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. The dark ages of the Universe

After decoupling , baryons follow DM structures and

fall into their potential wells .
Aside from the CMB

photons, we do not observe any light until the
"
last scattering
surface

birth of the first stars, which emitted photons
that ionized neutral hydrogen (almost all the

free electrons were forming H
,
otherwise we would

not have had decoupling ) .

During this dark ages , the Universe continued

expanding and cooling , and there were no

sources of energy until the birth of the

first stars .

10.2
. The first stars

summary
Star formation requires coolant for collapse (otherwise , we cannotform structures) . The only coolant

available when first stars were formed was Hz
.

The conditions for collapse were only met

for 2- < too
.
Numerical models suggest that first stars were very massive (ME[no , soo]Mo. ),

and died fast and hard : as supernovae of ME [8, too] Moo , which enriched the IGN with

metals
.
Those metals facilitate subsequent star formation because they cool down the ISM.

Star formation ingeneral
Virial theorem

We will start by deriving the virial theorem :
From the expression of the moment of inertia :
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This can be used to derive the Jeans mass for a homogeneous sphere .
Gravitational potential of homogeneous space
For a sphere with constant density e :
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we can calculate the potential and kinetic energy :

Epcot = - Is 6M£ ( )
Ekin = I NKBT = Iµ?, m , KBT (law of ideal gas)

Using the virial theorem , weget to the following definition for the Jeans mass :

Mg =
3(5kB)3

41T (Gmt, MH )3 ¥
We will only have a bound object for M > Mg (otherwise, we would have too much

kinetic energy compared to the potential energy . Jd the potential energy domains over

the kinetic energy , we will have gravitational collapse .

Jeans mass

Substituting the values of the constants
, we have obtained the following expression for Mg :

Ms = 5.46 (
on!?m ...
)
"

(Ie)
"

If we have a relation between T and e, we can study its behaviour for different
types of processes (nature of thegas ) . This relation determines the fate of
collapse , since it will only start if M >Ms .

We will consider an adiabatic

and an isothermal gas .



• Adiabatic
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When e increases , Mg increases : collapse stops . Even if we initially have M >Mg (able
to collapse), we will eventually get a value of M below Jeans mass

.
We will never

get to ignite nuclear reactions .

• Isothermal :

7- const s Mo -- 5.46 (on!?m . )
"

(F)
"

tert
For an initial mass M > My : if e increases , My decreases :

"

runaway
" collapse

collapse converges to isothermal sphere .

Isothermal gravitational collapse
We can calculate the density profile :
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cooling
Isothermal collapse requires cooling .

Dust grains / metals can absorb and re - emit energy,

but there are no such things at cosmic dawn
.

This is where and why the first
star formation differ is from today : in the primeval Universe there was no dusty
metal acting as coolant .

The dominant coolant is (molecular) hydrogen Hz
,
which acts via rotational/vibrational

channels :

• excitation through collision (RIV)
° de- excitation via radiation (→ cooling ) or collision

The formation of Hz requires free electrons and protons ( remnants of the epoch

of recombination plus ionized H by energy of initial collapse) and high densities

NH > 108cm-3



} presence of free electrons and protons

} high densities, NH S 108cm-3

The Hz fraction XHZ must exceed to-4 for cooling to be effective .

Hz fraction produced in Hubble time

t Hubble X H
- t CZ)

Hz fraction able to cool in Hubble time

tcool = {kn
,

ALT) cooling function

~ Temperature independent

we require of order Xhz 25×10-3
To figure out if the amout of hydrogen that we
are producing is able to cool enough to enable
starformation , we need to look at the cooling
function (which deepens on the temperature) .

The efficiency of the cooling increases with T

⇒ Even if the initial conditions are not enough to have isotermal collapse, an increase

of the temperature will increase the efficiency of the cooling .

Collapse phases
Due to the conditions involved

,
the collapse will happen as :

I
. Adiabatic collapse due to the lack of sufficient Hz .

The increasing density leads to

more Hz , and the increasing temperature leads to more efficient cooling .
2 . Collapse becomes isothermal



First starts formation
Masses of the first stars
The mass growth of a proto - stellar gas cloud is given by :

M
* HI = Mpr t fo

t

nice) de , where ni = DI
' > infall rate

dt

> Jeans mass that triggers collapse

Gravity pulls in some of the material of the reunify into the collapsing region .
Numerical

models for the mass accretion rate ni lead to :

In
very short times, the proto- star becomes extremely

massive. However
, feedback can substance-ally reduce

the accretion rates (and hence M*)

[Feedback effects due
to nuclear fusion inside

the proto - star]

> K cosmic time

The primeval initial mass function is
determined via simulations .

The range of .

masses for the first stars is
ME [to , 5007M⑨

The nextgenerations have different mass

ranges and distribution , mostly because

of the changes in the cooling mechanism
.

On the life and dead of high mass stars :

The mass - luminosity relation for main sequence stars is given by :

La LE × µ3.5



This radiated energy comes from nuclear reactions in the centre of the start, which is transported
to its surface (either by radiation or convection) . There is radiated away as photons .
We can calculate the maximum lifetime a star of a given mass can have if it radiates

away all its energy . The energy reservoir is proportional to mass :

E x M

And so :

L x dEst > e = Eq a M
-2-5 ( typical time on main sequence)

High mass stars die hard (with spectacular end stages) and fast (after a few Mgrs

only) . Metal -free high mass stars try to use gravity as an alternative energy reservoir .

Due to this
, they rapidly collapse . They either form a black hole or completely

disrupt ( " pair instability supernova
") .

