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The evolution of the Universe

Hydrogen reionization
z = 20-6
driven by star-forming galaxies
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The evolution of the Universe

Helium reionization

z =4-2
Hydrogen reionization driven by quasars
z = 20-6
Recombination driven by star-forming galaxies /// |
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Hydrogen reionization

PRE OVERLAP PHASE OVERLAP PHASE POST OVERLAP PHASE
Each galaxy builds a lonized spheres grow Large ionized regions
region of ionized and start merging start to merge and
hydrogen around itself, reionize the left-over
the Stromgren sphere neutral islands
START END

Reionization continues
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Reionization is inhomogeneous and extended.



Thermal evolution of the IGM

UV radiation from first galaxies
CMB temperature heats the IGM to ~2 x 10%K
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Universe expands
- gas cools adiabatically
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The thermal evolution of the IGM

After recombination the Universe cools adiabatically.

- p VY = const. P = pressure
For an ideal gas we have: pV=Nk,T V = volume
> T V! = const. T = temperature

For monoatomic gas: y =5/3
- T V2?3 = const.
> T « V2B



The thermal evolution of the IGM

After recombination the Universe cools adiabatically.

- pVW =c

onst.

For an ideal gas we have:

- T V¥l = const.

For monoatomic gas:
-» TV# =

Y =35/3

onst.

-» T o« V2B «

T %

(1+2)?

pV=Nk, T

a-2

p = pressure
V = volume

T = temperature

Scalefactora =1/ (1+2)
Beginning: a=0,z=®
Today: a=12z=0

Length: L(a) =L, a

0
Volume: V(a) = L(a)’ = L a*

V «x a3




Sources of reionization

earlier

time

later

Gravity causes the initial
fluctuations in the density
field to grow over time, i.e.
slightly over-dense regions
increase their density and
become more confined, while
slightly under-dense regions
become more under-dense.

most massive galaxies form earlier

& have more time to grow

Galaxies form in the density
peaks. The most massive
galaxies have formed in the
very first density peaks, while
less massive galaxies have
formed later.

~Boylan-Kolchin+ 2009

At each time there are far
more low massive galaxies
than very massive galaxies.



Sources of reionization

Bouwens+ 2019
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Sources of reionization

Bouwens+ 2019
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Observations of the luminosities of
the first galaxies have confirmed:

> There are more fainter (low
mass) than brighter (high mass)
galaxies.

> The number of galaxies
increases as the Universe
evolves.



What physical processes affect the contribution
of galaxies to reionization?

gl Emission of ionizing
@ photons A<912A

1. Only a fraction
escapes due to Hl in
the interstellar medium

lonization & heating of
HI in the intergalactic
medium (IGM)



What physical processes affect the contribution
of galaxies to reionization?

A fractiagn of
' stars explode as |,

s'upe’AW Stars -
1 ) Emisgion of ionizing

Injectlon of ollapses _iphotons A<912A
thermal & L T |
L kinetic energy

1. Only a fraction

‘Gas . e ke L\ escapes due to HI in
# the interstellar medium

lonization & heating of

HI in the intergalactic

Ejection of gas medium (IGM)

2. Supernovae
winds & heating eject
gas from the galaxy



Reionization feedback on galaxies

The virial temperature of a halo with virial mass M _at redshift z can be determined

as

1/3 2/3

K

Q
T,.=169%10" |—| ==
0.6) 0.3

Mvir
10°h "M,

1+z
10

where | is the molecular mass and Q_ the matter density parameter.

A halo of 10® M_ has at z=9 has a virial temperature of T, ~2x10*K. Imagine a

halo with a smaller mass embedded in an ionized region (T~2x104K). What
happens to its gas?

Slide credit: P. Dayal



What physical processes affect the contribution
of galaxies to reionization?

A fractign of
' stars explode as |,

s'upey Stars -
1 ) Emisgion of ionizing

Injectlon of ollapses _iphotons A<912A
thermal & L T |
L kinetic energy

' . 1. Only a fraction
‘Gas ¢ S b B\ escapes due to HI in

I the interstellar medium

Ejection of gas Accretion of gas

3. Reionizatioh
| heats gas in the IGM

& reduces cool gas o )
for star formation lonization & heating of

HI in the intergalactic
medium (IGM)

2. Supernovae
winds & heating eject
gas from the galaxy




What physical processes affect the contribution
of galaxies to reionization?
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What physical processes affect the contribution
of galaxies to reionization?

