLw8hK5LNyOTCI=">AAACRXicjVBNS8MwGE79nPNr6tFLcAiKOFoR9SIMvehtolNhHeNtlm5hSVqSVBilf86Ld2/+Ay8eFPGq6TZBRcEHAg/PB3l5gpgzbVz3wRkbn5icmi7MFGfn5hcWS0vLlzpKFKF1EvFIXQegKWeS1g0znF7HioIIOL0Kese5f3VDlWaRvDD9mDYFdCQLGQFjpVbJ90MFJPUFmK4SaTs7bX3yHS/Lvhg6w4d42wced2HDl8mmTXZACMBb+Ls6qpxnrVLZq7gD4L9JGY1Qa5Xu/XZEEkGlIRy0bnhubJopKMMIp1nRTzSNgfSgQxuWShBUN9PBChlet0obh5GyTxo8UL82UhBa90Vgk/mF+qeXi795jcSEB82UyTgxVJLhR2HCsYlwPiluM0WJ4X1LgChmb8WkC3ZWY4cv/m+Ey52Kt1fZO9stV49GcxTQKlpDG8hD+6iKTlAN1RFBt+gRPaMX5855cl6dt2F0zBl1VtA3OO8fwL+y7g==</latexit>

dI21
ds

= �↵(⌫)I� + ↵(⌫)IS

<latexit sha1_base64="JBVT0cca8Y+vHBp3gLKhFGkkErQ=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFN7qraB/QGUomzbShSWZIMkIZ+hsu3Ki49Wdc+jdm2llo9UDgcM693JMTJpxp47pfTmlldW19o7xZ2dre2d2r7h90dJwqQtsk5rHqhVhTziRtG2Y47SWKYhFy2g0n17nffaRKs1g+mGlCA4FHkkWMYGMl/3bgC2zGSmT3s0G15tbdOdBf4hWkBgVag+qnP4xJKqg0hGOt+56bmCDDyjDC6azip5ommEzwiPYtlVhQHWTzzDN0YpUhimJlnzRorv7cyLDQeipCO5kn1MteLv7n9VMTXQYZk0lqqCSLQ1HKkYlRXgAaMkWJ4VNLMFHMZkVkjBUmxtZkO/CWf/yXdM7qXqPeuDuvNa+KNspwBMdwCh5cQBNuoAVtIJDAE7zAq2OcZ+fNeV+Mlpxi5xB+wfn4BrP4kcU=</latexit>

IS<latexit sha1_base64="U+upwC90jp4OWL2ZnQkv/pLqG30=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KolIdVl047KCfUAaymQyaYfOI8zcCCX0M9y4UMStX+POv3HSZqHVAwOHc+5lzj1RypkBz/tyKmvrG5tb1e3azu7e/kH98KhnVKYJ7RLFlR5E2FDOJO0CA04HqaZYRJz2o+lt4fcfqTZMyQeYpTQUeCxZwggGKwVDgWGiRR7Pzaje8JreAu5f4pekgUp0RvXPYaxIJqgEwrExge+lEOZYAyOczmvDzNAUkyke08BSiQU1Yb6IPHfPrBK7idL2SXAX6s+NHAtjZiKyk0VEs+oV4n9ekEFyHeZMphlQSZYfJRl3QbnF/W7MNCXAZ5ZgopnN6pIJ1piAbalmS/BXT/5LehdNv9Vs3V822jdlHVV0gk7ROfLRFWqjO9RBXUSQQk/oBb064Dw7b877crTilDvH6Becj2/dKpGn</latexit>

ds

II. Basics of 21cm Cosmology

Caroline Heneka, Advanced Cosmology SoSe 2025



12.4

HI

Radio  
Background

<latexit sha1_base64="r+PUhkum66vTIo3L8GUGRdI7m74=">AAAB7nicjVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoRW8RzAOSJfROZpMhM7PLzKwQlvyEBy8qXv0dj/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZpqxBE5HodoSGCa5Yw3IrWDvVDGUkWCsaXU391j3Thifqzo5TFkocKB5zitZJ7Zted4BSYq9UDir+DORvUoYF6r3Se7ef0EwyZalAYzqBn9owR205FWxS7GaGpUhHOGAdRxVKZsJ8du+EHDulT+JEu1KWzNSvEzlKY8Yycp0S7dD89Kbib14ns/FFmHOVZpYpOl8UZ4LYhEyfJ32uGbVi7AhSzd2thA5RI7Uuov9l0DytBNVK9fasXLtcpFGAQziCEwjgHGpwDXVoAAUBD/AEz17qPXov3uu8dclbzBzAN3hvn1Y5j88=</latexit>

I�
<latexit sha1_base64="CGMbZhmX4K5RjwFV3gMhOdL79H8=">AAAB7XicjVDLSgNBEOz1GeMr6tHLYBA8hWyQ6DHoRW8RzAOSJcxOZpMxszPLTK8QlvyDFw+KePV/vPk3Th4HFQULGoqqbrq7wkQKi+Xyh7e0vLK6tp7byG9ube/sFvb2m1anhvEG01Kbdkgtl0LxBgqUvJ0YTuNQ8lY4upz6rXturNDqFscJD2I6UCISjKKTmte9rOJPeoWiXyrPQP4mRVig3iu8d/uapTFXyCS1tuOXEwwyalAwySf5bmp5QtmIDnjHUUVjboNsdu2EHDulTyJtXCkkM/XrREZja8dx6DpjikP705uKv3mdFKPzIBMqSZErNl8UpZKgJtPXSV8YzlCOHaHMCHcrYUNqKEMXUP5/ITQrJb9aqt6cFmsXizhycAhHcAI+nEENrqAODWBwBw/wBM+e9h69F+913rrkLWYO4Bu8t08Cj47H</latexit>

