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he Hot Big Bang

** Rate of interactions I' > Rate of expansion H
» Timescale of particle interactions <« characteristic expansion time scale
» Local thermal equilibrium is reached before effect of expansion becomes relevant

¢ Natural units: c = i = kg = 1, Planck mass Mp; = 1 — 24108 GeV

81TG

¢ Rate of interactions I' = nov
> Velocity of particles v = 1 E=ym?+p°~p
» Number density of particlesn = [ f(p,T) d3p ~ [e 5/T 4np?dp « [e™P/T p? dp

2 2 0.4 T3
» Interaction cross-section g ~ ‘ >m<

a
a? ated with th b
associated with the gauge boson A
L [ x T3 . ﬁ 0.4 CXZT

X = gi
T2 «a= S ~0.01 —structure constant



Local thermal equilibrium [ > H

o Rate of interactions I’ = nov < a?T

“* Hubble rate H~,/p/Mp;
» Densityp = [f(p,T)Ed3p « [eP/T.p.-p2dp o T*

I T? ' a’Mp; 10 GeV
H o< — — 0'e
- T T

Mp H

% Thus for temperatures below T~101> GeV and above 100 GeV
(relativistic limit) all the particles of the Standard model are in thermal

equilibrium

s* As T drops below the mass of the particles, they become non-relativistic,
yielding f o« e=™/T



Number of total relativistic DOF vs. temperature
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Decoupling and freeze-out of massive particles

relativistic non-relativistic
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Decoupling of weak scale interactions

s Below T < 100 GeV (the scale of electroweak symmetry breaking), the
W= and Z bosons receive masses (M, = 80 GeV and M, = 90 GeV)

*¢* The cross-section associated with the weak force
2

a’T*
o~ ~GET?~ Yz Grp~ a/M5, ~107> GeV~2 (Fermi’s constant)
|14

L 275
Lo GgT r aZMp1T3OC( T )3

I =) HS M 1 MeV

s Particles interacting with the primordial plasma only through the weak
interaction should decouple at ~1 MeV




History of the Universe

Models to explain overabundance of
matter over anti-matter w/o assuming
primordial matter-antimatter asymmetry

\

Particles receive masses through the

Higgs mechanism

Strong interaction between quarks
and gluons leads to the formation of

baryons and mesons

Is expected to decouple relatively early —, Dark m

Interact with the rest of the primordial
plasma through the weak interaction

Energies of the e~ and e* are transferred
to the photons, but not the neutrinos

Formation of light chemical elements

Formation of neutral H atoms

Small number of remaining free e leads /”
to the decoupling of photons and CMB/

UV radiation from the first stars
reionized the Universe

Event time t  redshift z temperature T°
Singularity 0 o0 o0
Quantum gravity ~ 107435 - ~ 108 GeV
Inflation > 1075 - -
Baryogenesis < 20 ps > 101° > 100 GeV

EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 ps 1012 150 MeV
atter freeze-out ? ? ?

_— Neutrino decoupling s 6 x 109 1 MeV
_—— Electron-positron annihilation 6s 2 % 10° 500 keV
Big Bang nucleosynthesis 3min 4 % 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75eV
— Recombination 260-380 kyr  1100-1400 0.26-0.33eV
Photon decoupling 380 kyr 1100 0.26 eV
Reionization 100-400 Myr 10-30 2.6-7.0meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV




Equilibrium Thermodynamics

¢ Equilibrium distribution function for a particle to have a momentum p:

f(p T) _ 1 “+” . Fermi—Dirac distribution
' E(p) — U +1 “~” . Bose—Einstein distribution
€Xp T — 1 — chemical potential describing

the response to a change in

% Particle has g internal degrees of freedom .
particle number

g _ g
(2mh)3 — (2m)3’

Number density n=g .Ef(p, T) = (2‘7;)3 fd3p f(p, T)
p

¢ Density of states in 3D is

of particles

Energy density P = (Zi)g fdgp f(p,T)-E(p) E(p) = ym? + p?