Reionization
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Stromgren sphere

Galaxy emits hydrogen ionizing photons (A < 912A) at a rate [number/sec]
The intergalactic medium around the galaxy has a number density n,, [cm~]

What is the size of the ionized

hydrogen density sphere around the galaxy?

nHl S




Stromgren sphere

Galaxy emits hydrogen ionizing photons (A < 912A) at a rate [number/sec]
The intergalactic medium around the galaxy has a number density n,, [cm~]

What is the size of the ionized
sphere around the galaxy?

hydrogen density

n HI
) = rate of
recombinations
a Nion = nean
S N— ‘\
< >

V. = 4nR3/3

Radius of the Stromgren sphere:
R, = (3N, /4mann)?

o S



Key physics - Reionization

The reionization history is expressed through the evolution of the ionization fraction Q

dQpy _ _
dt

lonization rate recombination rate

of hydrogen:

HIl

The “ionization rate” describes the growth of the ionized regions due to sources of ionizing photons,
while the “recombination rate” describes the decrease in the ionized regions due to recombinations
(p + e = H). Sources of ionizing photons are stellar populations in galaxies; only a fraction (f_ ) of

the ionizing photons produced in within the galaxy (n, *") can escape into the intergalactic medium
(IGM) and contribute to reionization.

. _ . ISM
nion _ fesc nion

The recombination time scale decreases as more ionized atoms and free electrons are present.

— -1 clumping factor
Xelln O{BC} < of the IGM
2
factor to account for f \ Case-B C= <n >
excess in free electrons hydrogen recombination -

2
due to ionized helium density Coefficiont (n)



Example: Deriving the reionization history

number of ionizing  number of recombinations
photons per hydrogen per hydrogen atom and time
atom and time

- _ -1
trec: XenH O{BC]
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/4

 Volume V with i



Example: Deriving the reionization history

number of ionizing  number of recombinations
photons per hydrogen per hydrogen atom and time
atom and time

- _ -1
trec: XenH O{BC]

Assumptions: 1) gas density is homogeneous: C=1
2) ionizing emissivity is constant in time: n,,.(t)=n,,,

3) gas only consists of hydrogen: x_ =1

we g L] SEC]
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Example: Deriving the reionization history

number of ionizing  number of recombinations
photons per hydrogen per hydrogen atom and time
atom and time

=|X.Ny O‘BC}_l

Assumptions: 1) gas density is homogeneous: C=1

2) ionizing emissivity is constant in time: n,,.(t)=n,,,
3) gas only consists of hydrogen: x_ =1
o L] 5eC]
Qj'I‘H de j" ! * * Z Nlonl
HII :
g = r — dt' nlon
0 nion/nH_Q HII/trec 0 *: * y\ V
* S ¢ ._* [# / (cm3 sec)]
7 %
/

 Volume V with i



Example: Deriving the reionization history

Assumptions: 1) gas density is homogeneous: C=1
2) ionizing emissivity is constant in time: n,,.(t)=n,,
3) gas only consists of hydrogen: x_ =1
QHH

J

0 hion/ﬁH_Q

I

dQ "y = [ar
0

HII / trec

[_I/trec hl(’;lion/ﬁH_Q 'HII/trec>]§HH — [t '](t)



Example: Deriving the reionization history

Assumptions: 1) gas density is homogeneous: C=1
2) ionizing emissivity is constant in time: n,,.(t)=n,,
3) gas only consists of hydrogen: x_ =1
QHH

: t
i =
[~ 1/t eI (A = Q i/t )™ =[]
—1/t, In(n, /0, —Q, It ) + 1/t In(n /0,) = t
In(n, /n,—Q./t,) = tlt, + In(n,/n,)
Mign/ My = Quuiltree = T,/ Mexp(—t/t,)

QHH(t) — hion/ﬁH trec [1 o exp(_t/trec)]




Example: Deriving the reionization history

Assumptions: 1) gas density is homogeneous: C=1
2) ionizing emissivity is constant in time: n,,.(t)=n,,
3) gas only consists of hydrogen: x_ =1
QHH

dQ’ t
J = = [a
o Mign/ Ny —Q "y It 0
[_I/trec hl(’;lion/ﬁH_Q 'HII/trec>]§HH — [t '](t)
_]‘/trec h‘1(hion/ﬁH_(QHII/tre) + 1/trec h](hion/ﬁH) = t
ll‘1(hion/ﬁH_CQHII/trec) = t/trec t 1n(hion/ﬁH)
hion/ﬁH_QHII/trec — hion/ﬁH EXp <_t/trec)
QHH(t) = \hion/ﬁH trecj [1 o exp(_t/trec)]
4zR,
3V