I21

CMB

optical depth

?
<latexit sha1_base64="JBVT0cca8Y+vHBp3gLKhFGkkErQ=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFN7qraB/QGUomzbShSWZIMkIZ+hsu3Ki49Wdc+jdm2llo9UDgcM693JMTJpxp47pfTmlldW19o7xZ2dre2d2r7h90dJwqQtsk5rHqhVhTziRtG2Y47SWKYhFy2g0n17nffaRKs1g+mGlCA4FHkkWMYGMl/3bgC2zGSmT3s0G15tbdOdBf4hWkBgVag+qnP4xJKqg0hGOt+56bmCDDyjDC6azip5ommEzwiPYtlVhQHWTzzDN0YpUhimJlnzRorv7cyLDQeipCO5kn1MteLv7n9VMTXQYZk0lqqCSLQ1HKkYlRXgAaMkWJ4VNLMFHMZkVkjBUmxtZkO/CWf/yXdM7qXqPeuDuvNa+KNspwBMdwCh5cQBNuoAVtIJDAE7zAq2OcZ+fNeV+Mlpxi5xB+wfn4BrP4kcU=</latexit>

IS<latexit sha1_base64="U+upwC90jp4OWL2ZnQkv/pLqG30=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KolIdVl047KCfUAaymQyaYfOI8zcCCX0M9y4UMStX+POv3HSZqHVAwOHc+5lzj1RypkBz/tyKmvrG5tb1e3azu7e/kH98KhnVKYJ7RLFlR5E2FDOJO0CA04HqaZYRJz2o+lt4fcfqTZMyQeYpTQUeCxZwggGKwVDgWGiRR7Pzaje8JreAu5f4pekgUp0RvXPYaxIJqgEwrExge+lEOZYAyOczmvDzNAUkyke08BSiQU1Yb6IPHfPrBK7idL2SXAX6s+NHAtjZiKyk0VEs+oV4n9ekEFyHeZMphlQSZYfJRl3QbnF/W7MNCXAZ5ZgopnN6pIJ1piAbalmS/BXT/5LehdNv9Vs3V822jdlHVV0gk7ROfLRFWqjO9RBXUSQQk/oBb064Dw7b877crTilDvH6Becj2/dKpGn</latexit>

ds

<latexit sha1_base64="u4apl6/6ARUq3wYHUgue4RwpyVA=">AAACDXicjVDLSsNAFJ3UV62vqEs3g1Wom5KKVDdC0Y3LCvYBTSg3k0k7dDIJMxOhhP6AG3/FjQtF3Lp35984abtQUfDAwOGce7lnjp9wprTjfFiFhcWl5ZXiamltfWNzy97eaas4lYS2SMxj2fVBUc4EbWmmOe0mkkLkc9rxR5e537mlUrFY3OhxQr0IBoKFjIA2Ut8+cDWkGJ9jlwmNXeDJECquSI+wG4EeyigLJqpvl2tVZwr8NymjOZp9+90NYpJGVGjCQalezUm0l4HUjHA6KbmpogmQEQxoz1ABEVVeNv3NBB8aJcBhLM0zmabq140MIqXGkW8m84jqp5eLv3m9VIdnXsZEkmoqyOxQmHKsY5xXgwMmKdF8bAgQyUxWTIYggWhTYOl/JbSPq7V6tX59Um5czOsooj20jyqohk5RA12hJmohgu7QA3pCz9a99Wi9WK+z0YI139lF32C9fQIBYprx</latexit>

⌧ =

Z
↵(⌫)ds

<latexit sha1_base64="O+Yj9P2Fu77TMPf7Ib7SnWRo5BA="></latexit>

�T21 =
TS � T�

1 + z

�
1� e�⌧

�

= measured 21cm background
<latexit sha1_base64="sKcq+F0vkeHztgzmizMSYqn4CCk=">AAACDHicjVDLSsNAFJ3UV62vqks3g0VwY0mKVDdC0Y3LCm0ttKHcTCbt0JkkzEyEEvIBbvwVNy4UcesHuPNvnLQVVBQ8cOFwzrnM3OPFnClt2+9WYWFxaXmluFpaW9/Y3Cpv73RUlEhC2yTikex6oChnIW1rpjntxpKC8Di99sYXuX99Q6ViUdjSk5i6AoYhCxgBbaRBudL3KdeAW4O05mT47JMc5aQ/BCEgMymnak+B/yYVNEdzUH7r+xFJBA014aBUz7Fj7aYgNSOcZqV+omgMZAxD2jM0BEGVm06PyfCBUXwcRNJMqPFU/bqRglBqIjyTFKBH6qeXi795vUQHp27KwjjRNCSzh4KEYx3hvBnsM0mJ5hNDgEhm/orJCCQQbfor/a+ETq3q1Kv1q+NK43xeRxHtoX10iBx0ghroEjVRGxF0i+7RI3qy7qwH69l6mUUL1nxnF32D9foB7tSZrQ==</latexit>

�T21 = T21 � T�

Homogenous medium 

+Rayleigh-Jeans Law

II. Basics of 21cm Cosmology

Caroline Heneka, Advanced Cosmology SoSe 2025



12.5

= net absorption/

{
absorption emission

{

What is the optical depth τ?

<latexit sha1_base64="FaL6W70kNYuNWhvNEB6E6qrPsvk=">AAACC3icbVC7SgNBFJ2NrxhfUUubwSDEJuyKRBshaGMZwTwgG8LdyWwyZHZ2mYcQlvQ2/oqNhSK2/oCdf+Mk2UITDwwczrmXOfcECWdKu+63k1tZXVvfyG8WtrZ3dveK+wdNFRtJaIPEPJbtABTlTNCGZprTdiIpRAGnrWB0M/VbD1QqFot7PU5oN4KBYCEjoK3UKx77Ggy+wj4TGvvAkyGUfWFO/Qj0UEZpf6J6xZJbcWfAy8TLSAllqPeKX34/JiaiQhMOSnU8N9HdFKRmhNNJwTeKJkBGMKAdSwVEVHXT2S0TfGKVPg5jaZ+NNFN/b6QQKTWOAjs5jagWvan4n9cxOrzspkwkRlNB5h+FhmMd42kxuM8kJZqPLQEimc2KyRAkEG3rK9gSvMWTl0nzrOJVK9W781LtOqsjj47QMSojD12gGrpFddRABD2iZ/SK3pwn58V5dz7mozkn2zlEf+B8/gBCoJqa</latexit>

⌧ =

Z
↵(⌫)ds

<latexit sha1_base64="s3aE7PVw5Po6jwZ/FciB9K/OvVk="></latexit>

↵(⌫) =
h⌫

c
(B01n0 �B10n1)�(⌫)

