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hot big bang model
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= the Universe expands R’ PR* —kc® +

= entropy is being conserved®  TdS =dU + pdV =0

*any heat flow would define a preferred direction ( X isotropy X)
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= the Universe expands R®

" entropy is being conserved 1dS =dU + pdV =0

=> the Universe expands adiabatically, i.e.
like a fluid in thermal equilibrium!

= implication for barotropic fluids p = w p ¢
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= PR = Cconst.

* radiation w=1/3 = pxR*
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= the Universe expands R®

" entropy is being conserved 1dS =dU + pdV =0
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= the Universe expands R’ PR* —kc® +

" entropy is being conserved 1dS =dU + pdV =0

=> the Universe expands adiabatically, i.e.
like a fluid in thermal equilibrium!

= implication for barotropic fluids p = @ p c*:
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= PR = Cconst.
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* radiation w=1/3 = pxR 4 = T xR
but what about the temperatures? when decoupled...
* matter w=0 = pxR” = TxR”
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* the Universe expands R* = T,OR2 — ke? +TR2 =0

~

B entrd radiation o,R* = const.

p,xT' xR*=TxR"' «;

Stefan-Boltzmann law

" impli

oupled...
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hot big bang model

> 8nG c'A
" the Universe expands R* = TPR — ke? +TR =0
B entrd radiation o,R* = const.
p,xT' xR*=TxR"' «;
matter
d(pc’ RY) = d((nm c +3nk T/2)R )
" impli

pd(R’) = nk,Td(R’)

ideal gas equation

d(nm,R’c® + 3nk,TR’ /2) = -3nk,TR*dR

. 3 _
[N =nR =const.] d(Nmpc2 +5NkBT) = -3Nk,TR 'dR

3
= Nk,dT = -3Nk,TR"'dR
2
dr __,dR
T R

~

oupled...
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= the Universe expands R®

" entropy is being conserved 1dS =dU + pdV =0

=> the Universe expands adiabatically, i.e.
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=> the Universe cools down while expanding!
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= the Universe expands R

" entropy is being conserved 1dS =dU + pdV =0

=> the Universe expands adiabatically, i.e.
like a fluid in thermal equilibrium!

* implication for barotropic fluids p = w p c*:

tter
the Universe becomes dense.r apd h.o
when going backwards In time:
Hot Big Bang Model

* radiatio
but what about the temperatures? when decoupled...
-3 -2
* matter w=0 = pxR = TR

=> the Universe cools down while expanding!
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= the Universe expands R®

" entropy is being conserved 1dS =dU + pdV =0

=> the Universe expands adiabatically, i.e.
like a fluid in thermal equilibrium!

= implication for barotropic fluids p = @ p c*:
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= PR = Cconst.
* radiation w=1/3 = pxR* = TR’ }
when decoupled!?
* matter w=0 = pxR” = TxR”

=> the Universe cools down while expanding!
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" the hot big bang model

* thermal equilibrium
* entropy of the Universe
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" matter radiation equality
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=> the Universe expands adiabatically, i.e.
like a fluid in thermal equilibrium!
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" cosmic plasma in equilibrium

‘thermal bath’ T

let’s add neutrinos, electrons, positions, and protons...
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e+n = p+v,
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» Thomson scattering:

e +ty<>e +y
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" cosmic plasma in equilibrium

equilibrium maintained by:

¢ weak interaction

V,+n < p+e
e+n = p+v,

n < p+e +v,

» Thomson scattering:

e +ty<>e +y

thermal bath T—> the dominant species determines the equilibrium temperature!

the dominant species is photons

= the whole bath evolves like radiation T «< R-!
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" cosmic plasma in equilibrium

equilibrium maintained by:

¢ weak interaction

V,+n < p+e
e+n = p+v,

n < p+e +v,

» Thomson scattering:

e +ty<>e +y

‘thermal bath’

equilibrium?
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" cosmic plasma in equilibrium

equilibrium maintained by:

¢ weak interaction

V,+n < p+e
e+n = p+v,

n < p+e +v,

» Thomson scattering:

e +ty<>e +y

‘thermal bath’

" types of equilibrium:
* kinetic equilibrium: efficient energy and momentum exchange of particles
 chemical equilibrium: chemical reactions between particles are in equilibrium