Pressure

** Total number of particles with energy E within
the solid angle d(}, that will hit this area dA
within the time interval between t and t + dt:

g dA - vdt dQ
Wa =3/ B) — 47

¢ Elastic hits transfer the momentum 2|p - n|

¢ The contribution of the particles with velocity |v| = |p|/E to the
pressure is

T

2TC

2
P(E)—ﬂ dAdt Ny = (Zi)gf(E)';ﬁszOSZﬁSinﬁdﬁ do
0

70

\ -

~"

2 =1/3

L> P = (Zﬂ)gfd?’pf(p,T) u

3E



Chemical potential

or, alternatively

o __ dU+PdV—udN _ 6_5 o
X EntrOpy dS = T » A==t (aN>UV "7 <a_N>S,V

» For a general reaction A + B < C + D particles flow to the side of the
reaction, where the total chemical potential (14 + ug or uc + up) is
lower

** |n equilibrium, when forward and backward reaction total rates are
equal, u remains constant: u, + ug = Uc + Up

4

L)

L)

* Number of photons is not conserved mp u, =0

4

L/

L)

s In the annihilation reaction: X + X & Yy +vy

L Hx = —Hx



+” : Fermi—Dirac distribution
—" . Bose—Einstein distribution

[Ex. to show that for electrons]

s At early times, the chemical potentials of all particles are very small, i1 = 0

Particle and energy densities

¢ Particle density x=ﬁ,€=3
g ([ 4mp? dp g
3 ,T) = f ——T3.]
"= G | PO G, e e
exp T +1

¢+ Energy density

g g (% 4mp*Jyp*+m2dp g _,
p = dCp Ef(p,T) = =s—T* ] (x)
(271)3[ (271)3]() (\/pz; mz) ‘1 274 +

e £2 4 L (° e+ x2de
Ii(x) — jo eXp(m) +1 ]i(x) - fo exp(m) +1




“+” : Fermi—Dirac distribution
“~" . Bose—Einstein distribution

Particle and energy densities

oo = [ — pw= 62;2“2%
+(x) = x) = “
0 exp( €2+x2)i1 * 0 exp( €2+x2)-l_-1 x:%,gzg
T TTTIT] T TTTTT] I I T T TTTI T TTTTT] T TTTTT] I I T TTTTI
2.404 o~ 6.494 il
2¢(3) . C \ 15 7 7 (0
2 |- 1.803 \ Y 5.682 Chin
= 21-(0)
3| ]
—_—_(2) 2| =——J_(z) N
L (2) \_ T+ (2) H
Lttt Lol L L1 el Lt L1l RN
0.1 1 10 0.1 1 10
r=m/T r=m/T

Riemann zeta function {(x) = 14+ 27* + 37 +47% 4 ...



Relativistic limit

ENOR

(3
D _(® §% dé _ _((3); i _
BT x o0, (0= 7 =0 T ()=
\
5
{(3) 1, bosons T2 1, bosons
=—-gT" {3 . p=5-gT*-\7 -
T » fermions 30 K§, fermions

“* Relic photons: g =2,T, = 2.73K

» Photon density Nyo = %ZT(? = @2 (kBTo

T2
2 4
T krT,
2( B8To)

2
> Mass density p, g = Z—OZTSL = 204 13g5

Pcrit,0

g p? _
> Pressure P, = o)’ [d3p f(p,T) =

9
272

hc

3
) ~ 410 photons/cm3

~ 4.64-1073* g/cm3

» Dimensionless density Q%th =1 —95.1075

foo p% p?dp

0 3p exp(g)—l

1
_3:0)/

| 60(4), "~

T

(@) =2

4
90



Non-relativistic limit: m> T, x > 1 x= =1

” &% d¢ v gtdg N 1§2
Ii(x)=j0 exp(\/52+x2)y1/zJo 52) =e Jo &° exp(—57> do,i

exp (x + 5 )
T T
— /_ 3/2,—%x — /_ 3/2
3/2 Exponential drop of
i . mT _ :
¢ Particle density n = J_T3. I;(x)=g ( ) e/ e
2 T e .
2T 2TC annihilation of particles
and anti-particles