<latexit sha1_base64="0npJn/3A/HUwr9CfaiPJTBlO2aE=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmkRIljA7mU2GzM4sM71CWPIJXjwo4tUv8ubfOHkcVBQsaCiquunuilIpLPr+h1dYWl5ZXSuulzY2t7Z3yrt7Laszw3iTaanNXUQtl0LxJgqU/C41nCaR5O1odDn12/fcWKHVLY5THiZ0oEQsGEUn3ahe0CtXgqo/A/mbVGCBRq/83u1rliVcIZPU2k7gpxjm1KBgkk9K3czylLIRHfCOo4om3Ib57NQJOXJKn8TauFJIZurXiZwm1o6TyHUmFIf2pzcVf/M6GcbnYS5UmiFXbL4oziRBTaZ/k74wnKEcO0KZEe5WwobUUIYundL/QmidVINatXZ9WqlfLOIowgEcwjEEcAZ1uIIGNIHBAB7gCZ496T16L97rvLXgLWb24Ru8t08Ea42k</latexit>n1

<latexit sha1_base64="3bUu0gH44ve7XKL3i03+vi31v/o=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmkRIljA7mU2GzM4sM71CWPIJXjwo4tUv8ubfOHkcVBQsaCiquunuilIpLPr+h1dYWl5ZXSuulzY2t7Z3yrt7Laszw3iTaanNXUQtl0LxJgqU/C41nCaR5O1odDn12/fcWKHVLY5THiZ0oEQsGEUn3aie3ytXgqo/A/mbVGCBRq/83u1rliVcIZPU2k7gpxjm1KBgkk9K3czylLIRHfCOo4om3Ib57NQJOXJKn8TauFJIZurXiZwm1o6TyHUmFIf2pzcVf/M6GcbnYS5UmiFXbL4oziRBTaZ/k74wnKEcO0KZEe5WwobUUIYundL/QmidVINatXZ9WqlfLOIowgEcwjEEcAZ1uIIGNIHBAB7gCZ496T16L97rvLXgLWb24Ru8t08C542j</latexit>

n0

<latexit sha1_base64="3xImXJTlGQsOrtJ/n1GS8QVxen0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8hXjxGMA9IljA76SRjZmeWmVkhLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RYngxvr+h5dbWV1b38hvFra2d3b3ivsHTaNSzbDBlFC6HVGDgktsWG4FthONNI4EtqLx1cxv3aM2XMlbO0kwjOlQ8gFn1DqpWetlfjDtFUtB2Z+D/E1KsES9V3zv9hVLY5SWCWpMJ/ATG2ZUW84ETgvd1GBC2ZgOseOopDGaMJtfOyUnTumTgdKupCVz9etERmNjJnHkOmNqR+anNxN/8zqpHVyGGZdJalGyxaJBKohVZPY66XONzIqJI5Rp7m4lbEQ1ZdYFVPhfCM2zclApV27OS9XaMo48HMExnEIAF1CFa6hDAxjcwQM8wbOnvEfvxXtdtOa85cwhfIP39gn0tY6+</latexit>

B01
<latexit sha1_base64="+5XNS/ujPTJmdqS2Kt1akLxGZLg=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8hXjxGMA9IljA76SRjZmeWmVkhLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RYngxvr+h5dbWV1b38hvFra2d3b3ivsHTaNSzbDBlFC6HVGDgktsWG4FthONNI4EtqLx1cxv3aM2XMlbO0kwjOlQ8gFn1DqpWetlgT/tFUtB2Z+D/E1KsES9V3zv9hVLY5SWCWpMJ/ATG2ZUW84ETgvd1GBC2ZgOseOopDGaMJtfOyUnTumTgdKupCVz9etERmNjJnHkOmNqR+anNxN/8zqpHVyGGZdJalGyxaJBKohVZPY66XONzIqJI5Rp7m4lbEQ1ZdYFVPhfCM2zclApV27OS9XaMo48HMExnEIAF1CFa6hDAxjcwQM8wbOnvEfvxXtdtOa85cwhfIP39gn0to6+</latexit>

B10
= Einstein coefficient  
    Prob. / unit time / spectral energy density

<latexit sha1_base64="4FEtyqO+aik+1tgeQ93W/5V/0sI=">AAACFnicjVDLSgMxFM34rPU16tJNsAhuWjpVqsuiG3FVwT5gOi2ZNNOGJpkhyQhlmK9w46+4caGIW3Hn35jpA1QUPHDh5Jx7yb3HjxhVulz+sBYWl5ZXVnNr+fWNza1te2e3qcJYYtLAIQtl20eKMCpIQ1PNSDuSBHGfkZY/usj81i2RiobiRo8j4nE0EDSgGGkj9eyi2+FIDyVPrtJuUnTS+ZOn3eM5V5lVST3YswtOqTwB/JsUwAz1nv3e6Yc45kRozJBSrlOOtJcgqSlmJM13YkUihEdoQFxDBeJEecnkrBQeGqUPg1CaEhpO1K8TCeJKjblvOrNF1U8vE3/z3FgHZ15CRRRrIvD0oyBmUIcwywj2qSRYs7EhCEtqdoV4iCTC2iSZ/18IzUrJqZaq1yeF2vksjhzYBwfgCDjgFNTAJaiDBsDgDjyAJ/Bs3VuP1ov1Om1dsGYze+AbrLdPQQGgDg==</latexit>

[J�1m3s�2]

<latexit sha1_base64="UaBL82huvDTKqGF6TTFOMg+OZZI=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4Kqd1NrWhVDqxmUF+4B2GDJp2oZmHiQZoQyz8VfcuFDErZ/hzr8x0xZR64HLPZxzL8k9bsiZVJb1aWRWVtfWN7Kbua3tnd09c/+gLYNIENoiAQ9E18WScubTlmKK024oKPZcTjvu5Dr1O/dUSBb4d2oaUtvDI58NGcFKS4551HBiCyVF3ZCVwCs4clBx5FiOmbcKlzVUqp7DlFTK6AKigjXDN8mDBZqO+dEfBCTyqK8Ix1L2kBUqO8ZCMcJpkutHkoaYTPCI9jT1sUelHc8OSOCpVgZwGAhdvoIz9edGjD0pp56rJz2sxvKvl4r/eb1IDWt2zPwwUtQn84eGEYcqgGkacMAEJYpPNcFEMP1XSMZYYKJ0ZjkdwtLJy6RdKqBKoXJbztcbiziy4BicgDOAQBXUwQ1oghYgIAGP4Bm8GA/Gk/FqvM1HM8Zi5xD8gvH+BboZlJg=</latexit>