Observational evidence for
reionization



1. Cosmic Microwave
Background

The CMB photons scatter with free electrons.
The corresponding electron scattering optical
depth is

z

reion dI ‘.
.= | o,Nn,—dz
=J o dz AW

.0 .
n, = comoving electron number density
g, = Thomson scattering cross section

polarization B anisotropy
T_=0.055 £ 0.009 suppression
From the CMB optical depth we can infer an 100.00 p—\———rr T T
instantaneous reionization redshift. B .. :
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http://background.uchicago.edu/~whu/intermediate/intermediate.html Page et al. 2007 Multipole Figment (1)
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Lyman-a photons
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is emitted at & is redshifted A=A_(1+2)is
redshift z absorbed or detected




2. Gunn-Peterson trough

distant,
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galaxy .

a2 - Jbackground -
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~ -~ _ ,absorption
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‘metal’ absorption lines
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4000 5000 . 6000
observed wavelength (A)
Radiation travels as Neutral hydrogen in the Quasar spectra shows

Quasar emits

radiation — Universe expands & —p IGM absorbs Lyman-a —p absorption at wavelengths

is redshifted always at 1206A shorter than 12064



2. Gunn-Peterson trough

O e ] If the photons of the quasar spectra
S LR _+ o passes the neutral gas in the IGM during
ez z2=622 ; reionization, they are nearly completely
oweaen 22620 BEURGE absorbed at wavelengths shorter than
200 3eB13 e 12064 (in the rest frame of the quasar!)
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Inferring reionization state from Gunn-Peterson trough
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Observing high-redshift galaxies

Vanzella et al. 2010 UCO/Lick Observatory « University of California Santa Cruz
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Lyman-a emitters (LAEs) Lyman Break Galaxies (LBGs)
are detected by means of their are detected by means of the absorption of
Lyman-a emission line. their spectrum bluewards the Lyman limit.



3. Lyman-alpha emitters

Intergalactic

- > Stars in the galaxy emit HI
medium (IGM) ionizing photons

= ) ' A > lonizing photons are absorbed
: .
Galaxy BT -.P'-:’“T..“!- by HI in the interstellar
Emission of ionizing Frum (ISM)
-P,h"-"-.t‘?'.‘s-"<912A » lonized hydrogen in dense
. *\'\M"HI clumps recombines quickly

> Lyman-a is emitted as part of
recombination radiation

N
A

ionized hydrogen absorbed by HI in the IGM

The larger the ionized regions
around a galaxy, the higher is its
fraction of Lya radiation that is
transmitted through the IGM.

neutral hydrogen

Lya line has been redshifted
out of HI absorption. It is
transmitted through the IGM.



3. Lyman-alpha emitters

10~2

Konno+ 2018
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HYDROGEN ATOM

4. The HI 21cm signal - i\ -

_ __spinflip, 21cm
Lyman-a -~ Q/

CMB radiation

spin temperature

OT is determined by the amount of HI present in the gas and determines
the strength of emission or absorption of the 21cm line



4. The HI 21cm signal
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4. The HI 21cm signal

T (K)
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Mesinger+ 2011
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High gas density couples
T, to T, with gas cooling
adiabatically

gas density becomes too
low for collisions, T,

approaches T,

Ly-a is produced by first
stars, T, follows T =T,

X-rays from luminous
sources heat the IGM until
TS >>TY



4. The HI 21cm signal

Pritchard & Loeb 2010
10 million 100 million 250 million 500 million 1 billion
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High gas density couples T to T,

gas coole adiabaticalls Lya is produced by first stars, T. IGM gets ionized, HI regions shrink
follows T_(which follows T )

X-rays from luminous sources heat
up the IGM (T)) until T>>T_, .




Outstanding questions In reionization

1. Sources of reionization: Main contribution probably from star-forming
galaxies but how much do quasars contribute?

2. lonizing escape fraction from galaxies f___: What are the f__values?
And how does f___ depend on the physical processes in the galaxies?

3. How many small mass galaxies are there during reionization? What is
the “minimum galaxy mass”?

4. How strong is the feedback of reionization on galaxies? How strongly
IS subsequent star formation suppressed?