* Energy density p = [d3pEf(p,T) = mn B 3\/5 e
E~m _A Ex )
2 T3 T 0o &*dE
& P p=-2_[g3 ) Elx o —
ressure (2n)3f pf(p,T) 3E 1p22nz 35 J0 exp(ﬁﬁ)
~3m

g
(2m)3

m7\3/2 -m/T
— gT( ) e = nT (pressurelessdust, P =nT <K p =nm)



Effective number of relativistic species

. . . _ ) 2 1 bosons
** The total energy density of all the particles is pr = —gT

§, fermions

| 30
l
p=) ToTHL(x)
i

¢ Itis common to write p in terms of the “Temperature of the Universe”,
which is typically chosen as the photon temperature

ggg*(T)T‘L g*(T)—Egl( )];(()8‘))

» Due to exponential drop-out it is sufficient to mclude only relativistic species
> For T; > m;, we have J1(x; < 1) = const

p_

Relativistic particles in thermal Relativistic particles decoupled from the thermal bath
equilibrium with photons, T; = T (neutrinos after e*e” annlhllatlon

=Y 013 g m = 3 a(z) +5 3 a(f)

i€Ebos iefer IEbos iefer



th _ 7
Degrees of freedom g =) gtz ) o

[Ebos iefer
Mass Spin g Mass Spin g
quarks ¢,z 173 GeV 1 2.2.3=12 gauge W+ 80GeV 1 3
b,b 4 GeV  Particle and anti-particle bosons - 80 GeV 3 spin states
¢, e 1 GeV 2 spin states Z0 91 GeV
5,3 100 MeV 3 colors 5 0 2
d.5 5 MeV 2 polarization states
U, U 2 MeV gluons i 0 1 8.9 — 16
leptons rE 1777 MeV % 2.9 _ 4 2 polarization states
Ju.i 106 MeV Particle and anti-particle Higgs 770 195 GeV 0 !
ot 511 keV 2 spin states boson
neutrinos vr, 7y  <06eV 5 2:1=2 At T > 100 GeV, all particles are relativistic, hence
Vi Vp - < 06eV | fither g.=3-3+2+16+1
V.., < 0.6 eV Particle = anti-particle 7
| or +—-(6-12+3-4+3-2) =106.75
a single spin state exists 3




Number of total relativistic DOF vs. temperature

B tt w+, 2% H° . _, Only pions (spin-0), electrons, |
106.75 o6 o | €€:T" muons, neutrinos, and photons
100 = To——_ 8625 ; J’ are left relativistic =
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9. (T) 96.25 - (3:-3+ 1) = 86.25 l[
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2

Conservation of entropy p =2 g.(D)T*

30
\7/ . .
+* Total entropy of the Unlverse onIy InCreases or stays constant
PdV  vd + PdV
D — _ p P
$TdS=dU+Pdv mp &£ - Tdt(p) . TQ£+ " ~ 0
DG i — =—3H(p + P) d(a®
« Entropy denSIty S = S/V from the continuity equation = (di ) = 3a*a = 3HV
TsdV+TVds=pdV+Vdp+PdV

Lb(Ts—p—P)dV+V(Tds—dp)=O o
< s and p do not depend on volume, thusTs —p—P =0 B s= 'OT
¢ Total entropy: . p; t+ P pi T 3:01 2m? 3 | Effective number of

> = z 45 g*S(T)T degrees of freedom of
entropy

Particles in thermal equilibrium with photons: Particles decoupled from the thermal bath:

g = Z gi +g Z g = g\, e z l< ) 5 Z gl< ) £ g-™M (1)

i€bos iefer i€Ebos iefer



Conservation of entropy

» S=sV=const mp sxa>
o,

» Number of particles in a comoving volume N; = ?‘

¢ sxgg(T)-T° mp g.s(T) T3 -a> = const, or TOCg_l/B

» Whenever a particle species becomes non-relativistic, its entropy is transferred to
the remaining relativistic species, causing the temperature to decrease slightly
slower than < a~ !