B01/B10 = g1/g0

HINet absorption/emission coefficient:

II. Basics of 21cm Cosmology

<latexit sha1_base64="qK4euVQA0oOxlIZ/iR63mmFVj7E=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEQpUgVBgrWBiLRB9SGirHdVqrthPZDqgK+RQWBhBi5UvY+BucNgO0HMnS0Tn36h6fIGZUacf5tkorq2vrG+XNytb2zu6eXd3vqCiRmLRxxCLZC5AijArS1lQz0oslQTxgpBtMrnO/+0CkopG409OY+ByNBA0pRtpIA7vq9TnSY8lTfp+eulnmD+yaU3dmgMvELUgNFGgN7K/+MMIJJ0JjhpTyXCfWfoqkppiRrNJPFIkRnqAR8QwViBPlp7PoGTw2yhCGkTRPaDhTf2+kiCs15YGZzHOqRS8X//O8RIeXfkpFnGgi8PxQmDCoI5j3AIdUEqzZ1BCEJTVZIR4jibA2bVVMCe7il5dJ56zuNuqN2/Na86qoowwOwRE4AS64AE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzAP7A+vwBXf2UFg==</latexit>

[m�1]

<latexit sha1_base64="DVPTB0tnaXQtfXdJPV+Qd/GQSZw=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXjxGMA/MLmF2MpsMmZ1dZnqFsOQvvHhQxKt/482/cfI4qChY0FBUddPdFaZSGHTdD6ewsrq2vlHcLG1t7+zulfcP2ibJNOMtlshEd0NquBSKt1Cg5N1UcxqHknfC8dXM79xzbUSibnGS8iCmQyUiwSha6c5HmhFfSuL1yxWv6s5B/iYVWKLZL7/7g4RlMVfIJDWm57kpBjnVKJjk05KfGZ5SNqZD3rNU0ZibIJ9fPCUnVhmQKNG2FJK5+nUip7Exkzi0nTHFkfnpzcTfvF6G0UWQC5VmyBVbLIoySTAhs/fJQGjOUE4soUwLeythI6opQxtS6X8htM+qXq1auzmvNC6XcRThCI7hFDyoQwOuoQktYKDgAZ7g2THOo/PivC5aC85y5hC+wXn7BJMvkDc=</latexit>

⌧ ⌧ 1 : optically thin

Caroline Heneka, Advanced Cosmology SoSe 2025



<latexit sha1_base64="zm0bZT1cxlvsvPke6HzrBVmP6mo="></latexit>

�(⌫) =
1

�⌫
⇡ c

s⌫

1

(H(z) + dvk/drk)

peculiar   
velocities

cosmological  
recession

baryon  
density

12.6

= net absorption/

<latexit sha1_base64="0npJn/3A/HUwr9CfaiPJTBlO2aE=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmkRIljA7mU2GzM4sM71CWPIJXjwo4tUv8ubfOHkcVBQsaCiquunuilIpLPr+h1dYWl5ZXSuulzY2t7Z3yrt7Laszw3iTaanNXUQtl0LxJgqU/C41nCaR5O1odDn12/fcWKHVLY5THiZ0oEQsGEUn3ahe0CtXgqo/A/mbVGCBRq/83u1rliVcIZPU2k7gpxjm1KBgkk9K3czylLIRHfCOo4om3Ib57NQJOXJKn8TauFJIZurXiZwm1o6TyHUmFIf2pzcVf/M6GcbnYS5UmiFXbL4oziRBTaZ/k74wnKEcO0KZEe5WwobUUIYundL/QmidVINatXZ9WqlfLOIowgEcwjEEcAZ1uIIGNIHBAB7gCZ496T16L97rvLXgLWb24Ru8t08Ea42k</latexit>n1

<latexit sha1_base64="3bUu0gH44ve7XKL3i03+vi31v/o=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmkRIljA7mU2GzM4sM71CWPIJXjwo4tUv8ubfOHkcVBQsaCiquunuilIpLPr+h1dYWl5ZXSuulzY2t7Z3yrt7Laszw3iTaanNXUQtl0LxJgqU/C41nCaR5O1odDn12/fcWKHVLY5THiZ0oEQsGEUn3aie3ytXgqo/A/mbVGCBRq/83u1rliVcIZPU2k7gpxjm1KBgkk9K3czylLIRHfCOo4om3Ib57NQJOXJKn8TauFJIZurXiZwm1o6TyHUmFIf2pzcVf/M6GcbnYS5UmiFXbL4oziRBTaZ/k74wnKEcO0KZEe5WwobUUIYundL/QmidVINatXZ9WqlfLOIowgEcwjEEcAZ1uIIGNIHBAB7gCZ496T16L97rvLXgLWb24Ru8t08C542j</latexit>

n0

What is the optical depth τ and how does it depend on cosmology?

<latexit sha1_base64="s3aE7PVw5Po6jwZ/FciB9K/OvVk="></latexit>

↵(⌫) =
h⌫

c
(B01n0 �B10n1)�(⌫)

<latexit sha1_base64="W334Wc2fCNYOsKKHG+vgCtXBzXg="></latexit>

nH / (1 + �b)⌦b,0 (1 + z)3 H2

0

<latexit sha1_base64="Ce/B3cJXtIREtg/YinRDWNKNHss="></latexit>

/ (1 + �b)⌦b,0 (1 + z)3 H2
0

<latexit sha1_base64="n8h72KseyO2UAyyTCUI8SrfIf50=">AAACCXicjVBNS8NAEJ3Ur1q/oh69LBbBU0lEqheh6KXeKthaaEPYbDft0s0m7G7EEnr14l/x4kERr/4Db/4bN20RFQUfDLx9b4adeUHCmdKO824V5uYXFpeKy6WV1bX1DXtzq6XiVBLaJDGPZTvAinImaFMzzWk7kRRHAadXwfAs96+uqVQsFpd6lFAvwn3BQkawNpJvI+E76ATd+N0I64GMsvr52Gifr7Fvl92KMwH6m5RhhoZvv3V7MUkjKjThWKmO6yTay7DUjHA6LnVTRRNMhrhPO4YKHFHlZZNLxmjPKD0UxtKU0Giifp3IcKTUKApMZ76h+unl4m9eJ9XhsZcxkaSaCjL9KEw50jHKY0E9JinRfGQIJpKZXREZYImJNuGV/hdC66DiVivVi8Ny7XQWRxF2YBf2wYUjqEEdGtAEArdwD4/wZN1ZD9az9TJtLVizmW34Buv1A8NJmco=</latexit>

