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How does cosmology measure things?
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How does cosmology measure things?

CMB Cosmic Dawn




How does cosmology measure things?

CMB Cosmic Dawn Reionization
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How does cosmology measure things?

Late
Cosmic Dawn Reionization Universe

z ~ 30
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Fluctuation Scale, A [Mpc]

DM Is cold as far as we can tell
Redshift, z
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New pillars of cosmology

Cosmic Dawn and Reionization



21-cm cosmology super-summarized
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z = 27 — z =11

cosmic time

50 060 70 &0 90 100 110 120
v [MHz]

E.g., Pritchard & Loeb 2012



The basics of 21-cm: Absorption

A = 21 cm Earth
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z = 27 — z =11
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z = 27 — z =11
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What would we see?
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Furlanetto+ 2006 , Pritchard+ 2011... https://github.com/JulianBMunoz/21¢cmvFAST

JBM 2019, JBM++ 2022 https://github.com/21cmfast/21¢cmFAST



21-cm as a thermometer at high 2
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1-cm as a thermometer at high 2
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cosmic time

Cooling: Redshift. z

5th force: Tashiro+, JBM, Ali-Haimoud & Kovetz 15, Barkana 18
mQ: JBM & Loeb, Barkana+, Berlin+ 18, Liu+ 19...
Radio: Ewall-Wice+, Fraser+, Pospelov+ 18, Caputo+21...



21-cm as a thermometer at high 2
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30 25
Cooling: Redshift, 2 Heating:
WIMP: Lopez-Honorez+ 16
5th force: Tashiro+, JBM, Ali-Haimoud & Kovetz 15, Barkana 18 Liu & Slatyer, D’Amico+ 18
mQ: JBM & Loeb, Barkana+, Berlin+ 18, Liu+ 19... PBHs: Clark+ 18,

Radio: Ewall-Wi F P | 1 to+21... , .
adio: Ewa ice+, Fraser+, Pospelov+ 18, Caputo+ A’ DM: Kovetz, Cholis, Kaplan 18



21-cm Global Signal
(EDGES, SARAS, PRIZM, MIST,...)
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CMB Monopole




21-cm Global Signal
(EDGES, SARAS, PRIZM, MIST,...)

CMB Monopole

Bowman+ 2018



CMB Monopole

21-cm Global Signal
(EDGES, SARAS, PRIZM, MIST,...)

—
Lower
Temperature?
First detection? However, foregrounds.... Systematics?
EDGES : SARAS 3
(Bowman+ 2018) i, cO 18 (Singh+ 2021)

Dark-matter interactions?
mQ: JBM & Loeb 18, Barkana+, Berlin+ 18, Liu+ 19...



CMB Monopole

21-cm Global Signal
(EDGES, SARAS, PRIZM, MIST,...)

21-cm Fluctuations
(HERA, MWA, LOFAR, PAPER, SKA,...)

CMB Anisotropies




21-cm Fluctuations = CMB Anisotropies
(HERA, MWA, LOFAR, PAPER, SKA,...)




The status of 21-cm data
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11 6
109 - —
MWA: 2014 +
_|_
107 . - - ., _
—
10° y— v -
:K:E *v V& | % V! ¥
— *m
% 103 o _
HERA: 2021
Theory
.~ Predictions
10—1 | - | | |
4%x10% 5x10% 6x10% 7x10% 8x10° 9x10°
{ [yr] ~20 nights

HERA coll. 2021 (Incl. JBM)

~50 antennas



HERA vs EDGES
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HERA vs EDGES

Adiabatic
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HERA vs EDGES
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JBM & Loeb 18, HERA+2021
See Liu+19 for broader space My [GGV] (Incl. JBM)



HERA vs EDGES
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ETHOS: Vogelsberger+ 2016, Cyr-Racine+2016 Credit: Vogelsberger/MIT
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Probing the uncharted
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How does 21-cm help us with DM?
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The first galaxies and DM
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The first galaxies and DM
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How does 21-cm help us with DM?
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For WDM also see:
Schneider, Lidz & Hui,

Probing the uncharted
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Effective Theory of Structure Formation: ETHOS
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DM-DM: DM-DR:
Halo profiles, etc. Power Spectrum

Vogelsberger+ 2016, Cyr-Racine+2016, JBM+ 2021

ETHOS-1



A two-parameter model




The 21-cm global signal in ETHOS
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The 21-cm global signal in ETHOS

Earlier decoupling
(ie, smaller couplings)

151 [mK]

JBM+ 2021 cosmic time Mason, JBM+ 20227



What can we say now?
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What can we say now?

Redshift. z




What can we say now?

Hubble

2 10 Deep Field EQ
2 1012 ?
-~ 1 =
110
0.10
Sabti*, JBM,
Blas 2021a,b
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Summary

-We have not observed
most of the Universe (yet




ummary

-We will soon have access to
cosmic dawn and reionization




Summary

Hubble (+JWST soonl):
Sabti*, JBM+ 21

HERA 21-cm:
JBM+ 20, 21