2
» Hubble constant for the radiation-dominated universe (p = :—Og*(T)T‘*):

. 2 2 4

a P T T
HZ = | — = = —4da., T) —
<a) 3mMZ% 907 ( )Mgl




Electron—positron annihilation, et + e~ oy +y

neutrino decoupling

Me

electron-positron

- —1
10 annihilation

MeV

102

010 1077

—

a

¢ Energy density and entropy of

electrons and positrons is

transferred to the photons

» Photons are heated — their
temperature decreases slower

than that of the already de-
coupled neutrinos

p g )2 Hgrd=5 T2me
*5 2, T <m,
> After ete™ annihilation,
4 \1/3
n=() &

» Current temperature of the
cosmic neutrino background
T,o =195K (Ty = 2.73 K)



Neutrino density

gi([jse]C)(T): Z l( >

i€bos

1/3

7~ (@)
T, \11

8291( > ’

iefer

100

_TT]
TTT

it

106.75
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L‘i-';l) Z{}._ L!.'U _
J' bb cE. Tt
9625  goor v |
61.75
T ~. _ﬂ_l‘.l r”_:|:
AN\
1”1 b

0.1L

Qila)

0.01 L

0.001
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—— [1E11ET1110S

LY
Lol Lol Lol 1

108

10~°

104

0.001

a

0.01 0.1

1

3.38

Neff — 3046

4/3
> 9« = 2 + g . ZNeff(%)
=3.36 (Negr = 3)
> J«s = 2 +g' ZNeff% = 3.94

/

» Number density:

3Neff 11 )/
> Energy den5|ty.

4/3
m, =0: p, = %;pdeff ' (]%f) n
QO,h? ~1.7-10"

m,, # O: = Eai'77lmci ny;

1 0.1

Vv
m,,
thZNZ94ev < 0.02



Beyond Equilibrium

¢ Boltzmann equation
» In the absence of interactions the number of particles is conserved:

1 d(n;a®) 0
a3 dt
» To account for the interactions, we include the collision term:
1 d(n;a®)
3T q¢ = C;|{n;}] Boltzmann equation
 Example:tA+B < C+ D |
3 a = (ov) —thermally averaged cross-section
1 d(nya®) ny
= n nen
23 dt ANp cNp

» In (chemical) equilibrium: [CmAnB]eq = [ﬁnC"D]eq = 8= a'(nAnB>
eq

Necnp
1 d(nga®) NaNg
= —(ov) |nyng — Ncnp
eq

a’ dt Nenp



History of the Universe

«decex

Event time t  redshift = temperature T°
Singularity 0 o o0
Quantum gravity ~ 107185 - ~ 1018 GeV
Inflation > 10735 - -
Baryogenesis < 20ps > 101° > 100 GeV
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 p1s 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling ls 6 x 109 1 MeV
Electron-positron annihilation 6s 2 % 109 500 keV
Big Bang nucleosynthesis 3min 4 % 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75eV
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr 1100 0.26eV
Reionization 100-400 Myr 10-30 2.6-7.0meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV




Dark matter relics

s* Assumptions:
» Dark matter consists of weakly interacting massive particles (WIMPs)

» Heavy dark matter particle X and its antiparticle X can annihilate to produce two
light (=massless) particles £ and ¢: ~
X+Xeotlt+?

» ¢ are tightly coupled to the cosmic plasma ) n, = n
> No asymmetry X and X, i.e. ny = ng

(eq)
Y



Dark matter relics

** Boltzmann equation:
1 d(nya”) 2 _ ()
2 oY) ["X - () ]
» Let’s introduce new quantities:

n n . . .
Q Yy, == (< Ny =%, the number of particles in a comoving volume)

dx  MydT ar Y xd
M X X X x da
Qx=2% B G N e
=T ® de  TZdt T dt adr
» During radiation-dominated era:
2 T a !