n0 = xHInH

{ {+ background

<latexit sha1_base64="FaL6W70kNYuNWhvNEB6E6qrPsvk=">AAACC3icbVC7SgNBFJ2NrxhfUUubwSDEJuyKRBshaGMZwTwgG8LdyWwyZHZ2mYcQlvQ2/oqNhSK2/oCdf+Mk2UITDwwczrmXOfcECWdKu+63k1tZXVvfyG8WtrZ3dveK+wdNFRtJaIPEPJbtABTlTNCGZprTdiIpRAGnrWB0M/VbD1QqFot7PU5oN4KBYCEjoK3UKx77Ggy+wj4TGvvAkyGUfWFO/Qj0UEZpf6J6xZJbcWfAy8TLSAllqPeKX34/JiaiQhMOSnU8N9HdFKRmhNNJwTeKJkBGMKAdSwVEVHXT2S0TfGKVPg5jaZ+NNFN/b6QQKTWOAjs5jagWvan4n9cxOrzspkwkRlNB5h+FhmMd42kxuM8kJZqPLQEimc2KyRAkEG3rK9gSvMWTl0nzrOJVK9W781LtOqsjj47QMSojD12gGrpFddRABD2iZ/SK3pwn58V5dz7mozkn2zlEf+B8/gBCoJqa</latexit>

⌧ =

Z
↵(⌫)ds

HI

= Einstein coeff
    Prob. / unit time / spectral energy density

<latexit sha1_base64="4FEtyqO+aik+1tgeQ93W/5V/0sI=">AAACFnicjVDLSgMxFM34rPU16tJNsAhuWjpVqsuiG3FVwT5gOi2ZNNOGJpkhyQhlmK9w46+4caGIW3Hn35jpA1QUPHDh5Jx7yb3HjxhVulz+sBYWl5ZXVnNr+fWNza1te2e3qcJYYtLAIQtl20eKMCpIQ1PNSDuSBHGfkZY/usj81i2RiobiRo8j4nE0EDSgGGkj9eyi2+FIDyVPrtJuUnTS+ZOn3eM5V5lVST3YswtOqTwB/JsUwAz1nv3e6Yc45kRozJBSrlOOtJcgqSlmJM13YkUihEdoQFxDBeJEecnkrBQeGqUPg1CaEhpO1K8TCeJKjblvOrNF1U8vE3/z3FgHZ15CRRRrIvD0oyBmUIcwywj2qSRYs7EhCEtqdoV4iCTC2iSZ/18IzUrJqZaq1yeF2vksjhzYBwfgCDjgFNTAJaiDBsDgDjyAJ/Bs3VuP1ov1Om1dsGYze+AbrLdPQQGgDg==</latexit>

[J�1m3s�2]

<latexit sha1_base64="UaBL82huvDTKqGF6TTFOMg+OZZI=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4Kqd1NrWhVDqxmUF+4B2GDJp2oZmHiQZoQyz8VfcuFDErZ/hzr8x0xZR64HLPZxzL8k9bsiZVJb1aWRWVtfWN7Kbua3tnd09c/+gLYNIENoiAQ9E18WScubTlmKK024oKPZcTjvu5Dr1O/dUSBb4d2oaUtvDI58NGcFKS4551HBiCyVF3ZCVwCs4clBx5FiOmbcKlzVUqp7DlFTK6AKigjXDN8mDBZqO+dEfBCTyqK8Ix1L2kBUqO8ZCMcJpkutHkoaYTPCI9jT1sUelHc8OSOCpVgZwGAhdvoIz9edGjD0pp56rJz2sxvKvl4r/eb1IDWt2zPwwUtQn84eGEYcqgGkacMAEJYpPNcFEMP1XSMZYYKJ0ZjkdwtLJy6RdKqBKoXJbztcbiziy4BicgDOAQBXUwQ1oghYgIAGP4Bm8GA/Gk/FqvM1HM8Zi5xD8gvH+BboZlJg=</latexit>

B01/B10 = g1/g0

Net absorption/emission coefficient:

II. Basics of 21cm Cosmology

<latexit sha1_base64="RZ6htAp/gxNx9URs7aa0RgPKXcM=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Cklb23oQil48VrEf0Iay2W7apZtN2N0IpfQfePGgiFf/kTf/jZu2iFofDDzem2Fmnh9zprTjfForq2vrG5uZrez2zu7efu7gsKmiRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3Sd+q0HKhWLxL0ex9QL8UCwgBGsjXR3Wezl8o59UXULlSJKSbnkniPXdmb4JnlYoN7LfXT7EUlCKjThWKmO68Tam2CpGeF0mu0misaYjPCAdgwVOKTKm8wunaJTo/RREElTQqOZ+nNigkOlxqFvOkOsh+qvl4r/eZ1EB1VvwkScaCrIfFGQcKQjlL6N+kxSovnYEEwkM7ciMsQSE23CyZoQll5eJs2C7Zbt8m0pX7taxJGBYziBM3ChAjW4gTo0gEAAj/AML9bIerJerbd564q1mDmCX7DevwBgqo1J</latexit>

= 3
<latexit sha1_base64="3xImXJTlGQsOrtJ/n1GS8QVxen0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8hXjxGMA9IljA76SRjZmeWmVkhLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RYngxvr+h5dbWV1b38hvFra2d3b3ivsHTaNSzbDBlFC6HVGDgktsWG4FthONNI4EtqLx1cxv3aM2XMlbO0kwjOlQ8gFn1DqpWetlfjDtFUtB2Z+D/E1KsES9V3zv9hVLY5SWCWpMJ/ATG2ZUW84ETgvd1GBC2ZgOseOopDGaMJtfOyUnTumTgdKupCVz9etERmNjJnHkOmNqR+anNxN/8zqpHVyGGZdJalGyxaJBKohVZPY66XONzIqJI5Rp7m4lbEQ1ZdYFVPhfCM2zclApV27OS9XaMo48HMExnEIAF1CFa6hDAxjcwQM8wbOnvEfvxXtdtOa85cwhfIP39gn0tY6+</latexit>