* thermal equilibrium: kinetic + chemical equilibrium
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thermal equilibrium

" cosmic plasma in equilibrium

‘thermal bath’

equilibrium maintained by:

¢ weak interaction

V,+n < p+e
e+n = p+v,

n < p+e +v,

» Thomson scattering:

e +ty<>e +y

what more could we add?
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cosmic plasma in equilibrium

equilibrium maintained by:

¢ weak interaction

V,+n < p+e
e+n = p+v,
n < p+e +v,
» Thomson scattering:

e +ty<>e +y

e any kind of interaction...
‘thermal bath’

I' xnov

n : number density

o : interaction cross-section
v : relative velocity
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equilibrium maintained by:
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» Thomson scattering:
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e any kind of interaction...
‘thermal bath’
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= equilibrium and cosmic expansion:

particle remains in equilibrium for as long as its ['.> cosmic expansion rate
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thermal equilibrium

cosmic plasma in equilibrium

equilibrium maintained by:

K weak interaction \

V,+n < p+e

e'+n = p+v,

n < p+e +v,
- /

» Thomson scattering:

e +ty<>e +y

e any kind of interaction...
‘thermal bath’

I' xnov

n : number density

o : interaction cross-section
v : relative velocity

. , : Tv(tdec):T (tdec)
= equilibrium and cosmic expansion:

particle remains in equilibrium for as longas its I'.> cosmic expansion rate

particle species drops out of equilibyium once its I'.< cosmic expansion rate...
...and then evolves decoupled
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cosmic plasma in equilibrium

equilibrium maintained by:

K weak interaction \

V,+n < p+e

e'+n = p+v,

n < p+e +v,
- /

» Thomson scattering:
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e any kind of interaction...
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I' xnov

n : number density

o : interaction cross-section
v : relative velocity

. . . T, ()
= equilibrium and cosmic expansion:

particle remains in equilibrium for as long as jts I'.> cosmic expansion rate

particle species drops out of equilibrium once its ['.< cosmic expansion rate...
...and then evolves decoupled

unless disturbed, the uncoupled particles remain in their own equilibrium, too
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cosmic plasma in equilibrium

equilibrium maintained by:

K weak interaction \

V,+n < p+e

e'+n = p+v,

n < p+e +v,
- /

» Thomson scattering:

e +ty<>e +y

e any kind of interaction...
‘thermal bath’

T(t) I' xnov

n : number density

o : interaction cross-section
v : relative velocity

. . . T, ()
= equilibrium and cosmic expansion:

particle remains in equilibrium for as long as jts I'.> cosmic expansion rate

particle species drops out of equilibrium once its ['.< cosmic expansion rate...
...and then evolves decoupled

unless disturbed, the uncoupled particles remain in their own equilibrium, too;
but its temperature can evolve differently to the one of the thermal bath
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cosmic plasma in equilibrium

equilibrium maintained by:
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» Thomson scattering:

e +ty<>e +y

e any kind of interaction...
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. . . T, ()
= equilibrium and cosmic expansion:

particle remains in equilibrium for as long as jts I'.> cosmic expansion rate
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« radiation = T xR’ unless disturbed, the uncoupled particles remain in their own equilibrium, too;
smatter = T«R” but its temperature can evolve differently to the one of the thermal bath
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thermal equilibrium

cosmic plasma in equilibrium

equilibrium maintained by:

K weak interaction \

V,+n < p+e

e'+n = p+v,

N n < p+e‘+17€j
how to describe particles in equilibrium!? L
* any kind of interaction...
‘thermal bath’

T(t) I' xnov

n : number density

o : interaction cross-section
v : relative velocity

. . . T, ()
= equilibrium and cosmic expansion:

particle remains in equilibrium for as long as jts I'.> cosmic expansion rate

particle species drops out of equilibrium once its I'.< cosmic expansion rate...
...and then evolves decoupled

« radiation = T xR’ unless disturbed, the uncoupled particles remain in their own equilibrium, too;
smatter = T«R” but its temperature can evolve differently to the one of the thermal bath
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thermal equilibrium

" particles...

f(p) : phase space distribution function*

*homogeneity drops dependence onX, isotropy gives dependence on only p = |13|
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" particles...

allows us to calculate all that is of relevance!

