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Ingredients for the first star

baryons

+electrons

Reionization

Theuniverse & z= 1089

Flat LCDM
universe:
% W =0.73
% Wepy=0.23
% W,=0.04

The baryonic comporent consists of H, He, Li and Be (+isotopes).
At recombination, these nuclei capture dedrons and the gas filling the
universe beames atomic.

How dowe form stars out of this gas?

Reionization

How do we get the universe to form stars?

Tews = 2725+ 0.002K

Reionization

Still akey question in cosmology: "first light"

Reionization




From gasto stars

The baryonic comporent consists of
H, He, Li and Be (+isotopes).

At recombination, these nuclei
capture dedrons and the gasfilli ng
the universe beames atomic.

How dowe form stars out of this gas?

Reionizaion

The cosmological Jeans mass

M T3 np (1+z)3

v L » 30000\/; T (1+2) before decoupling
: b M,= constant

with T inK and nincm™®

Tu (1+z2)? after decoupling
(adiabatic expansion) b M, (1+2)%2

Problem: gravity is dominated by dark matter.
Therefore thiswill only lead to hydrostatic equili brium of the gas within the
dark matter potential well, na gravitational coll apse.

However, unlike the dark matter, the gas can coal

Reionizaion

First structures in the dark age

In the current best CDM

model, the first structures to
form are the smallest
(bottom-up).

However, these ae dark matter
halos; what we need to form
starsis collapse of baryons.

Problem: gas presaure can
courterad or even stop
gravitational coll gpse of
baryons.
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Gravitational coll apse with codling

a
= @ beginsto nincreases, bu T constant:
T coll apse energy radiated away
M>M, b M;deaeases
b smaller fragments unstable:
fragmentation

Gravitational coll apse of gas clouds

For gas cloudsin viria equilibrium, gravitation and pressure balance eahother:
2B, +E, =0

However, if the gravitational energy becomes for some reason too negative, the doud will

coll apse: 2E. +E_ <0
kin pat Eyin =2 NKT :%2':1 KT
H
GM?
=- 375 M =4pRr

b for star formation the masshas
to exceed the Jeans mass M ;:

3
M, 30000,/
M n

with T inK and nincm™

Epol R
b R> 15k _ 1 [lSkT
8oGm,r 4m, \ pGn
3
b >S5k [T
2G\pm,G\ n
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Fragmentation

fragmentation
B
density fragments
increases
B
radiation trapped
inside fragments
B
T increases
]
M increases
[
fragmentation stops
B
protostar
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Radiative aoding d atomic hydrogen gas

Coding byH,

Moleaular hydrogen H, has energy levels down to ~500K, and could thus
Give @alingto much lower temperatures. Problem: how doweform H, in
the ealy universe?

Yadired radiative sssciationH + H® H, is drictly forbidden by quantum
medhanics

Ya at low z, H, forms on dust grains which act as caalyst: not possible &
highz

Yathreebody processesH + H + H® H, + H are only relevant at very high
densities (n > 10° cm'3)

Solution: recombination dces not beacome quite cmplete
b residual free éedrons open a chemicd pathway to the formation of H,
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Timescale for recombination

n n 1

v
R ann, an,

rlellp

n, : electron density
n,: proton density

R : number of recombinations per sec and cm®

a, =240 T % s'p :5><I.O“’£
n
P
Sincen, 1 (1+2)°, wegett, u (1+2)"° at constant T

atz=9t=1CFyeas, az=0:t=10"yeas
b t, awayslonger than age of the universe
b reionization rever complete

b there ae dwaysresidual free éedrons
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Radiative mding:
1 colli sion excites atom,
ll ***l deexcitation by
l 4 @P phaton emissgon; if
m phaton escapes from
gas, net effed is
coding d gas.
N\PDQ So orly worksif gas
iswarm enoughto
excite n=2 level:
L8] T>8000K
Atomic hydrogen
(+helium etc) canna radiatively cool below 8000K (z~500)!
Reionization 13|
Gas-phase chemistry
Two pethways:

H+e® H +hn
H +H ® H,+e

H+H ® H,+n
H;+H ® H,+H"

H, reades abundance ~ 10°
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Coding byH,

Coodling helts when the H,
column density beacomes ©
large that the phatons cannat
escgpe the doud. This happens
at N(H,)>1026 cm2.

Then the Jeans mass rises and
fragmentation stops.

Other moleaules (HD, LiH) can dso
provide radiative maling bu models
show that H, codling damninates.
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Wheat do the first structures look like?

At high z, the Jeans massis
much higher than at low z,
because T remains high
(inefficient coding, Hgh
Teums)- Hencethefirst stars
(so-cdled Popuation 11l
stars) are expeded to be
extremely massve.

They will rapidly ionize a
very large volume: the
reionization of the universe

Bromm et al. 2001
30 pc

Reionization




The first star

320 pc

32 pc

Full hydrodynamics,
chemistry and radiative
transfer smulation of the
formation o thefirst star
(Abel et a 2000

density

temperature
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Photo-ionization equili brium

lonizationrate R u Qny,
Recombinationrate R p n.n,

Q isprodction rate of
ionizing phdons

Sinceionizaion rate depends on n but recombination rate on n?,

the ionization-reacombination equili brium will be strondy
density-dependent.

Henceinhamogeneiti es (clumping) play amajor role (just likein normal
HII regions).

Dense dumps are hard to ionize and may remain neutral.

Reionizaion

Reionizaion of hydrogen

partial overlap stage

Reionizaion

D several unobscured
sources

D ionization intensity more
homogeneous

Reionization of hydrogen

initial pre-overlap stage

D neutral regions
ionization intensity very

Reionizaion of hydrogen

overlap stage

~self-shielded,
high-density clouds

D end of overlap phase
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inhomogeneous
Reforization 21
Stellar reionization simulations
redshift evolution
of log from mean
ionization density
log of HI X
fraction Gnedin 2000
1Mpc
gas density gas temperature
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Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations

Reionization

Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations
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Stellar reionization simulations
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Reionizaionwhen?

Sincewe cana (yet) observe the sources of reionizaion dredly,

we must rely onindired methods to determine the gpoch of reionizaion.
One methodis the palarizaion structure of the cmsmic microwave
badkground,where reionization shoud gve aredshift-dependent large-
scde polarizaionsignal.

This has very recently been deteded by WMAP.

Result: z,4,,=17+5

Out of read with current instruments, but accessble with JWST.

Reionizaion bywhat?
Y2 Massive zero metallicity stars (Popuation [l stars):
produce daraderistic spedral lines
Y4 Early (mini-)quasars:
bright point source, harder spedrum, phaons penetrate deeper;
X-rays may caalyzeformation d H,

b star formationinduced in low-masshalos

b arethe sources of reionization okservable?
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After relonizaion

After reionization star formationwill never be the same:

Y4 the first massve stars produce dust which catalyzes H, formation
b rapid formation d moleaular gas, cooling and star formation
Yathe first massve stars pall ute the InterGaladic Medium (IGM) with
heary elementswhich grealy increase the moaling rate
b strongly increased star formationrate.

Asaresult, star formationis from this epoch onmuch more similar to star
formationin the present-day universe.

The metals gjeced by Pop Il stars shoud be tracedle in the high-zIGM
b quasar absorption lines can probe this.
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James Webb SpaceTelescope

i

JWST (6.5m infrared-optimized
successor of HST, launch 201Q
will observe the gpoch of first light

Reionization

simulation of 1% of adeep JWST image
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