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Epoch of Reionization (EoR)

From Nature (Ncik Spenser)
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Observational constraints on the EoR

Several things we have learnt from the observations on the EoR

* CMB anisotropies

 Gunn-Peterson Troughs (high-z QSOs)
* High redshift galaxies (LAE)
e Gamma ray background

etc.



Observational constraints on the EoR

Several things we have learnt from the observations on the EoR

* CMB anisotropies probe electrons

(Gunn-Peterson Troughs (high-z QSOs) \

e High redshift galaxies (LAE)

 Gamma ray bursts

\_ probe neutral hydrogen/

etc.
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Impact of reionization on CMB anisotropies

Increase free electron density

Enhance the rate of scatterings (large 1)

e Scatterings suppress the anisotropic signals

e Scatterings make a bump on the CMB polarization
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Reionization from CMB anisotropy

2018 Planck Best fit
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Observational constraints on the EoR

Several things we have learnt from the observations on the EoR
* CMB anisotropies

* Gunn-Peterson Trough (high-z QSOs)
e High redshift galaxies (LAE)

e Gamma ray bursts
probe neutral hydrogen

etc.



Gunn-Peterson Trough

Complete absorption by neutral hydrogen
along the line of sight on distant QSO spectrum |

Intrinsic spectrum
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Measurements give the neutral fraction of hydrogen



Gunn-Peterson Trough

Gunn-Peterson trough measurement by SDSS QSO survey
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Observational constraints on the EoR

Several things we have learnt from the observations on the EoR
* CMB anisotropies

* Gunn-Peterson Trough (high-z QSOs)
e High redshift galaxies (LAE)

e Gamma ray bursts
probe neutral hydrogen

etc.



Neutral fraction evolution

Iltoh et al. 2018
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Neutral fraction evolution

Iltoh et al. 2018
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Neutral fraction evolution

Iltoh et al. 2018
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First stars, galaxies, QSOs in the early Universe




Thermal evolution of the Universe
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CMB: 2.725 Blackbody spectrum
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Thermal evolution of the Universe
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Baryon temperature evolution

dT 1 dntot 2 dQ

— = —2HT |
dt Ntot dt Santot dt

Tltot - Total number of “baryonic particles” (including electrons)

Adiabatic evolution

dl’
— = —2HT 1 )2
g E> T o (1+ 2)

Deviation from the adiabatic evolution tells us
heating and cooling sources in the Universe
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Thermal evolution of the Universe
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Baryon temperature evolution

d_T _ _QHT T dntot | 2 dQ
dt Ntot dt 3]€B Ntot dt
Tltot - Total number of “baryonic particles” (including electrons)
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Baryon temperature evolution

d_T 1 d?’Ltot 2 dQ

= —2HT |
dt Ntot dt Santot dt

Ttot - Total number of “baryonic particles” (including electrons)

dQ

d
— = Ccomp(Ty — T') <

dt

Q)
dt

dt

heat cool

Effective Compton scattering j> Tb _ T
e

in the early Universe




Thermal evolution of the Universe
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Thermal evolution of the Universe
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Baryon temperature evolution

d_T — _9HT T d?’Ltot | 2 dQ
dt Ntot dt BkB Ntot dt
e, dQ dQ
at CC g ( K ) at heat at cool

Reionization

First stars, galaxies, QSOs




Thermal evolution of the Universe
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Thermal evolution of the Universe
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Thermal evolution of the Universe
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IGM gas temperature evolution in lower redshifts

Width of Lyman-a feature provides the IGM temperature

¢ ¢ Lidz + (2010) ¢ ¢ Boera + (2014), adjusted
¢ ¢ Schaye + (2000) ¢ © Bolton + (2014)

¢ & Becker + (2011) © o QGarzilli + (2012)

© o Boera + (2014)
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IGM gas temperature evolution in lower redshifts

Width of Lyman-a feature provides the IGM temperature

¢ ¢ Lidz + (2010) ¢ ¢ Boera + (2014), adjusted
¢ ¢ Schaye + (2000) ¢ © Bolton + (2014)

¢ & Becker + (2011) © o QGarzilli + (2012)

© o Boera + (2014)
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Thermal evolution of the Universe

10*
* Reionization?
Ly-alpha
forest
- N CMB
D 100! :
9 anisotropy
5 %
— 10! — baryon
— — CMB
T 10 100 1000

redshift



Thermal evolution of the Universe
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Measurement of Redshifted 21 cm signals
can tell the reionization history
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An absorption profile centred at 78
megahertz in the sky-averaged spectrum
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1. a low-band instrument sensitive to 50-100 MHz.

