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4. I. Introduction

stellar fusion

one of the questions that cosmology addresses is where do all the elements come from .
We

know that the elements of the periodic table can be produced by stars
,
either during

their life (nuclear fusion to obtain energy) or after they deaths as supernovae .

Abundance discrepancies

However
,
stellar fusion was not enough to explain the

observed " He abundance :

• If the Milky way were to
"

shine
"

for low years , it
would generate 4% 4He . Observing the spectrum of
HII regions around stars

,
a fraction of 24%4He o

↳
was observed

, way more than expected .

Primordial
abundance

There was also a problem with deuterium (DEH -- pm ) : we should not be able to observe it

since fusion reactions in the sun are consuming D faster than creating it. Thus, even
when stars die, the cannot enrich their environment with D .

However
, we do observe

it in the interstellar medium .

This means that there must be other mechanisms that generate D and He aside

from stellar fusion . This events must have happened during the ca . 13.7 Gyr of
the Universe 's existence

,
so we must analyse its thermal history to place them .

Big Bang nucleosynthesis
cosmological considerations

At 2=0 (today ) : Tears = 2.73K and @y = 5×10
-"
gloms .

This conditions are not

similar to the ones in the centre of stars, where elements are form . However
, if wego

backwards in time
, the Universe becomes hotter and denser ( Tx R' for radiation and

Eba Rs) .

A 2- = to
" ( t = l see) we find Tom I 10" K and e a 80gKms , sufficient for cosmological

nuclear fusion events
.
We talk about the Big Bang Nucleosynthesis .



Development of the theory
Alpher , Bethe and Gamow published they results on 1948

.

They studied the origin of Chemical elements solving an

equation similar to the Boltzmann equation , which

models the evolution of the number density of species

based on its interactions

IF t 3Hn = - LTV> ( n'- neg') .

They claimed that all elements were produced in BBN,

since conditions were sufficient for fusion reactions .
Peebles published

" Primeval Helium abundance and the primeval

Fireball " in 1966
,
where he solved Boltzmann equation numerically ,

obtaining a detailed calculation of the temporal evolution of
element abundance

.

To do so , it was necessary to set up the

network of nuclear reactions .
BBN Vs

. Stellar fusion
As a matter of fact, there are not stable elements

with A = 5 or A = 8 .
To produce elements with

higher atomic numbers
,
it is necessary to pass

through nuclei with this atomic numbers
,
which

decay almost immediately , breaking the network

of chemical reactions .
However

,
we do observe

elements with A > 8 in stars ( Origen , for example).
Even if we have similar densities in the centre of the
Sun ( eb a 150 glans) and during BBN (eb I 80glames) ,
we have to take into account timescales :

• During BBN
,
it was impossible to process anything heavier than 72 i

,

7Be due to

its very short timescale (n minutes).
• Stars like the sun are able to process heavy elements (via 8Be triple- a process)
due its extended timescale for fusion (million years) → even if one event happens

every 1000 years , we would have niooo events of that king along the life of the star.



Summary
During BBN, the following elements were produced :

H
,
2h (D) , SH (T) ,

3
He

,

'
He
,

7-Be
,

Zi
N

P
E All the other elements were produced is stars.o

Fission

is ⇒on

The nuclear binding energy
raises with Z until Fe

.

Elements
E
D

y up to this atomic number are produced in stars , which
I

§ Energy is produced via nuclear produce energy through nuclear fusion . Since fusions for
Z > Zee ) are endothermic

,
heavier elements are produced

in Sw explosions .

The BBN predicts the following mass fractions for helium and hydrogen :
YHe k 0.24

YH I 0.73

This will be calculated later
,
and this mass fractions have been confirmed through observations

.

• Known origin of elements :

4. 2 . Particle physics
Ingredients for atom formation

Atoms represent a really small fraction of the components of the
Universe (4.6 %) , and we want to know when did they form .

To do so
,
we study how atoms areformed .



This is the picture we have from the standard model

of particle physics . Quarks and leptons were

the first particles that appeared in the Universe
.

To form nuclei
,
we require neutrons and protons , which

are baryons .

To form atoms
,
we also need electrons

.

Recall that protons and neutrons were linked to the

thermal bath via the weak interaction :

Det n ⇐ p te
-

et t n ⇐ p toe

n ⇐ p te
- the

Thus
,
we cannot form any nuclei before neutrinos

decouple from the thermal bath . After neutrino

freeze - out, neutrons and protons are free .

To form
atoms

, we would have to wait until e- are decoupled .

Nuclei formation
To form H and

'
H we just need free protons . To form heavier elements (SH, 3 He, 4 He ,

7-Be , 7-Li) we also need deuterium .

Deuterium synthesis
Deuterium 's binding energy is Eb = 2MeV, and the temperature

at neutrino decoupling was kTu I 0 . 8 MeV .

But D is easily photo - dissociated by 8 ( i.e . destroyed) until

KTD = O .

086MeV (ca .

ta loos , Tfeu = 1.59*5
". (E) "2) .

Thus
, we have to wait to synthesize heavier elements .

