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Reilonization Era
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Introduction

Epoch of Reionization

z~10-15 zZ~6



Intro for Scatter in Reionization History

Mulaplicity of the end-of-reionization

Quasar Spectrum
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The reionization history seems to have a large scatter near the end.



Intro for Scatter in Reionization History

Scatter in the Reionization History
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The reionization history seems to have a large scatter near the end.



Intro for Scatter in Reionization History

Muluplicity of the end-of-reionization

Early reionization (z. = 6)

Late reionization (z. = 5.5)
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The density fluctuations of the universe is small at scales of > 50 Mpc.
Difficult to explain the reionization process being inhomogeneous over ~150 Mpc.




Intro for Baryon-Dark Matter Streaming Motion

Baryon-Dark Matter Streaming Motion

z > 1090 (tage < 4x105 yrs) z = 1090 (fage = 4x105 yrs)
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... pressure of photon-baryon fluid generates S Ve
the Baryonic Acoustic Oscillations.

This acoustic motion created a relative motion

between baryon and dark matter.

... the streaming motion freezes out
with the cosmic recombination.

(Tseliakhovich and Hirata 2010)



Intro for Baryon-Dark Matter Streaming Motion

Baryon-Dark Matter Streaming Motion

z =1090 (fage = 4x105 yrs)
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* Mostly (98%) ranges between 5 - 55 km/s.
* Decays as (1+z). Unimportant at the late time in cosmic history.
* Fluctuates at large scales (~ 150 Mpo).

(Tseliakhovich and Hirata 2010)



Intro for Baryon-Dark Matter Streaming Motion

Motvation: Can streaming motion affect reionization?

Streaming velocit
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Fluctuates at large scales (~ 150 Mpc)

~150 Mpc




Intro for Baryon-Dark Matter Streaming Motion

Impact on Gas Density

Streaming velccity
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Gas density gets smoothed by the streaming motion.



Impact on Halos in the Early Universe

z < 20 (tage > 108 yrs)

(Richardson+ 2012)

Harder for halos to accrete gas.



Intro for Baryon-Dark Matter Streaming Motion

Impact on Relonization
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Reionization is driven by massive (> 108 solarmass) halos.
But, these halos are not affected.



Small-scale Gas Structure during Reionization

TLHQHH — <I> = <R> :
s : rir M > 108 solarmasses galaxies
Net Ionization Production = Recombination : h
by galaxies by gas structures I NOt @ffected by the streaming motion

~0.1 Mpc

(x [

‘ Intergalactic gas \

Intergalactic gas structures consumes extra photons.
They are mostly M << 108 solarmasses.
Maybe affected by the streaming motion?




Streaming velccity
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Small-scale (<107 Mo) structures strongly suppressed by the streaming V.



Time after the Big Bang [Myr]
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Results

Recombination in Small-scale Gas Structure
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Streaming velocity
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Results

Variaton in Retonization History

lonization Rate

QHH (Z ) : Global mean ionized fraction
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Results

Scatter in Reionization History

Scatter tn End-of-retonization
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End of reionization scattered by Az = 0.5!



Results

Potental Explanation for the end-of-reionization scatter

Streaming velccity
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Results

Impact of X-ray Preheating
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X-ray preheating also erases the small-scale structures.



Results

Impact of X-ray Preheating
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Scatter in reionization history is suppressed!
However, the X-ray preheating may also fluctuate!



| Wish List 1] Reionization Map with Streaming Effect

Streaming No-streaming
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Make realistic reionization model with the streaming effect.



Discussion

| Wish List 2] Model Observables

21 cm background

Near infrared background




Discussion

| Wish List 2] Model Observables
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Summary

Baryon-dark matter streaming motion...

= suppresses small-scale gas structures at z ~ 6.

= adds a scatter in the end-of-reionization redshift of up to Az =0.5.

= might explain the observed scatter in end-of-reionization.

= will impact the observables of the reionization era. (21cm, NIR, CMB, LAE)

= X-ray preheating is another important fact.



| Wish List 3] Ualize Deep Learning

[Step 1] Photoevaooration simulation (takes ~105-¢ hours) Results
provided by the international joint researcher
Number of pholons
abscrbed
- . .
Gas
structures 4

[Step 2] Deep learning constructs a model (less than an hour)

Deep learning
(3D convolutional neural network)

'

More Gas
structures Results
3 ﬁ Model for 7
> Photon Absorption Number of photons
3 absorbed

I[Step 3] Deep learning predicts the resulis (a few minutes)




| Wish List 3] Uulize Deep Learning
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We are getting some promising preliminary results!
(Sorry Tilman! I will keeping working!)



Direct Collapse Blackhole Scenario

(Hirano et al. 2017)

z = 20 (tage ~ 1x108 yrs)
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Origin of Globular Cluster?

z = 20 (tage ~ 1x108 yrs)
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Gas-free DM clumps — Missing satellite (?)
DM-free gas clumps — Globular cluster (?)



Thank you so much!