2. a high-band instrument sensitive to 100-200 MHz,



Experiment to Detect the Global EoR Signature (EDGES)

The EDGES team reported the detection of
21cm absorption signals from redshifts around 17
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Brightness temperature, T,, (K)

EDGES anomaly

Age of the Universe (Myr)
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21cm line

The hyperfine structure of neutral hydrogen atom

f AE =5.9 peV, (A= 2lcm)

At the transition of these levels,
21 cm photon is emitted or absorbed.
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Cosmological 21cm signal

Background light: CMB, QSO spectrum

1Y31| punousyoeg

Flux

Signal depends on hydrogen gas state



Differential Brightness temperature

N T, (2)\ (1+2z 0.15 \'/? [ Q,h?
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21 cm transition in cosmology

e Spontaneous emission /
e Transition induced by CMB ‘\L/y\_/a\
absorption and stimulated emission n=1 /

[1 /% na

Ground state

e Transition induced by collisions

e Lyman alpha pumping

Hyper fine structure

Assuming the equilibrium balance of these effects,
Level population :

ny (Cro + Pio + Ao + Biolems) = no (Co1 + Po1 + BoiIowvs)



Spin temperature

T — T’Y_|_ (ya _|_yc)TK
) 1+ Yo + Ye

Spin temperature is determined by
the balance between gas and CMB temperature

(Field 1975)

Collision and Ly-a are not effective: Y. < 1, 1y, < 1

T, ~T,
Collision or Ly-a is effective: y. > 1, or 1y, > 1

1Ty ~1xk



21 cm Tomography

* Line absorption (emission)

21 cm
signals
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Differential Brightness temperature
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Global Spin temperature

108 |-

10 |

10
Z




Global Spin temperature
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Global 21cm signal
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Experiment to Detect the Global EoR Signature (EDGES)

Age of the Universe (Myr)
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It seems that the spin temperature strongly couples
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EDGES anomaly
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DM-Baryon interaction can cool the baryon temperature

dQ

— _aldy =T
g Ch—a(Tq )

HT et al. 2014
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Baryon-Dark matter coupling

e Redshifted 21cm signal

HT et al. 2014, Brkana 2019...

 Small-scale power spectrum

Dvorkin et al. 2014, Ooba, HT et al. 2019 X

* First star formation
Hirano & Bromm 2018

Dark matter halo profile

Kadota, HT et al. 2016
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EDGES results
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Need to be confirmed by other experiments !
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EDGES results

Global 21 cm Science
Absorption line signature (7g.s < 17)

Ly-a photon production et e U

150 200 250 300

0.2

 DM-Baryon coupling

' Ty ()

* Primordial black holes

H1
— H2

s temperature

(Clark et al. 2018, Hecktor et al. 2018) 8 04f —na
* Primordial magnetic fields

26 24 22 20 18 16 14
Redshift, z

(Minoda, HT et al. 2019)

* Decaying / annihilating dark matter  (carketal 2018

 Structure formation in the early universe  (Yoshiuraetal. 2018)



PrImOrdial magneﬁc ﬁeldS Minoda, HT, Takahashi 2019

Seed magnetic fields of magnetic fields in galaxy and galaxy clusters?

Additional heat source for the IGM gas
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Primordial magnetic fields

Seed magnetic fields of magnetic fields in galaxy and galaxy clusters?

Additional heat source for the IGM gas

d() (VxB)xB|?1 — xc
o _ s
dt heat L6 é:pb e

Global 21 cm sighal can provide
constraints on the heating sources during the EoR
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Summary

First stars,

Reionization <j> First galaxies,
QSO, etc.

* |onization fraction evolution

 Thermal history

Global 21 cm sighal measurement

* First result from EDGES experiment



21 cm fluctuation measurement

Signal image : First stars, galaxies, QSOs, SNe

Abe-san’s talk

Statistical analysis : first star statistical property

Tanaka-san’s talk

application to cosmology

* I|nitial density fluctuations

Furugori-san’s talk

SKA (Squgre Kilometer Array)

In the 2020’s




