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Brief history of Hydrogen
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Brief history of Hydrogen

Cosmic Earth and
CMB Dawn Reionization Telescopes
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DM is cold and collisionless
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What can we learn?
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Outline

- Introduction to 21-cm cosmology

- Non-collisionless DM

- Non-cold DM
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EDGES

nent to Detect the Global EoR Signature




Age of the Universe (Myr)

0.9 150 | - 200 | '250' _ 300
= /’\ .""\ 1
L .\'/u / \
g 0 l "\i \1, \-,,
I~ i
)
E
g -0.2r
a
= — H1
b
" — H2
4y
& 04 —H3
<
L — H4
na|
HS
-0.6  He
----- P8
26 24 22 20 18 16 14

Redshift, z
Bowman et al. Nature 2018 -




Learning about DM: Depth
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Learning about DM: Depth

Maximum Absorption

(no X-rays)

Claimed EDGES detection
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The small-scale matter power spectrum

Atomic |
cooling | |

Haloes | Molecularl
| cooling |
Haloes




0.100
0.050

LCDM small-scale power spectrum

LyA |

forest
—

Atomic |
cooling | |
Haloes | Molecularl
| cooling |
z = 20 Haloes

1 o 10 50 100

L [Mpc]



A% (k)

0.100
0.050

0.010
0.005

LCDM small-scale power spectrum

Atomic |
cooling |

Haloes | Molecularl
| cooling |
Haloes

1 o 10 50 100

L [Mpc]



The impact on the 21-cm signal
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But astrophysics, though...

Stellar
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And foregrounds...
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Forecasted errors in matter power

Chabanier+ 2019
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An example of non-CDM constraint
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But what about EDGES?

A reasonable model

q
4

. * EDGES/4

16 18 20 22 24 26

23



If you just focus on the centroid:

v [MHZ]
100 80 60 50

:— mm=4keV — mmy=6keV

Warm DM

— mty=10keV — CDM

—-200 . Lol . 1 1 1
14 16 18 20 22 24 26 28

Absorption
mwom > 6 keV also:
Safarzadeh+ 2018
Lidz & Hui 2018
Boyarsky+ 2018

Credit: Schneider 2018 Yoshiura+ 2018



The 21-cm fluctuations



21-cm Global Signal

Age of the Universe (Myr)
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CMB Monopole
CMB Anisotropies
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Brightness temperature, T,, (K)
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|s this observable?

Age of the Universe (Myr)
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|s this observable?

HERA (Hydrogen Epoch of Reionization Array):

350 antennas, 14-m in diameter
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|Global Signaj

Chabanier+ 2019
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Fifth-force

Barkana Nature 2018
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Fifth-force constraints
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Can you test this?
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Essig et al. 2012
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21-cm fluctuations
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Relative velocities: effects

1- Power Spectrum
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Relative velocities: effects

1- Power Spectrum -> Number of haloes
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Relative velocities: effects

2- Threshold for stellar cooling (molecular only)

No velocity Average velocity High velocity

Oleary & McQuinn 2010



Relative velocities: effects

3- Gas fraction in each halo » — 90)
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Relative velocities: effects

Lyman-Werner Feedback
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Evolution of 1%

H()
. 0
e
g
= 50
~ /7, No v
_100 7 No feedback
15 20 29 30 39
<

Modifying 21cmFAST (Mesinger+ 2010)



Evolution of 1%
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Fluctuations on 7x:

21-cm Fluctuations

CMB Anisotropies



Fluctuations on 7x:
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Velocities
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Acoustic oscillations on 751!
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Acoustic oscillations on 751!
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Acoustic oscillations on 751!

300

100

A*(k) [mK-]

1.0



How to,Use a.standard ruler
: , ﬁ ' "

.




How to use a standard ruler
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How to use a standard ruler

Alcock and Paczynski 1979



How to use a standard ruler

Az = H(z)Ar

Hreal (Z)
ATaguess — AT'rea,l

ngess (Z)
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VAOs as a standard ruler
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VAOs as a standard ruler
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|s this observable?

HERA (Hydrogen Epoch of Reionization Array):

350 antennae, 14-m In diameter
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Foreground “wedge”
15

Foregrounds swamp the signal.

0.4 Avoid the “wedge”
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VAOs as a standard ruler

\mm
o
=
™
|
S

A

A

3
L\
R
A
T
L

1.0

0.3

0.1

k [Mpc™]

Using 21cmSense (Pober+ 2014)



VAOs as a standard ruler
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Measuring H(z)
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H(2)/(1+2)*? [km s =1 Mpc™!]
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Applications

- Hy tension (although in LCDM we measure Ho\/ s )
- BSM cosmology (e.g., decaying DM, Mnu...)

- It’'s unexplored territory!



What about D4?
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What about D4?

Foregrounds are not isotropic:

ﬂ“in:a—l—bkLleka

So we mostly observe parallel modes:
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What about D4?

Optimistic
Foregrounds

Moderate
Foregrounds
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D4(20)r" /(D (20)ra)

What about D4?

Moderate

Foregrounds

o(H)/H = 2%

Optimistic
Foregrounds
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Terms and Conditions

-Size of LW feedback unknown (plus other processes?)

More Pessimistic
| Feedback
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Terms and Conditions

-Size of LW feedback unknown (plus other processes?)
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Terms and Conditions

-Size of LW feedback unknown (plus other processes?)

-Severity of foregrounds also unknown
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Summary

- Relative velocities between DM and baryons affect
the formation of the first structures by O(1).

- They produce VAOs, with the same origin as BAOs
but a different effect (large at z = 20, irrelevant today).

- Using VAOs as a standard ruler, we should be able to
measure H(z=20) with 21-cm data from HERA.
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During Lyman-Alpha era
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AP with “traditional” density BAO

[K3P /2m2]1/2

comoving k [1/Mpc]

In agreement with Barkana and Loeb 2005






HERA on April 2018 (reionization.org)


http://reionization.org
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Can DM explain EDGES?

Requirements

Ny >Ny —  my, <6GeV

JBM+ 2015
Fifth Force Barkana 2018

< 10keV
Orb O 4 (m¢ eV)

Millicharged DM JBM and Loeb 2018
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Chuzhoy and Kolb (2009)
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