B01
<latexit sha1_base64="+5XNS/ujPTJmdqS2Kt1akLxGZLg=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8hXjxGMA9IljA76SRjZmeWmVkhLPkHLx4U8er/ePNvnDwOKgoWNBRV3XR3RYngxvr+h5dbWV1b38hvFra2d3b3ivsHTaNSzbDBlFC6HVGDgktsWG4FthONNI4EtqLx1cxv3aM2XMlbO0kwjOlQ8gFn1DqpWetlgT/tFUtB2Z+D/E1KsES9V3zv9hVLY5SWCWpMJ/ATG2ZUW84ETgvd1GBC2ZgOseOopDGaMJtfOyUnTumTgdKupCVz9etERmNjJnHkOmNqR+anNxN/8zqpHVyGGZdJalGyxaJBKohVZPY66XONzIqJI5Rp7m4lbEQ1ZdYFVPhfCM2zclApV27OS9XaMo48HMExnEIAF1CFa6hDAxjcwQM8wbOnvEfvxXtdtOa85cwhfIP39gn0to6+</latexit>

B10

Caroline Heneka, Advanced Cosmology SoSe 2025
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Putting it all together:

EoR CD Dark Ages

<latexit sha1_base64="iqEm1SFiO/H8cjn5MzxRD9ZjeNw="></latexit>

T0(z) ⇡ 27

✓
1 + z

10

◆✓
0.15

⌦m,0h2

◆1/2 ✓⌦b,0h2

0.023

◆
[mK]

<latexit sha1_base64="O+Yj9P2Fu77TMPf7Ib7SnWRo5BA="></latexit>

�T21 =
TS � T�

1 + z

�
1� e�⌧

�
&

<latexit sha1_base64="Ufdln7ezzwfHhchQtE2pmMLWARw=">AAACNXicjZDLSgNBEEV7fMb4irp00xiEBCRORKJL0U0WLiKYRMiEoaenoo09D7prhDjMT7nxP1zpwoUibv0FOw+IioIXGi6nqqjq68VSaLTtJ2tqemZ2bj63kF9cWl5ZLaytt3SUKA5NHslIXXhMgxQhNFGghItYAQs8CW3v+mRQb9+A0iIKz7EfQzdgl6HoCc7QILdwmneQJbRUL92Wd6jjg0TmOgHDKxWkXmbQ2PvZjevETDEpQe5OqJrQslsoViv2UPRvUyRjNdzCg+NHPAkgRC6Z1p2qHWM3ZQoFl5DlnURDzPg1u4SOsSELQHfT4a8zum2IT3uRMi9EOqRfJ1IWaN0PPNM5uFb/rA3gb7VOgr3DbirCOEEI+WhRL5EUIzqIkPpCAUfZN4ZxJcytlF+ZDDiaoPP/C6G1V6nWKrWz/eLR8TiOHNkkW6REquSAHJE6aZAm4eSOPJIX8mrdW8/Wm/U+ap2yxjMb5Jusj0+6R6wq</latexit>

⌧(H(z), �b, dvk/drk)

<latexit sha1_base64="oeB4+eEDG66xeJ6CzjIY1xy2DNo="></latexit>

�T21(k, z) = T0(z)xHI (1 + �b)

✓
H(z)

dvk/drk +H(z)

◆✓
1� T�

TS

◆
[mK]

II. Basics of 21cm Cosmology

<latexit sha1_base64="DVPTB0tnaXQtfXdJPV+Qd/GQSZw=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXjxGMA/MLmF2MpsMmZ1dZnqFsOQvvHhQxKt/482/cfI4qChY0FBUddPdFaZSGHTdD6ewsrq2vlHcLG1t7+zulfcP2ibJNOMtlshEd0NquBSKt1Cg5N1UcxqHknfC8dXM79xzbUSibnGS8iCmQyUiwSha6c5HmhFfSuL1yxWv6s5B/iYVWKLZL7/7g4RlMVfIJDWm57kpBjnVKJjk05KfGZ5SNqZD3rNU0ZibIJ9fPCUnVhmQKNG2FJK5+nUip7Exkzi0nTHFkfnpzcTfvF6G0UWQC5VmyBVbLIoySTAhs/fJQGjOUE4soUwLeythI6opQxtS6X8htM+qXq1auzmvNC6XcRThCI7hFDyoQwOuoQktYKDgAZ7g2THOo/PivC5aC85y5hC+wXn7BJMvkDc=</latexit>

⌧ ⌧ 1+ LSS distribution optical thin

Caroline Heneka, Advanced Cosmology SoSe 2025
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Intensity Maps
<latexit sha1_base64="AeznJFJP63YBrjNaN5Cxqfz7+h0=">AAACM3icjVDLSsNAFJ3UV62vqEs3g0WooCUpUt0IRTfiqkIfQhPCZDJph04ezEzEGvJPbvwRF4K4UMSt/+A07UKLggcuHM45l5l73JhRIQ3jWSvMzS8sLhWXSyura+sb+uZWR0QJx6SNIxbxaxcJwmhI2pJKRq5jTlDgMtJ1h+djv3tDuKBR2JKjmNgB6ofUpxhJJTn6peURJpGT1sysklquD2+zg7t9eAotnyOcTmzYmg1kiiKetrLcyOAhNB29bFaNHPBvUgZTNB390fIinAQklJghIXqmEUs7RVxSzEhWshJBYoSHqE96ioYoIMJO85szuKcUD/oRVxNKmKvfN1IUCDEKXJUMkByIWW8s/ub1Eumf2CkN40SSEE8e8hMGZQTHBUKPcoIlGymCMKfqrxAPkOpKqppL/yuhU6ua9Wr96qjcOJvWUQQ7YBdUgAmOQQNcgCZoAwzuwRN4BW/ag/aivWsfk2hBm+5sgx/QPr8A5XmpQQ==</latexit>

�21(x, z) =
�T21(x, z)