This happens due to the blackbody - distribution of photons
'

energies .

For temperatures lower than Eb ( K TD L Eb - 2 Meu) there will still be lots of higher

energy photons in the Planck distribution , which dissociate our Deuterium .
The abundance

of Deuterium in the Universe must be well fixed to obtain the observed abundances :

• Too few D: important fusion agent is missing ( lack of elements)
• Too much D : looks up neutrons forfurther synthesis .



Deuterium production (and all successive nuclei) depends on the baryon - to -photon ratio.

We define the proton to baryon ratio as :

q = Lbj = to
- to

Yeo = to
-to

- 274lb h2

↳ Ho = tooh km/s /Mpc

NOTE that it is a really small number : There is one baryon for each 10
"

photons .

Summary of chemical reactions

> Eye I 28.3 MeV ⇒ safe from dissociation

4.3 . Cosmology
Review

When matter and radiation are in thermal equilibrium , we can have reactions like : Gtr⇐ Pt'D)

Reactions can happen as long as their interaction rate (R x nov) is larger
than the expansion rate of the Universe ( re att)

If IT < I we talk about freeze- out

Freeze - out depends on the
"

temperature window
"

, which depends on H
.

radiation domination :
T2 R

- it

Ha R
-z } He T2

BBN is sensitive to cosmology (i.e . the composition of the Universe) and its thermal history.

Protons and neutrons through the Thermal history of the Universe

As we have already discussed
,
to form the nuclei we need protons and neutrons

.

This

protons and neutrons were coupled to the thermal bath until neutrinos decoupled via

the weak interaction :
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Decoupled species

Alter decoupling ( Krs T a 0.8 Mev) we have :
• Relativistic particles in equilibrium (e

-

set
, 8) REMINDER

• Decoupled relativistic particles (Ly
we are building nuclei,
not atoms

. Electrons are
• Decoupled non - relativistic particles (nip) not important yet.
We are interested on the number densities of the latter .

4.4
. Big Bang Nucleosynthesis

Primordial abundances : Neutron to proton ratio

The abundance of neutrons determines how many nuclei beyond A- =L (hydrogen) can be formed .

We can calculate the neutron to proton ratio when they decoupled from the thermal bath

using the expression for the number density of non - relativistic species :
NOTE

na = ga ( L!#
T

)
""

e
- (ma -MA ) KT

we cannot ignore the chemical
potential m
-

our distribution is exponentially supposed w.at . relativistic

writing it for the neutron - to - proton ratio :

( thnp ) = (mmhg )
Bk
e

- QUT
e
(Mn - Mp )/kT

Where Q = Im n
- Mpl = 1.293 MeV is the binding energy

We need to obtain Mn and Mp .

To do so
, we can remember that the chemical

potential µ is defined as the energy absorbed or released during a chemical reaction .



We know that we are under the conditions of chemical equilibrium because nuclear reactions

are faster than cosmic expansion .
Thus

,
we can write :

A + B = Ct D chemical equilibrium s Ma tMB =Mc TMD
The reaction going on is B - decay :

be t n ← p te
-

-Mae +Mn =up the

Thus
,
now we have to calculate u for neutrinos and electrons

. We will start with

the latter
.

We observe that the Universe is neutral : ne - - net = hp (otherwise, there would

be a residual charge ) .
We can use this to calculate me as :

ne - - net = }÷[n'(F) + (E))
For the right hand side of the equation , we recall the baryon to photon ratio (q)
hp = Ing = 227,131-1-3
Equating both expressions :

}÷[n' (⇒ + (⇒D= 27¥' s f-HE) + tie) ) = zees

(Mey) +111713 = 6,71-332 ⇒ MI - 6,7*33211-2

Note that the value of 2 Comes from observations
,
and it was found that za to

-9
.

Then , me a T, so it can be ignored .

For the chemical potential of neutrinos , there is another set of observations that gives us
an upper limit on its value .

These are measurements of the CMB radiation
,
which give

NTI e 0.2 ( today)
To figure out this ratio at the time of BBN

,
we can use the scaling of T,

obtaining :

Mq < to
- to

Thus
,
we obtain :

Eng = (MT)
"Z

e
- 0kt

Neutron to proton ratio

It is important to remember that we neglected the chemical potentials using observations , not

just ignoring them .



Relative abundance

The resulting equation only contains the binding energy of deuterium ( Q = 1.293 Mev) .

We observe that :

• KT > 1.3 MeV ⇒ Nn k hp

• KT h 1.3 Mev ⇒ Nn s np

But there is agap
between this temperature and KT n 0.8 MeV, when the weak

interaction freezes - out and BBN starts
.

Thus
, we will start with fewer neutrons than

protons .

For KT a 0.72 MeV ( since the weak interaction will not instantaneously freeze at
0.8 MeV ) :

nn

Tp
- E

But this is not the ratio that we observe : we have to remember the Deuterium bottleneck: D

is easily photo - dissociated by 2 until Krs To = 0.
086MeV .

Also
,
neutrons are ustable :

they have a limited lifetime En re 887 s
.