The figures shows the possible initial
and final states for stars with different

→ quite
masses

.

massive

B"

supernova explosions enrich the IGM ,

which cool their environment more

efficiently than Hz , which facilitates
subsequent star formation .

First stars open questions
• Do the first stars come for binaries ?

Nowadays, almostall the stars form binaries
,
but we do not

know if this was also true for the first stars .

• How did pop It star formation come to an end? (old stars)

They might be still forming somewhere in the Universe .



• What is the influence of magnetic fields ?
• How exactly works turbulencefragmentation ?
• What about dark matter ?

10.3
.

The firstgalaxies
Overview

Dark matter is able to form structures (haloes) befor baryons . Assuming a biased formation
scenario (White & Rees, 1974) , protogalaxies (gravitationally bound gas clouds) are formed
within dark matter haloes by baryons that fall into dark matter potential wells (after
decoupling) .

Thus
,

it is impossible tofind agalaxy without a halo , but it is possible to
have haloes without galaxies .

Since we need haloes toform galaxies, we will look at the condition toform them first

(press - Schechter function) . First , we will characterize DM overdensity peaks by their

height 2, which is defined as :

D=
go cm,

= ¥2
,

i 004M) =¥[Pock) Win Ck) KZDK ① t 2HD - Irm H'D= 0

If we compare dark matter Moo (a) to its Jeans mass Mg (a) a a
-312
, it is possible

to find the time at which each halo can be formed . 3 -r DM haloes can be formed
at 2-230 . These dark matter haloes virialre due to relaxation processes .

Characterization of DM peaks : peak height
The number density of dark matter haloes (according to the Press - Schechter formalism) is

given by :

⇐ du = ¥ Eff dfgnrgapf-f.sn:) E

where To 2cm) =¥[Pock) Win (K) KZDK
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we can combine these expressions and introduce the peak height as : D=
ok

DG) To (M)
Temporal evolution→
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Jeans mass and collapse
Dark matter will collapse and form a halo if its mass is above Jeans mass .

It is important

to note that before we defined Jeans mass for objects with pressure support, but DM is

pressuseless . In this case, pressure does not counterbalance self gravity , but velocity dispersion

does .

M
,
a (

'k
s Mga ( 96)
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NOTE

[
Ekin = Z N KrsT = I mop This Jeans mass refers to

the mass of a dark matterVelocity dispersion and density scale as : halo
,
but determines whether

Tv x a-
I (because velocities scale like ka) its baryonic component is able

p a a-
3 to collapse or will be

prevented from it. If the
combining both

, we obtain the dependence with Z of MJ : DM is not bound , galaxies
Mg a a-312 s when a increases, Mg decreases will not be able to form .

Formation becomes easier

The first bound objects
we can fix a height to compare the mass of the haloes and by . Taking 3 -o haloes :

D =
ok =3 ,

DG) lineargrowth factor
DCE) To(Mso)

For a given mass , we can plot the variance of the

power spectrum (Tm) when smoothed for that particular
in mass .

This is calculated for different redshifts and
§

8 Compared with a =3 (on = It = EE) .
¥
s We can obtain the mass of 30 peaks as a function8

⑤ J
of redshift ( )

M go (Z = 20) a 106.7Mo. M 30 (2=0) k lo 'sMoo s Mzg Cz)

We can compare this with the evolution of Mg to
check where do they cross .

That tells at what

redshift can a certain peak collapse . Ct normalization & scaling)
~30



Hr peak can form earlier, but are less frequent . Considering that 3 on peaks can hostgalaxies,
the formation of the first proto -galaxies occurred at za 30 .

Spherical top-hat collapse

we know that haloes collapse gravitationally and vitalize, getting a final 8

of : It 8TH (tu-r) = 18172 a 178
,

'

s

n

It is left to know how do they reach that final state, since there is no pressure

to stop the collapse . It is necessary to develop a velocity dispersion through a mechanism
that transforms potential energy into kinetic energy .

This is done via relaxation processes :

• Two body relaxation : two body interactions
trelax X potentcross tcross = ¥
trelax ⇒ t Hubble (for all cosmological objects that interest to us) .

• Violent relaxation : change in energy due to change in overall potential

• Phase-mixing : spreading of phase - space due to different frequencies of orbits
• Chaotic mixing : spread of phase- space due to chaotic nature of orbits
• Landau damping : damping and decay of perturbations

due to interaction of particles with
(density) waves

After these processes, we finally reach a virialred object with 2T = - U

Protogalaxies
The presence of a DM halo appears inevitable, but the potential well of DM halo needs to be

sufficiently deep to retain gas heated to high temperatures (s 104 K ) by first stars .

In

order to collapse the gas to form a proto -galaxy , it is necessary to cool the gas .

The gas collapses to disc - like structures because of angular momentum conservation



( from tidal torques) . We also need fragmentation , which is
thougt to be obtained via turbulence (because we need

to form stars from the gas ) .

10.4
. Implications for subsequent structure formation

General effects
we already know that the birth and death of the first stars produced the enrichment of the
Universe with heavy elements and its re - ionisation .

Thus, the first objects affect everything
that comes afterwards. Any model of galaxy / star formation that targets low redshift

formation needs to model this effects properly .

Reionising the Universe

The
energy released by the first objects ionizes neutral hydrogen .

This is detected via

QSO spectra : neutral hydrogen along line - of - sight absorbs photons, but this was not

detected through in spectra for QSO's with 2- < 6
.

This can also be detected analysing the Thomson scattering of CMB photons : erasing small
scale anisotropies , polarization of the CMB

, . . .
It was found with Planck 2013 data

that re ionisation started at E- 11 .


