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An abridged history of the cosmos
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An abridged history of the cosmos
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An abridged history of the cosmos

CMB Cosmic Dawn Reionization
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An abridged history of the cosmos
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The pillars of cosmology

There Is Dark Matter
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The pillars of cosmology

Local
Universe

There 1s Dark Matter

This DM is cold and collisionless

Image: NASA/CXC/M.WEISS




The pillars of cosmology

Local
Universe

There i1s Dark Matter

This DM iIs cold and collisionless

There Is Dark Energy

Image: NASA/CXC/M.WEISS




We’ve learned a lot, but...

Local
Universe

-We don’t know what DM or DE are




We’ve learned a lot, but...

Local
Universe

-We don’t know what DM or DE are

-Cosmic tensions (e.g., Ho).




A third pillar
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The 21-cm experimental landscape
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What can we learn?

Does DM interact  |s DM warm, fuzzy, What is the expansion
with us”? or self-interacting? rate H(z—10-20)7



The basics of 21-cm
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21-cm wavelength: 1.4 GHz



The basics of 21-cm: The low-v tall
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The basics of 21-cm: Absorption
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The basics of 21-cm: Absorption
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The basics of 21-cm: Emission
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What would we see?

T 0.30
0.25 Emission
0.20
0.15
0.10 Absorption
0.05
0.00

CMB_f)eak

2

Intensity [unnormalized]

II/ X TCMBV

50 60 70 &0 90 100 110 120
— v [MHZ]

cosmic time

E.g., Pritchard & Loeb 2012



A simulated 21-cm signal —
cosmic time

Frequency, v [MHz]
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JBM 2019 https://github.com/JulianBMunoz/21¢cmvFAST
JBM, Qin, Murray, Greig, Mesinger+ (In prep. 20217?) https://github.com/21cmfast/21¢cmFAST



A simulated 21-cm global signal g

Frequency, v [MHz|

40 50 60 70 &0 90 100 120

20

cosmic time

140 160 180 200 220

—-20
—-40
- 60

—-30
39 29 20 15 12

JBM 2019
JBM, Qin, Murray, Greig, Mesinger+ (In prep. 20217?)

10 9 8 7 0 5

https://github.com/JulianBMunoz/21cmvFAST
https://github.com/21cmfast/21cmFAST



21-cm as a thermometer at high 2 —

cosmic time
Frequency, v [MHz|
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JBM 2019 https://github.com/JulianBMunoz/21¢cmvFAST
JBM, Qin, Murray, Greig, Mesinger+ (In prep. 20217?) https://github.com/21cmfast/21cmFAST



21-cm as a thermometer at high 2 —

cosmic time
Frequency, v [MHz|
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Pritchard+ 11
Learn about first galaxies: Fialkov+ 14
Park+ 19



21-cm as a thermometer at high 2 —

cosmic time
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5th force: Tashiro+, JBM, Ali-Haimoud & Kovetz 2015
mQ: JBM & Loeb, Barkana+, Berlin+ 2018...
Radio: Fraser+, Pospelov+ 18,



21-cm as a thermometer at high 2 —

cosmic time

Frequency, v [MHz|
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Cooling: Heating:
5th force: Tashiro+, JBM, Ali-Haimoud & Kovetz 2015 WIMP: Lopez-Honorez+ 2016
mQ: JBM & Loeb, Barkana+, Berlin+ 2018... Liu & Slatyer, D’Amico+ 2018
Radio: Fraser+, Pospelov+ 18, PBHs: Clark+ 2018,

A’ DM: Kovetz, Cholis, Kaplan 2018



Current data: EDGES

Experiment to Detect the Global EoR Signature
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Current data: EDGES (Low-Band)

(+foregrounds subtracted!)
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Bowman et al. Nature 2018



Current data: EDGES (Low-Band)

(+foregrounds subtracted!)
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Current data: EDGES (Low-Band)

(+foregrounds subtracted!)
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Resonance? Hills+ 2018

Bowman et al. Nature 2018
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-Awaiting second result: LEDA, SARAS, SciHi,...
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Temperature [K]

CMB Monopole

21-cm Global Signal
(EDGES, LEDA, SARAS, Sci-Hl,...)
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Temperature [K]

CMB Monopole

21-cm Global Signal
(EDGES, LEDA, SARAS, Sci-Hl,...)
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21-cm Fluctuations
(HERA, MWA, LWA, PAPER, SKA,...)

