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At z=1000 the Universe has cooled
down to 3000 K. Hydrogen becomes
neutral (*

At z < 20 the first * > star
(clusters)/small galaxies form.

At z ~ 6-15 these gradually photo-
ionize the hydrogen in the IGM

(“ ).

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

At z<] massive galaxy
assembled.
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VWHICH SOURCES DID

REIONIZE THE UNIVERSE ?
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First Stars and Near IR Background
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First Stars and Near IR Background

Mapelli, Salvaterra & AF 2005

Y-ray constraints on the NIRB excess

TeV-GeV photons absorbed by optical/IR photons via e*— e~ pair production.

The observed spectrum of blazars reproduced by convolving the unabsorbed spectrum
(assumed to be a power-law) with the optical depth:
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First Stars and Near IR Background

Y-ray constraints on the NIRB excess

Blazar H1426+428 @ z=0.129 (Aharonian et al. 2003)
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First Stars and Near IR Background

NIRB fluctuations
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Reionization by Very Massive Stars ?
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Effects of Enrichment on the IMF of First Stars
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Schneider, AF, Natarajan, Omukai 2002
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ADDITIONAL REIONIZATION

SOURCES




Additional Reionization Sources

Miniquasars

Cooray & Yoshida (2004) have speculated that accreting IMBHs, shining as
miniquasars down to z=9, may contribute substantially to the reionization and NIRB

Miniquasars will contribute also to the Soft X-ray Background (SXRB;0.5-2 keV)
that is now resolved to ~94% level (discrete sources at z<4, Moretti et al. 2003)

STRONG UPPER LIMIT

Unresolved fraction < 1.23 x 1012 erg s! cm> deg~?
Dijkstra et al. 2004



Additional Sources: Miniquasars

Spectral Properties

TWO COMPONENT SPECTRUM

Multi-Color Disk: Ly,cp

Multi-temperature BB accretion disk.
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Additional Sources: Miniquasars

Constraints from SXRB

IMBH Abundance
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Additional Sources: Sterile Neutrinos

Mapelli & AF 2005

Radiative decay channel

v, >Vv,te" +te > v, Ty E, =Y (m,2—m,2)/m,

Typical sterile neutrino mass: ~ few X keV

Pion decay channel
V. >TTte > T+Te T Vous E,=%(m,,—m)

Typical sterile neutrino mass: ~ few X 100 MeV



Additional Sources: Sterile Neutrinos

Constraints from XRB Reionization from Radiative Decays
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EARLY OR LATE

REIONIZATION 7




Reionization Tests

QSO absorption lines
Redshift

Neutral IGM
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Reionization Tests

Gunn-Peterson test: reionization at z ~ 6 ?
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Reionization Tests

CMB/WMAP results: reionization at z > 10 ?
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Inhomogeneous Reionization
Choudhury & AF 2005

Self-consistent treatment of the evolution of ionized regions and thermal history

Follow evolution of neutral, HII and Helll regions; treat IGM as multiphase gas
Inhomogeneous density distribution: log-normal model

Three sources of ionizing radiation:

o Poplll stars: early redshifts, high mass, zero metallicity
o Popll stars: Salpeter IMF, transition from Poplll @ z <9
e Quasars: significant @ z < 6, using 6-Mg relation

Radiative feedback suppressing SF in low-mass halos, set by:

e Molecular cooling in neutral regions
o Photoionization temperature in ionized regions




Model vs. experimental constraints
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Inhomogeneous Reionization
Mesinger & Haiman 2004, Wyithe & Loeb 2004
A large neutral fraction at z = 6.28 ?
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Inhomogeneous Reionization
Salvaterra, Ciardi, AF & Baccigalupi 2005

Additional HatesefonimationVl Beadyl innlzation

3.0x10 &
; 2.0x10 @
; Ox10 &
(OT/T,) s & o o
b
1. 0=10 &
2
2.0x<10 °
4 30«10 ®
|
-
]
= n |
E 0
(&W/TO)ZICM B
=] .
i
2
.D 3

arcimin arcmin



Inhomogeneous Reionization

Salvaterra, Ciardi, AF & Baccigalupi 2005
HII regions: size evolution
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Selected Summary

» Massive first stars likely responsible for NIRB excess can reionize the IGM at z=~/5

» Reionization by miniquasars and neutrino decays strongly disfavored by XRB limits

* Early reionization not in contrast with any constraint from QSO absorption line data

 Reionizing (massive) stars produce a patchy IGM pollution to the critical metallicity

» Transition to normal stars occurs whenever/wherever 2 = Z_. ~ 107 Z,

crit

* A considerable fraction (5-10%) of baryons might be locked in IMBHs at z=0




Want to know more ?




THE END