T̄21
� 1

<latexit sha1_base64="fEMn4lvYqABznNq9t/8+4MaUtNw=">AAACG3icbVBNS8NAEN34WetX1KOXxSLUS0mKVI9FLx4r2A9oathsp+3SzSbsboSS9n948a948aCIJ8GD/8Zt2oO2Phh4vDfDzLwg5kxpx/m2VlbX1jc2c1v57Z3dvX374LChokRSqNOIR7IVEAWcCahrpjm0YgkkDDg0g+H11G8+gFQsEnd6FEMnJH3BeowSbSTfLtf8tOxOisMz7MUyinWEPU5EnwMee13gmmT++L7syUz2h75dcEpOBrxM3DkpoDlqvv3pdSOahCA05USptuvEupMSqRnlMMl7iYKY0CHpQ9tQQUJQnTT7bYJPjdLFvUiaEhpn6u+JlIRKjcLAdIZED9SiNxX/89qJ7l12UibiRIOgs0W9hGOTwDQo3GUSqOYjQwiVzNyK6YBIQrWJM29CcBdfXiaNcsmtlCq354Xq1TyOHDpGJ6iIXHSBqugG1VAdUfSIntErerOerBfr3fqYta5Y85kj9AfW1w8c4aDm</latexit>

P21(k) / h|�21|2ik

<latexit sha1_base64="fTdsgeBmUZiyZ1wpNN5Npu3B3G8=">AAAB83icbVBNS8NAEJ31s9avqkcvi0XwVJIi1WPRi8cK/YImlM120y7dbMLuRighf8OLB0W8+me8+W/ctjlo64OBx3szzMwLEsG1cZxvtLG5tb2zW9or7x8cHh1XTk67Ok4VZR0ai1j1A6KZ4JJ1DDeC9RPFSBQI1gum93O/98SU5rFsm1nC/IiMJQ85JcZKnhcQlbXzYVZ382Gl6tScBfA6cQtShQKtYeXLG8U0jZg0VBCtB66TGD8jynAqWF72Us0SQqdkzAaWShIx7WeLm3N8aZURDmNlSxq8UH9PZCTSehYFtjMiZqJXvbn4nzdITXjrZ1wmqWGSLheFqcAmxvMA8IgrRo2YWUKo4vZWTCdEEWpsTGUbgrv68jrp1mtuo9Z4vK4274o4SnAOF3AFLtxAEx6gBR2gkMAzvMIbStELekcfy9YNVMycwR+gzx/ZgpGU</latexit>

T̄21

II. Basics of 21cm Cosmology

Caroline Heneka, Advanced Cosmology SoSe 2025

Adapted from A. Gorce
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<latexit sha1_base64="Rqhm435fHlQTA7nAjIRdiWXvn/E=">AAAB/HicdVDLSsNAFJ3UV42vaJduBovgqiTBpu2u6MadFewDmhAm02k7dCYJMxMhhPorblwo4tYPceffmLQVVPTAwOGce7lnThAzKpVpfmiltfWNza3ytr6zu7d/YBwe9WSUCEy6OGKRGARIEkZD0lVUMTKIBUE8YKQfzC4Lv39HhKRReKvSmHgcTUI6phipXPKNinvNyQT5LkdqKngWzHXdN6pmzbaajtmCBWk5tlUQ267XG9CqmQtUwQod33h3RxFOOAkVZkjKoWXGysuQUBQzMtfdRJIY4RmakGFOQ8SJ9LJF+Dk8zZURHEcif6GCC/X7Roa4lCkP8skio/ztFeJf3jBR46aX0TBOFAnx8tA4YVBFsGgCjqggWLE0JwgLmmeFeIoEwirvqyjh66fwf9Kza5ZTc27Oq+2LVR1lcAxOwBmwQAO0wRXogC7AIAUP4Ak8a/fao/aivS5HS9pqpwJ+QHv7BHw+lLE=</latexit>

⌦b

<latexit sha1_base64="Rqhm435fHlQTA7nAjIRdiWXvn/E=">AAAB/HicdVDLSsNAFJ3UV42vaJduBovgqiTBpu2u6MadFewDmhAm02k7dCYJMxMhhPorblwo4tYPceffmLQVVPTAwOGce7lnThAzKpVpfmiltfWNza3ytr6zu7d/YBwe9WSUCEy6OGKRGARIEkZD0lVUMTKIBUE8YKQfzC4Lv39HhKRReKvSmHgcTUI6phipXPKNinvNyQT5LkdqKngWzHXdN6pmzbaajtmCBWk5tlUQ267XG9CqmQtUwQod33h3RxFOOAkVZkjKoWXGysuQUBQzMtfdRJIY4RmakGFOQ8SJ9LJF+Dk8zZURHEcif6GCC/X7Roa4lCkP8skio/ztFeJf3jBR46aX0TBOFAnx8tA4YVBFsGgCjqggWLE0JwgLmmeFeIoEwirvqyjh66fwf9Kza5ZTc27Oq+2LVR1lcAxOwBmwQAO0wRXogC7AIAUP4Ak8a/fao/aivS5HS9pqpwJ+QHv7BHw+lLE=</latexit>

⌦b
<latexit sha1_base64="REqtTvXmybABGpLWnMFp67I0xiI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCmhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9kplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEMOI2p</latexit>w0

e.g. Heneka & Amendola (2018)  
Liu, Heneka, Amendola (2020)  
Heneka & Mesinger (2021)

II. Basics of 21cm Cosmology

<latexit sha1_base64="y+TLecIzEZQom61R2DE/zmhv12A=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUSkuiy6cWcF+4AmhMl02g6dmYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnShhV2nW/rZXVtfWNzdJWeXtnd2/frhy0VZxKTFo4ZrHsRkgRRgVpaaoZ6SaSIB4x0onG17nfeSBS0Vjc60lCAo6Ggg4oRtpIoV3xbzkZotDnSI8kz/A0tKtuzZ3BWSZeQapQoBnaX34/xiknQmOGlOp5bqKDDElNMSPTsp8qkiA8RkPSM1QgTlSQzaJPnROj9J1BLM0T2pmpvzcyxJWa8MhM5gnVopeL/3m9VA8ug4yKJNVE4PmhQcocHTt5D06fSoI1mxiCsKQmq4NHSCKsTVtlU4K3+OVl0j6refVa/e682rgq6ijBERzDKXhwAQ24gSa0AMMjPMMrvFlP1ov1bn3MR1esYucQ/sD6/AGiAZRE</latexit>