a(T =M H(M

H=H(T = My) - ( X)] = HMy) - [M ] ( 2X)
X

** Riccati equation:

dY /1 2 M3
O [




Dark matter relics

Numerical solution

‘:‘ Boltzmann equatic _1 [ [ [ |||||| [ [ [ |||||| [ [ [ |||||| [ [ ||||_|
; \ o 32 Freeze-out at xf~10
Y, =~ V.54 =%z .
> Let’s introduce new 1073 X 4m .
n n
DYX=T—§(«NX=7% A =10°
Qx=% ) %:% 107° - ‘1 I A= 10°
oo dt \ A =107
» During radiation-dc \
s ‘ () _ |
a(T - 1077 YoV~ (21)3/2 e 7 \ Yy " =xp/2
H=H(T=MX). | Lt Inl ||||||| ‘L | ||||||| | L1 rill
0.1 1 10 100 1000
. . . ) (eq)
0:0 Riccati equa“on: J\”[X/T d)forx >>/11: Yy (x) >f YXeql' thuS)l
b D A i e e ¢ s
dyx A 2 (eq) 2 M):? dx X Yy Yy Xf
— = ——1Y. —(Y )] A= ov) ~ const
dax x2 [ X X H(MX)< )

Y = x,/2




M3

Dark matter density L T e

** Let’s relate the freeze-out abundance of dark matter relics to the dark

matter density today
Px,0 Mxny o My (00) 3 9+s(To) My X T3 9+s(To)

0, = — —
¥ peivo  3MEHZ  3MAHZ X 0 g.s(My)  3BMEHZ A g.s(My)
a 3 a 3 a T 3
. 1 0 1 0 141

> Number density: ny o = ny; (a—0> = v T3 (a—0> = Y T3 (aoTo)
3 (c0) 3 g*S( O)
» Conservation of entropy: g,s(aT)® = const B ny, =Yy T5—F—=
gs«s(My)

HMy) T3 Xr  Gus(To) xr  107° GeV~2 . 097

~ 0.1
M2 3M2HZ(ov) g.s(My) \/g*(MX) <0‘U> if (0v)~10"8 GeV 2,

_ a characteristic scale for
Q T, =273K, Hy=70kms™ ! Mpc™t, H2(My) = - g*( X) le, the weak interaction
p

g:5(To) = 3.91, g.s(Mx) = g.(Mx) (WIMP miracle)

QXZ



History of the Universe

NS G SN

|

Event time t  redshift = temperature T°
Singularity 0 o o0
Quantum gravity ~ 107185 - ~ 1018 GeV
Inflation > 10735 - -
Baryogenesis < 20ps > 101° > 100 GeV
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 p1s 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling ls 6 x 109 1 MeV
Electron-positron annihilation 6s 2 % 109 500 keV
Big Bang nucleosynthesis 3min 4 % 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75eV
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr 1100 0.26eV
Reionization 100-400 Myr 10-30 2.6-7.0meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV




Electron—proton recombination (first H atoms)

% WhenT = 1eV: e +pT o H+y

T Km, = 0.5 MeV, thus equilibrium densities are
3/2

(q) mT) Hi —my .
_gl(zn_ eXp( T )r l_{eile}

>,ue+up—uH ~m, ~ Ep = 13.6 eV

3/2 |
¢ Let’s consider the ratio ( "H ) _| 9 |[ MH 2”) exp (mp T Me — mH)
T




Electron—proton recombination

o () = ()" e (2)

¢ Fraction of free electrons X, = n,/n,, here ny is baryon density
(B3) .3
—2T
[
> 1, = 5.5 10710 — baryon-to-photon ratio
» Ignoring other nuclei, baryon density n, = n, + ngy = n, + ny
I , (L=Xe\ _%@®) (217 32 (EB) - ;
X2 B =3 M m exp | aha equation

Ly . -1+/157 N (znr>3/zexp(5_3)

¢ 2f ’ 2 M, T

> Ny = NNy = Mp




Electron—proton recombination kBT [eV]

0.25 0.3 0.35

I I A I
1 -
3/2 Trec = 0.32 €V
o TL_H) — ( 2T ) (E_B) rec N :
* (ng g T exp - 075 | ~ 3700 K 1
¢ Fraction of free electrons X, = n,/n X ;. |
> Ny = NNy, =1 ((3)2T3
b bty b 7T2 0.95 L i
> 1, = 5.5 10710 — baryon-to-photon rat
» lgnoring other nuclei, baryon density n, 2000 1200 1400
L - X 26(3) 2nT\ " ex (EB) Saha e a:'on
= — uati
x2 )., 7 "\, PA\T -
eq —1+J1+f 2B (2ar\? (Ep
L Xeq_ 27 , f= — nb<m6> exp(T)
» The redshift of recombination 1 + z... = a(to)/a(tregc/)zz Trec/To
t T
> a(t) = (t/ty)?/3 » trec = (1+Zrzc)3/2 = to( FZC) ~ 290 kyr