From KT 20.8MeV until k To a 0.086 MeV there is a race between free neutrons

decaying away and remaining free neutrons being incorporated into nuclei ( e.g . D) .

The neutrons that do not decay and can form heavier nuclei will be:

Nn

Jp
= tf e

-t'en
z tf t = 140 s ( Eb, is = 2.22 MeV → To = O

.
086 MeV)

w-

d \
at decoupling decay with En = 887 s

n and p decouple

from thermal bath

BBN
starts

I
V



Primordial He abundance

Helium abundance is defined as : REMINDER

nn
Mite Tp

= ¥
X He = Y =

m He t MH

Since Mp Tu Mn :

X he = Y =
Unite ( comparing the masses of He and H without taking into account
4hHe th H the binding energy)

Taking into account that nite = 12 ( because we need to neutrons to form Helium) we can write :

Inn
=
Inn

=

2 Cnn Inp) 2×17
X He = Y =

H" "e
=

= - = 0.25
Lynne tht Inn t (np - Nn) Nn th P ft ( nnlnp) l t 117
-

protons not in He

7=0.25 is a clear prediction of BBN that fits observations ( recall the plot at the beginning.
A proper calculation leads to :

X He = Y re 0.2454 t 0.0198 ( No -3)
↳ neutrino species

other primordial abundances
For non - relativistic nucleus

,
A- = Nn t Z = # neutrons t # protons

The number density is given by :

na = Ga (FILET )
"

@
- CMA -hatchet

To find ma , we look at the chemical reaction AS ptn (at the end of the day , the

reaction will imply protons and neutrons
.

In chemical equilibrium : (since nuclear reactions are faster than cosmic expansion)

MA = Z
Mp t NnMn

= Zip t (A - Z )Mn

Thus
,
the number density can be written as :

na = ga (LIII!)
"

e

- (ma - euro + ca -and%,

We can eliminate
Mn

and up introducing np and nn :

np = 2 (2,7¥!)
"

e
- (mo -m)""

e

-MPCYKT
= ÷ (mg.tk#)3ke-mr9k-

⇒

Nn =2(mzn¥÷)
"

e

- Cmn -motet e
-M""

= In (msn.fi#
"

e
-mate



> na = ga A2 ( nfa 271*13
"-A"

npznn.CA
-He Baki

BA = ( Zmp t CA - Z)mn - ma ) cz
Ba = Binding energy of the nucleus

All the binding energies are above the temperature of the universe at these times :

NUCLEUS 2h 3 H 3He 4He

Ba 2.2
.

MeV 8.48MeV 7.72 MeV 28.3MeV

Mass fraction
XA = ftp.A , where Ana is the mass fraction of that particular species and no is

the total barionic mass : Nb = -2 Aine'

Now we can replace nb using the baryon to proton ratio : g -- ft
ng = 2¥!

"

faked)
'
Ts

⇒ XA d ga A
5k (km÷)

' """

Xp
Z X

n

CA - Z)

z
A - s

@
Balki

Thus
, the mass fraction can be obtained using the proton mass fraction Xp, the neutron

mass fraction and the baryon - to - photon ratio 2 .

if = Antsy = to
-to

go =
to
- to

. 274 Db h2

To know how X changes as a function of time, we need to solve the Boltzmann equation :

4¥ = - Pa (Xa - ( I - Xa)e
- Baki)

Numerical calculations of cosmic evolution of mass fractions
This is an update of Peebles calculations .

Mass fractions are calculated using the

Boltzmann equation , and the predicted
abundances match observations

.



Dependence on baryon density
• Helium (pink) : Db A - Y 7

(as BBN starts earlier)
• Deuterium and tritium : they are primarily
consumed to form other elements

• Lithium and Berilium : Destruction : p t Zi →
"He t

'He

Ib I → 7-Be 1
Formation : 3 H +

4He → 7L ,- t et toe
Dominates

she t 4He → 7-
Be t 8

dy M → 72 ; ↳ for high 2 { 7-Be → Zit ettwe

Note that BBN predictions cover 9 orders of

magnitude for abundances .

The strong dependence on

q makes possible to determine it from observations

through the Deuterium fraction (e: e . deuterium

is a good baryometer) . This happens because

D is very sensitive
to 2 and is only produced during BBN .

BBN observations

Ly - a clouds (not polluted by stars)

The line strength in QSQ absorption spectra
Gas cloud

provide abundance measurements
, being specially g e 2.5×10

- s

significant the abundance of deuterium
. IGM observations : {p = ing = to

-

logo = 1010274GHz

Nearby dwarf galaxies
These galaxies have a high gashstar ratio, and their low metal/µ in gas suggest that

their interstellar medium is close to primordial . ISM observations : y ' 1.6×10-5

As above , Db h's 0.0214 → even BBN claims for the existence of non - baryonic matter .
Galactic halo

contains very old stellar population . Ki was observed in spectra of cool low- mass stars

in Galactic halo .

HII regions
Low -density cloud of partially ionized gas in which star formation took, takes place .

"He proved via emission from optical recombination lines in HII regions .