CMB Anisotropies
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GMRT (Paciga, 2013) MWA phase | (Barry, 2019) === HERA (HERA Collaboration +, 2021) “r*“x*x

MWA 32T (Dillon, 2014)

MWA phase I (Dillon, 2015)
MWA phase | (Beardsley, 2016)
LOFAR (Patil, 2017)

PAPER (Kolopanis, 2019)
MWA phase Il (Li, 2019)
LOFAR (Mertens, 2020)
MWA phase | (Trott, 2020)

Theory : faint galaxies nf 0.9 (Mesinger, 2016)
Theory : bright galaxies nf 0.9 (Mesinger, 2016)

~
Theory:beta 1 z 8.5 (Pagano and Liu, 2020) E RA
Theory:beta -1 z 8.5 (Pagano and Liu, 2020)

HERA coll. ++
(in prep.)

~20 nights
~50 antennas



ls DM cold?

CDM .

100 kpc .

Credit: Boehm (IPP Durham)



ls DM cold?

~ CDM a | _ » WDM

Credit: Boehm (IPP Durham)



Frequency, v [MHz|
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ls DM cold?
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ls DM cold?

Mhalo [M(D]

Molecular-cooling
haloes

cosmic time



ls DM cold?
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Forecasted errors in matter power

Molecular |

Chabanier+ 2019 coollng |
(Ly-A'forest) Haloes
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Forecasted errors in matter power

CMB
D EDGES-like
(Global)
0.100 |
2 0.050 HERA-like.|
C\Té (Marginalized over (Fluct.) |
< astro+foreground) |
I
0.010 Molecular |
. cooling
Chabanier+ 2019 |
0.005 (Ly-A'forest) = - Haloes - .

1 5 10 50 100
k [MpC_l] JBM, Dvorkin

& Cyr-Racine 2020



An example of non-CDM constraint

< EDGES-like
(Global)

0.010
Chabanier+ 2019

O . 005 (Ly-Aforest)
1 5 10 50 100

Also: Lidz & Hui 2018

Schneider 2018  Boyarsky+ 2018 k‘ [ ‘\/I pC_ 1 ] JBM, Dvorkin
Safarzadeh+2018 Yoshiura+ 2018 & Cyr-Racine 2020
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Boyarsky+ 2018 k [Mpc_ 1 ] JBM, Dvorkin

Safarzadeh+2018 Yoshiura+ 2018 & Cyr-Racine 2020



Beyond a cutoff: Self Interactions
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DM-DM: DM-DR:
Halo profiles, etc. Power Spectrum



Beyond a cutoff: Self Interactions

b8

@ Y Y

DM-DM: DM-DR:
Halo profiles, etc. Power Spectrum

Effective Theory of Structure Formation: ETHOS

Vogelsberger+ 2016
Cyr-Racine+2016



Beyond a cutoff: 21-cm ETHOS
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Beyond a cutoff: 21-cm ETHOS
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Also during the EoR!
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Jones+ 2021
10721 eV
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H(2)/(14+2)*? [km s ' Mpc™]
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- Baryon Acoustic Oscillations
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Credit: Zosia Rostomian, SDSS-III, BOSS



http://www.sdss3.org/
http://www.sdss3.org/surveys/boss.php

Density

A preferred distance scale

10°

X

<

Tseliakhovich
& Hirata 2010



Velocity

Tseliakhovich
& Hirata 2010



VAOS' A new standard ruler
JBM PRL 2019


http://www.sdss3.org/
http://www.sdss3.org/surveys/boss.php

The expansion rate H(z)

21-cm
VAO ~2% with HERA

H(2)/(1A z)3/2 (km s ~! Mpc_l]

. Redshift, z

cosmic time JBM PRL 2019



The expansion rate H(z)
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Measuring 7
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ummary

-We have not observed
most of the Universe (yet




Summary

-The 21-cm line will allow us
to map the cosmos during
unexplored eras.




Summary

-Use it to answer questions:

Does DM interact  |s DM warm, fuzzy, What is the expansion
with us? or self-interacting? rate H(z—10-20)?

JBM, Ali-Haimoud, Kovetz 2015 JBM, Dvorkin & Cyr-Racine PRD 2020 JBM PRL, PRD 2019
JBM & Loeb Nature 2018 JBM, Bohr++ PRD 2021 JBM++ (in prep.)