1800



Photon decoupling

¢ Interaction with the remaining free electrons: e~ +y < e~ + vy
% Interaction rate I' = n, o7 with Thomson cross-section o7 = 2 - 107> MeV~*
% Photons and electrons decouple when I'(Tyec) = H(Tgec)

» I'(Taec) = neor = npXe(Taec)or = 017 %Tc?ecxe (Tdec)

_ Tgec) /2 kpT [eV]
> H(Tdec) — HO\/ Qm( T, ) 0.25 0.3 0.35 0.4
[ [ A I I
1 |
L} Tiec = 0.27 €V ‘

0.75 -

X, (T3.c) = 0.01 Tyec = 0.27 eV Teoc = 0.32 €V
el dec X, ~ 3700 K ~ 3700 K

tgec = 380 kyr

0.25 -

» A large degree of neutrality is necessary for

the universe to become transparent to photons o | |
1000 1200 1400 1600 1800

z




Electron freeze-out

** Boltzmann equation:
1 d(n,a?)

a3 dt

» (ov) = opEy /T

> n, = npyX,, mnpa’
> X = EH/T,

L dXe A [XZ B (X(geq))zl

= —(ov)|n? -

= const

T & g—1/3 -

dx ~  «x? . :

The same eq. as for 7 = [n—(av)] © 102 !
dark matter freeze-out! xH x=1 _

0 X 1073 ¢

¢ Electron freeze-out abundance: X(g ) ~ Tf f

xf ~ 54, Tr = 0.25 eV

1071 &

(eq)) ]

T [eV

recombination 0.1

1L

decoupling

—> CMB

Boltzmann

neutral hydrogen

plasma \

103 102

[



History of the Universe

« Jeccces

Event time t  redshift = temperature T°
Singularity 0 o o0
Quantum gravity ~ 107185 - ~ 1018 GeV
Inflation > 10735 - -
Baryogenesis < 20ps > 101° > 100 GeV
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 p1s 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling ls 6 x 109 1 MeV
Electron-positron annihilation 6s 2 % 109 500 keV
Big Bang nucleosynthesis 3 min 4% 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75eV
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr 1100 0.26eV
Reionization 100400 Myr 10-30 2.6-7.0meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV




Big Bang Nucleosynthesis

* T~1 MeV:

» Photons, electrons, and positrons are in equilibrium

Step 0: Step 2:

> Neutrinos are gOing to decouple Equilibrium Step 1: Neutron Decay Step 3:
Neutron Freeze-Out Helium Fusion
» Baryons already are non-relativistic T T
n 1 -
% Currently, =<~ —
ny 16 ¢ 107
> Why? E
= 1072
£ 107°
2X:1
equilibrium
104 D
L1 1 I I I I I I
1 0.1

Temperature |MeV|



Step O: Equilibrium

¢ Simplifications:
» No elements heavier than helium (H, D, T, and 3He, and He)
» Only neutrons and protons existat T > 0.1 MeV

» Chemical potentials for e~ and v, are negligible
¢ n — p equilibrium
>»n+v, optte,

> Un = Un
3/2
eq) _ miT) Hi —my
i _gl(Zn exp( T )

n+et opt 4+,

(

mn
my

>3/2

exp (—
~ 1

» ForT < 1 MeV, the fraction of neutrons gets smaller

~(Q =

1.30 MeV

my, —m,

T

)= en(-7)



Step O: Equilibrium

3/2
(eq) _ miT) pi —m;
n; Y = g; (_n exp( )

p
\/

** Deuteron:
>»n+pteoeD+y
» Up = Un + Uy

* n — p equilibrium: (Z-") =exp<_%>
eq

~ Ep, = 2.22 MeV

Step 2:
Step 1: Neutron Decay Step 3:
Neutron Freeze-Out Helium Fusion

~ 2/m,

( np > 3( mp 27T>3/2 m, + m, —mp
= — exp(
npny eq 4 \m,m, T

Fractional Abundance

[ -
eq |
2X°
equilibrium
D
I lirr 111 I i1 1

1 0.1

Temperature [MeV]



