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Sequence of events

At z=1000 the Universe has cooled
down to 3000 K. Hydrogen becomes
neutral (“Recombination”).

At z <40 the first “Poplll” star
(clusters)/small galaxies form.

At z ~ 6-15 these gradually photo-
ionize the hydrogen in the IGM
(“Reionization™).

At z<6 galaxies form most of their
stars and grow by merging.

At z<l massive galaxy clusters are
assembled.
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Halo mass = 2.2x10°> Mg

dark matter density

rlicl

ricl

gas density

THE FIRST STAR
Gao+07
gas temperature

z =499

hot core

=
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ACCRETION

« Run-away collapses produces a core + accreting envelope structure
* Initial conditions: M.~ 1073 Mg, M,,, ~ 103 Mg

KEY POINTS

Accretion rate

dM/dt = It takes only 70,000 years to build
a 300 Mg, star
Numerical estima w :
Was the Initial Mass Function
of the first stars top-heavy?




Cosmic Reionization

Cosmic hydrogen is ionized by_U V light from first stars/galaxies

-
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BASIC PHYSICS

HI 21 CM LINE

Higher energy Spn
state flig:

OGO

1420 MHz
L=21cm

7{1/ no = 3exp(—T/ TS_)'

T’Y_l + xaTa—l + "ECTK—I

Ts™t =
o l+z,+ z,

6Tb=TS_T7'r
1+2

H T,\ (1+2 0.15 \?
0Ty ~ 27zui(1 + 0u) (dv,./dTJrH) (1 B TS) ( 10 QMhz)
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COSMIC REIONIZATION

Mesinger, AF & Spiegel 2013; Pacucci+14
HI 21CM LINE VIEW

Brightness Temperature Evolution

1600

1200

emission

400

6.00 7.65 9.96 13.33 18.54 27.20 4321 78.06 179.00

? v ’ -
5 - 15 . 27 redshift
Epoch of Reionization Cosmic Dawn Dark Ages
* IGM warmer than CMB * IGM colder than CMB e IGM colder than CMB
» Strong T, — T, coupling * Lya coupling (WF effect) o Weak T, — T, coupling

* X-ray preheating
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COSMIC REIONIZATION

Mesinger, AF & Spiegel 2013
21CM POWER SPECTRUM

Revised

PARERZBA RESULT o o o
135 days/64 elements NO COId relomization

103 ] I || || || ] I 1 1 ] | I || 1 ] '
-sigma TN, DS - -1
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Diving in a hydrogen sea




COSMIC REIONIZATION

Planck Collaboration 2018
PLANCK POLARIZATION DATA

100 }I - - - - .

1 1 1 1 | 1 1 1 |

30 500 1000

1500 200

14



0.5

-3.0

-3.5

HIGH-Z STAR FORMATION

L. =0.001L,

o

I 689
- C’w/b”@/n
- ervey
| e Maximum Likelinood SFR History
| ------ ML SFR History Without r Constraint ]
— @ SFRDensity from UV Luminosity Density =
[ @ SFRDensity from IR Luminosity Density ]
i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1

2 4 6 8 10 12 14

Redshift z

Robertson+15

f..=0.2



ion

COSMIC REIONIZATION

B , Mitra, Choudhury & AF 2015
DATA-CONSTRAINED REIONIZATION

Nion = f*fescN'y

T T 1] T T T3
mean (Planck) 1 S _ L r oo, _
------- fiducial (Planck) _] — . 3
- —— - mean (WMAP)

- admix. of em=0.005:
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10"
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no need for quasars?

AN, /dz
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[
|
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HI

QHII

0.05
X
10*10°10%02 0.4 0.6 0.8 1.0

0.00

Reionization after PLANCK — MCMC Analysis



REIONIZATION SOURCES

B , , Mitra, Choudhury & AF 2015, Yue+16
DATA-CONSTRAINED REIONIZATION

Add Luminosity Functions.. turn-over @ Myya— 12
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LUMINOSITY FUNCTIONS

log,, Number / mag / Mpc3

REIONIZATION SOURCES

Salvaterra+11, Bouwens+15, +21

This Work
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vdB+2010

Steidel+ 1999
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GO FAINTER: IR BACKGROUND

CIB FLUCTUATIONS Kashlinsky+12, +18; Helgason+12; Yue+12
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ADDITIONAL EXPERIMENTS
Cappelluti+12,+19
CIB-CXB CORRELATION

X ‘ v ' LEPRRL i b _ X-ray 0.5-2 keV count-rate map
I ADDITIONAL SUPPORT

% uation map
=

% Independently confirmed by

a8 X )sure map
< Mitchell-Wynne et al.+2017

N

QO

Ué ion map
<

S

N

S

@) IRAC 4.5 pm exposure map







FIRST BLACK HOLE ERA

minihalo
T, < 10* K wunpolluted “atomic”
* Tvir ~ ]04 K
Lyman-Werner UV~ 8~ e

supermassive/
quasi-star

1000 AU

-
S
h

polluted “atomic”

-

high-z galaxies

Xrays, UV

MODEL
Yue, AF+2013, AF+14

Accretion
exhausted

M,=10° Mg

CI<Z2Vdd Hd



HIGH-7z BLACK HOLES

DCBH FORMATION

wo u

Courtesy: C. Regan, Univ. of Helsinki




Luminosity [erg s™' Hz

ABSORBED SPECTRUM

N,;=1.5x10%?° cm™2
(Compton thick)

Collapsing
envelope
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HOW SEEDS EMIT
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(Direct collapse black hole)



[I(14+1)C*8/27]"/? [erg s™' cm™ degq™?]

BACK TO NIRB
Yue, AF & Salvaterra 13
SEEDS EXPILAIN CIB-CXB CORRELATION

CXB Power spectrum

lllllll T T lllllll T T L L

—— DCBHs 4
----- undetected AGNs .
—== undetected galaxies
-== diffuse

shot noise of AGNs+galaxies

1077 : :
- diffuse—AGNs—qgalaxies cross

1 O—"4 L

i/

-

’ : .
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A growing DCBH

UV Light

IR Light . . >

DCBH ACCRETING ITS PARENT HALO GAS



SELECTING DCBH BY COLORS

OBSERVATIONAL SEARCHES

2 | | | | | | |
F gum/Fa.5,m ® GOODS-S6<2z<10
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O
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Color IRAC1-H

Pacucci+16
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Pacucci+16

Do DCBHs exist? Yes!

H-band Image X-ray Image
(Hubble Space Telescope) (Chandra Space Telescope)
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| ~ CIB contains the cumulative light of early u’lt.ra—
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