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What is the Reionization Era?
A Schematic Qutline of the Cosmic History

Time since tha
Big Bang (yaars)
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+The Big Bang

The Univarse filled
with ionized gas

4 The Univarse bacomes
nauiral and opaque

The Dark Ages starl

Galaxes and Quasars
begin to form
The Reionization starts

The Cosmic Renaissance
The Dark Ages end

*-Raionization complete,
the Universe becomeas
tramsparent again

Galaxies evolve

The Solar System forms

Today: Astronomers
figure it all out
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Gunn & Peterson Effect

How the Discovery Was Made

e
. e - -.-_C} The Quasar

=,
—_—
o —
wl
i
—
L
]
=
o
=




114845251

- J1030eE25d 2= BAB

E JIERRINE z=B22 E

F JIMBAEIT 7 = BED

F 125043130 2w .13 ' : )
: : e ; : Laeig o g e —— 3
[ JE024228 = 60T ]
R TR SV, W SR SR NS o A e . . ot
JIEIA01E 2=605
_____ e N N L VTN A ity i TS
JI137-3548 z=60
A TP P T Y SUPI A e =
[ J0818:1722 2 = 600 .
Y e T
fi [ J190B.0356 z =590 1
I . el L reed R e L LR T R P e R el JI I - ! 'JI ' T:. el :' i Ll
J1335+3533 z=595
PrrT— i b e Wttt s gy gy
41141217 2=593
______ IS e e e 8 L Wi e e, Bl AT Pt il ] T s LT i

Lanbetrwrtot ity aifrnlfiafaeces . . . . . T8 . TR

 JO00E-0006 7 =5.85 J"‘- j

“

JI044-0125 2= 574 I i, S T 1

e it e, Bl el e oot S Rt mi it el W ' e A S UL L] el AW A5

mmrmrmmmmmmmmmwmmmnm

MA)



Eercmnsalsen

Frrst Cinlaxees

Cosmac Microwave
Background
Hrg Bang :
- -
e 4
‘Al
Ongirl of CMB Dark Ages EpOCh of Reionization: First Stars Form
. .
c:%ﬁl P &
c L& " | A
m (o .\' - X \ ©
o [ 0 L/ S 2
m "i “ i -
, “ p

EBL from galaxies

400 kyr 500 Myr

3 Gyr 13 Gyr
e



0.012

2 0.010

=

o

0

5 0.005
0.000
G015

Li_

L 0.070

5

gy

LL —

2 0.005

0.00A0




Hil volume Filling Factor

dQH 11 nion QH [I ——» Filling Factor of reionized H
dt ng t

rec

Mean comoving density of H atoms

I Recombination Rate

_ N 3 T@ \"7 (14+z\"
liec (Gyr) ~ (0.93 % (2 » 104K) ( )




Hil volume Filling factor

Rate of ionizing photons per unit comoving volume

/ Comoving Volume Emissivity

: i o)
NiDIl(Z):/ & dv

h,v

[s-1 Mpc-3] H

Photoionization rate Background intensity

['(z) = 47
[s7]

Absorbing cross-section for Hi

vH =LL (912 A) frequency
Nup = 4 x vH



Cosmological Radiative Transfer

Equation of cosmological radiative transfer:
time evolution of the time- and space-averaged monochromatic intensity Jv

0 0 C
vH— |\ J,+3HJ, = —ck,J, + —¢€,
l Absorption coefficient
Hubble Function Proper Volume Emissivity

I Solution (e.g. Peebles 1993):

c [ (1+2z,)° .
Jv O —_— dt d d V t
,(20) = [Z |dt/dz| Z(1+Z)3€(Z)€




Cosmological Radiative Transfer

1o, (z0) = foo drfdziz L e
o) = A ). A7 P

/o A

Frequency Redshift
of the observer

I Line element

dt/dz|] = H'(1 + 2)™!

\

Frequency at emission

vV = 1)0(1 + Z)/(l + Zo)



Cosmological Radiative Transfer

00 3
Jy (20) = %[ \dt/dz\dz(l * Zo) EU(Z)F

T ), (1+z)

Effective absorption optical depth

Z oo
fC(”Oa ZOa Z) — / dZ,[ dNHI f(NHIa Z,)(l _ e_rc)
Zo 0

Optical depth through an individual absorber at frequency v/ = v (1 + 2y )
(pure H and He gas)

/ / / /
fc(v ) — NHIGHI(U ) + NHeIUHeI(U )+ NHeIIUHeII(U )
Bivariate distribution of absorbers in redshift and column density

F(Nu,2) = AN (1+2)"



f(Nui, 2) = AN (1 +2)7

| I 11 L | I L ||

log f(N,z)
|
o

L L L L L L

1 I 11 1 | I 1 1 I 1 1 1 I 1 1 | I 11

12 14 16 18 20
log (Ng/cm™2)




Cosmological Radiative Transfer
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I Sources of ionizing photons



Sources of ionizing photons

* Galaxies & Stars
* Active Galactix Nuclei & QSOs
* Exotic objects

* Miniquasars

* Pop lll stars

I * DM decay



Source Contribution

(1+z,)°
(1+2)3

c [ _
Iy, (20) = —/ |dt/dz|dz ev(zie’
4 J,

\J

Comoving Volume Emissivity




Source Contribution

o) = /L w fuse L, D@L DL (D)L

e

Minimum Luminosity Y

Escape Fraction

\J

Luminosity Function

\/
Spectral Shape



Active Galactic Nuclei (AGNs)

O*(L*)

P, 2) = (L1as/L*)~® + (Lyas/L*)P

or, expressed 1n magnitudes:

O*(M™)
(II(MI"-'*E?‘E): _ AfE A& ]
1004+ 1) (Myas—M*) 1 1004(8+1)(My1as—M*)




Active Galactic Nuclei (AGNSs)
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Steep spectra = Large number of ionizing photons per source
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Lyman Break Galaxies (LBGs)

The Luminosity Function (LF) ®(L) gives the number dN of galaxies present
in a volume dV with luminosities between L, L + dL]:

dN = &(L)dVdL (1.1)

This function can be computed from a galaxy catalogue once the adopted
objective selection criteria are specified and the distance of each object is
known. In general the shape of the optical LF is well represented by the so
called Schechter Function:

®(L)dL = ®*(L/L*) e L/F"d(L/L*) (1.2)
The parameter ®* is related to the number of galaxies in the catalogue with
typical luminosity L*:
®(L*) = (®*/L*)e!

The Schechter function is specified by the two parameters L* and «. For
luminosities fainter than L* it reduces to a power-law with slope «a; at brighter
luminosities it gets an exponential shape. The parameter L* is the knee of



Lyman Break Galaxies (LBGs)
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AGN Contribution
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LBG Contribution f_esc=0.20
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Combined Contribution

Frac (AGN+LBG)
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Log( l;\]I-'.m [S-I MpC'a] )
49.5 50 50.5 51 561.5

-12

Log( I' [s7'] )
-13

t

f_agn=0.75
L>0.1L*

—— Hopkins et al. (2007)
— — Fiore et al. (2012)

|
Ibg ~ 0.05-0.07

0

2
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* AGN provide a relevant (but sub-dominant) contribution to
reionization

* Sources fainter than the current limits should provide a
relevant contribution to reionization

I Conclusions
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