Step 1: Neutron Freeze-out

A+B e C+D:

_ nang
= —(ov) |nyng — NcNnp
Refp /oq

¢ Boltzmann equation (n +v, © p™ +e7): 1 eneE)
A
1 d(n,,a®) N, a> dt
& dr | n, "
eq
» [, = ny(ov)
_ _Nn ~ -3 (I'n — _@
> X, = —— Ny, +ny,~n, < a >, ("P)eq = exp( T)
dX
L d_: = —Fn[Xn — (1 — Xn)e_Q/T]
an L Numerical solution yields

— " e — B
E = Hl_X'[e X Xn(l + € X)] X79Lo EXn(x = OO) = 0.15

> ForT~1MeV, I';tis
comparable with the age of
the Universe

> At later times, T o< t~1/2, and
I, < T3 o< t=3/2, 50 the
neutron-proton conversion
time I, 1 o« t3/2 becomes
even longer

» Asaresult, n, /n, ratio
approaches a constant




Step 1: Neutron Freeze-out

. ) + _ A+B e C+D:
** Boltzmann equation (n + v, @ p™ +e7): X
1 d(nga?) ( )[ <nAnB> ]
= —\oV)|ngng — Ncnp
a3 dt nen
1 d(n,,a®) . N, €7D/ eq
— n _— _— n Sfte;p O ‘ ‘ ) Step 2: ‘
a3 dt " " np e p b Neutrci??riéz&@ut Netron Decay Helif:l]l_) 1*%3'1011
q 1 [TTT T 1T 1T 1 T [TTT T T 1
» [, = ny(ov) le
n _ n : =
> X, = —- ,nn+np~nboca3, (—") E n
nn+np Tlp eq = 102 E
dx ot
n S0t E
L F — _Fn[Xn R (1 o Xn) B = 2X ¢
— equilibrium D

> X = Q/T ‘ 1074

[T

L1 l [T I NI O
1 0.1

an L Numerical solution yields Temperature [MeV]

— " e — B
E = Hl_X'[e X Xn(l + € X)] X79LO EXn(x = OO) = 0.15




Step 2: Neutron Decay

o AtT < 0.2 MeV (t = 100 s), the finite lifetime of a neutron (t,, = 887 s)
becomes important:

Step 2:

t 1 t Step 0:
(00) Equilibri Step 1: Neutron Decay Step 3:
Xn (t) — Xn exp — =~ g eXp (_ 887 ) R .\'011t1‘01101~1i)r00200ut el e Helqu?Fusion
T S :
n 1

1 LI

1071

1072

Fractional Abundance

1073

2X¢d

equilibrium

O

ool ool vn vl ||||uuL_l

1074

[TIT TTTIm) TTTOm TTTm T T

1 0.1

Temperature |MeV]|



Step 3: Helium Fusion

¢ Deuteron:
>»n+pTeoD+y
» np follows the n,, and n,, equilibrium abundance

3/2 T 3/2 E

L e Ep) _ D

> ("P)eq ~ Ny (mpT) exp ( T) Ny (mp> exp ( = ) ~ 1
24(3) —9

T2

> n,iqfvnb =NpNy =1Np - T3, here baryon/photon ratio n,~10

230 < Thuc = 0.06 MeV
887 s) ~0.11 taue ~ 330's

1
> Xn (tnuc)"’ g exXp (_



Step 3: Helium Fusion

** Helium:
» D+pt o 3He+y, D+ 3He & *He +p*
» Binding energy of He is larger than that of D (7.1 MeV vs 1.1 MeV per nucleon)
» Formation of He starts immediately after some D is produced
» Virtually all the neutrons are bound in He at t~t ;¢

. 1
> Final ny, = Enn(tnuc)

L NHe  MNHe %Xn(tnuc) _ %'0-11 1

nn 1y, 1—Xp(tee) 1-011 16




heoretical predictions
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