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... comes from pristine gas before stars and galaxies ever formed and

can constrain cosmology parameters without astrophysics uncertainties.
(Mondal & Barkana 2021)



2 1em Signal from z > 20)

The Big Bang

The Dark Age

~ o .
UoNRLIqQuoIay

PN

Fully onized N Ltralized Fully onized

Redshift= 80 30 20 14 12 10 8 Tsukuyomi by Japan

20 l 1 o |
hefpmal First galaxies
decofipling form

[

B =
- Reilonization Reionizal
D \ begins ends

-350

L1 1 1

Mzin prccesses:
I) Collisional coupling

Brightness [mK]

R

—100 2) Lyac , '
3) Xera
4) Phot

—130




2 1em Signal from z > 20)

The Big Bang

The Dark Age Thé First Galaxies _

)
1%
-
¥0
. =
*4
S
Yo
=
O
>

-~

Fully ionized Sutralized

Redshift= 80 30 20 14 12 10 8 6
<A ‘ I — I I
Thekma 3
First galaxies g
Q decofipling ( form ) -
€ OR--- : _
— m Reionization Reianization =
9, _ begins ends ’
Q —30 [~ park -
_E e Mzin prccesses: i
Lo - I) Collisional coupling -
5 —-100 - 2) Lya coupling ~
- Heating 3) X-ray heating -
i bagins 4) Photo-ionization ]

—-150 I YR W WY W AT TR TR WO SN NN TN NN NN SN NN SN RN AN

The signal is often calculated for the homogeneous Universe,
but structures are forming at sub-Mpc scales.
We need to model the impact on the signal.



Impact of Structure Formation

Ty=(1+2)""(Ts — Temp)(1 —€e™7)

/

Coupling coefficient / piz
(1—e ") = 7 for small 7

- ~ 1 for large 7
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Le X /{1—0(Tgas)nH /

H(z) in the homogeneous Universe

Structure formation introduces fluctuations in T¢ss and ny, and v,
How will that affect T1,?



Baryon-DM Streaming
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Veb =0 - 70 [2/1000] (km/s)
Not strong enough to affect SFatz ~ 6
But, strong enough disrupt some of
small-scale gas structures

... pressure of photon-baryon fluid generates
the Baryonic Acoustic Oscillations.
This sound wave became a relative motion
between baryons and dark matter.



https://www.youtube.com/watch?v=jpXuYc-wzk4

[Part 1] Recombination from Small-scale Gas Structures

Iniual Conditions with Streaming
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Streaming motion smoothes gas density.




Baryon-dark Matter Streaming Veloci
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Pre-reionization IGM with Streaming & Preheating
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Streaming v & X-ray preheating erases small-scale gas structures.



7(2)

Redshift Space Distortion

Ty=(1+2)""(Ts —Teus)(1 —e™7)
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The RSD effect can reduces the signal from dense gas.

7 for small 7

1 for large 7



Impact on the Maximal 21 ¢m Signal atz=17

(Xu+ 2021)

Maximal signal: x, = c0o = T's = Tgas
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Simulation Setup & Gas Temperature

Tpus @ 2 = 200.0
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Our goal is to model the dark age signal from z > 20, assuming x, = 0.
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Impact of Structure Formation on Spin Temperature
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A7s due to Structure Formation (z > 70)
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A7s due to Structure Formation (z = 65)
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A7s due to Structure Formation (z < 60)
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A7s due to Structure Formation (z < 30)
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Al [mA]

Impact on 21cm Brightness Temperature
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Al [mA]

Impact on 21cm Brightness Temperature
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Al [mA]

Impact on 21cm Brightness Temperature
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Impact on 21cm Brightness Temperature
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AT} [mK]

Impact of Streaming and RSD
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Did not fully understand the RSD effect yet...
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Summary

# Calculated 21cm signal from the dark ages, accounting
for structure tformation, RSD ettect, and baryon-dark
matter streaming velocity.

* ~10% correction to the homogeneous Universe value at
z~30

“ Important correction for constraining cosmology
parameter with the dark age signal