⌦c

<latexit sha1_base64="y+TLecIzEZQom61R2DE/zmhv12A=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUSkuiy6cWcF+4AmhMl02g6dmYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnShhV2nW/rZXVtfWNzdJWeXtnd2/frhy0VZxKTFo4ZrHsRkgRRgVpaaoZ6SaSIB4x0onG17nfeSBS0Vjc60lCAo6Ggg4oRtpIoV3xbzkZotDnSI8kz/A0tKtuzZ3BWSZeQapQoBnaX34/xiknQmOGlOp5bqKDDElNMSPTsp8qkiA8RkPSM1QgTlSQzaJPnROj9J1BLM0T2pmpvzcyxJWa8MhM5gnVopeL/3m9VA8ug4yKJNVE4PmhQcocHTt5D06fSoI1mxiCsKQmq4NHSCKsTVtlU4K3+OVl0j6refVa/e682rgq6ijBERzDKXhwAQ24gSa0AMMjPMMrvFlP1ov1bn3MR1esYucQ/sD6/AGiAZRE</latexit>

⌦c

Caroline Heneka, Advanced Cosmology SoSe 2025

Adapted from A. Gorce



C) Background H(z) and 
     matter density parameter Ωm.

D) Can’t tell without 
     cosmological model.

B) Background H(z), Ωm,  
     and density fluctuations δb.

A) Background H(z).

Which cosmological properties influence the 21cm Background?

II. Basics of the 21cm Background

Caroline Heneka, Advanced Cosmology SoSe 2025



C) Background H(z) and 
     matter density parameter Ωm.

D) Can’t tell without 
     cosmological model.

B) Background H(z), Ωm,  
     and density fluctuations δb.

A) Background H(z).

Which cosmological properties influence the 21cm Background?

II. Basics of the 21cm Background

<latexit sha1_base64="oeB4+eEDG66xeJ6CzjIY1xy2DNo="></latexit>

�T21(k, z) = T0(z)xHI (1 + �b)

✓
H(z)

dvk/drk +H(z)

◆✓
1� T�

TS

◆
[mK]

Caroline Heneka, Advanced Cosmology SoSe 2025



SUMMARY 2

The 21cm Background is sensitive to:

• Background expansion 

• Density fluctuations  

• Peculiar velocities

Wealth of cosmological information

Caroline Heneka, Advanced Cosmology SoSe 2025



III. 21cm Cosmology 
Why Now?

@SKAO

The SKAO Universe machine

> 100,000 antennae 
Max. Baseline 150 km 

50 MHz - 15.3 GHz

16

+ precursors (LOFAR, MWA, HERA, …)

Caroline Heneka, Advanced Cosmology SoSe 2025

@SKAO



III. 21cm Cosmology 
Observable Universe Roadmap

SKA

~2030-2040 High S/N map of >50% of 
the observable Universe

Now: upper limits on Power spectrum 

Soon: Low S/N detection 

LOFAR 21cm

Mertens+20

[ K ]

Adapted from C. Chiang 17Caroline Heneka, Advanced Cosmology SoSe 2025



III. 21cm cosmology 0 < z < 6 

Caroline Heneka, Advanced Cosmology SoSe 2025
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In halo model approach:

Hubble expansion

Matter and baryon density

…

<latexit sha1_base64="4i3yJfwmGsCUZUIlgswldV/Y5v0=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRmKCF9Iagh6JXjhiYoEEGrJdtrBhu212tybY8Bu8eNAYr/4gb/4bt9CDgi+Z5OW9mczM82POlLbtb6uwsbm1vVPcLe3tHxwelY9POipKJKEuiXgkez5WlDNBXc00p71YUhz6nHb96V3mdx+pVCwSD3oWUy/EY8ECRrA2ktuqPl2WhuWKXbMXQOvEyUkFcrSH5a/BKCJJSIUmHCvVd+xYeymWmhFO56VBomiMyRSPad9QgUOqvHRx7BxdGGWEgkiaEhot1N8TKQ6VmoW+6QyxnqhVLxP/8/qJDm68lIk40VSQ5aIg4UhHKPscjZikRPOZIZhIZm5FZIIlJtrkk4XgrL68TjpXNadRa9zXK83bPI4inME5VMGBa2hCC9rgAgEGz/AKb5awXqx362PZWrDymVP4A+vzB3pOjdQ=</latexit>

H(z)

<latexit sha1_base64="MPpixy3K7s+3AWjXtzvwcX/MWPo=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIlSQkohUl0U3LivYC7QhTCaTdujMJMxMhBK68VXcuFDErY/hzrdx0kbQ6g8DH/85hzPnDxJGlXacT6u0tLyyulZer2xsbm3v2Lt7HRWnEpM2jlksewFShFFB2ppqRnqJJIgHjHSD8XVe794TqWgs7vQkIR5HQ0EjipE2lm8f1OAgJEwjn59+UwBPKr5dderOTPAvuAVUQaGWb38MwhinnAiNGVKq7zqJ9jIkNcWMTCuDVJEE4TEakr5BgThRXjY7YAqPjRPCKJbmCQ1n7s+JDHGlJjwwnRzpkVqs5eZ/tX6qo0svoyJJNRF4vihKGdQxzNOAIZUEazYxgLCk5q8Qj5BEWJvM8hDcxZP/Ques7jbqjdvzavOqiKMMDsERqAEXXIAmuAEt0AYYTMEjeAYv1oP1ZL1ab/PWklXM7INfst6/ACrLlNw=</latexit>

(�m, �b)

Matter Power
+ BAOs

<latexit sha1_base64="+gy6aqso8WI+C6Hybhz+SSpO5BI="></latexit>

P21 (z, k, µ) = T̄ 2

21
(z)

⇥
b2
HI
(z) + f(z)µ2

⇤
Pm (z, k)

HI bias Growth

Extended redshift range
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Cosmology with Phase 1 of the 
SKA, Red Book 2018
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Cosmic Visions 21cm Collaboration 2019

Test ΛCDM

Caroline Heneka, Advanced Cosmology SoSe 2025
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Katrin

P. Bull 2016

Evolving DE and sum of neutrino mass
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KATRIN (2025)
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Cosmology with Phase 1 of the 
SKA, Red Book 2018

P. Bull 2016

DESI DR2, arXiv:2503.14738 
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