A

f(p) : phase space distribution function




Thermal History of the Universe

thermal equilibrium

" particles...
number density = yfhf i f(p)4mp*dp
energy density pc = o h) - [ E(p) f(p)4ap® dp
pressure P- jh) pe — f(p)Amp* dp
f(p) : phase space distribution function
& : statistical weight

E* =l pcl +m’c*




Thermal History of the Universe

thermal equilibrium

" particles...

number density n= & dap*d
(2nh)3f f(p)amp* dp

energy density pc’ = (2 h) f (p) f(p)anmp* dp

pressure P = (Zth) pe f(p)4777p dp

[ f(p) : phase space distribution function ]

& : statistical weight

...but how to get it?

E* =l pcl +m’c*
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" particles...
number density n= & dap*d
(2Eh)3 [ fpaap*dp
energy density pc’ = (2 h) f (p) f(p)anmp* dp
pressure p-_28 p < f(p)4777p dp E* =l pcl* +m’c’
(27h)’

[ f(p) : phase space distribution function ]

& : statistical weight

integro-differential equation for f(p) (Boltzmann equation, more later in Computational Cosmology lecture):

dn

— -+ 3Hn = [clrp)d
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" particles...
number density n= & dap*d
(th [ fpaap*dp
energy density pc’ = (2 h) f (p) f(p)anmp* dp
pressure p-_28 p < f(p)475p dp E* =l pcl* +m’c’
(27h)’

" ...in kinetic equilibrium?

integro-differential equation for f(p) (Boltzmann equation, more later in Computational Cosmology lecture):

dn

— -+ 3Hn = [clrp)d
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thermal equilibrium

" particles...
number density n= & dap*d
(2nh)3f f(p)amp® dp
energy density pc’ = (2 h) f (p) f(p)anmp* dp
pressure P = (2th) pe f(p)475p dp
relativistic:

= ...in kinetic equilibrium

1
J(p)= o E-1/kyT

+ ]

* “+” sign: Fermi-Dirac distribution (FERMIONS)
* “—7 sign: Bose-Einstein distribution (Bosons)

E* =l pcl +m’c*
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thermal equilibrium

" particles...

number density n= 5 )/ 1 2d
(th [ f(panp’dp
energy density pc’ = f (p) f(p)anmp* dp
(27 h)
pressure p-_2=% p < f(p)475p dp E* =l pc > +m°c’
(27h)’
relativistic: non-relativistic (T<E-p):
1 —(mc*+p* 12mc*—u)/ky
= ...in kinetic equilibrium  f(p)= ET L f(p)=e (e 2mc?
e - -

* “+” sign: Fermi-Dirac distribution (FERMIONS)
* “—7 sign: Bose-Einstein distribution (Bosons)

(E=\/I pelP +m’c? =mcz\/p2 12mc® +1 =mc’ +p° /2mc2)
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" particles...
number density ne_ 8 Ydrp®d
(th [ f(panp’dp
energy density pc’ = f (p) f(p)anmp* dp
(27 h)
pressure p-_2=% p < f(p)475p dp E* =l pc > +m°c’
(27h)’
relativistic: non-relativistic (T<E-p):
1 (mc?+p212me? —u)/kyT
= ...in kinetic equilibrium  f(p)= T L] f(p)=e (me*+p u)

Note: each particle species m;, 1, T; has its own distribution function...
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" particles...
number density nl= 8 (p)drp®d
(th [ fpaxp*dp
energy density ,OC2 f (p) f(p)anmp* dp
(27 h)
pressure pl-—°% p < f(p)47'[p dp E* =l pc > +m°c’
\ ) 2mh)’
relativistic: non-relativistic (T<E-p):
o o 1 ~(mc?+p*12mc* - )kyT
= ...in kinetic equilibrium  f(p)= ET L f(p)=e [+ g

Note: each particle species m;, 1, T; has its own distribution function...
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" particles...
number density nl= 8 (p)drp®d
(th [ fpaxp*dp
energy density ,OC2 f (p) f(p)anmp* dp
(27 h)
pressure pl-—°% p < f(p)4775p dp E* =l pc > +m°c’
\ ) 2mh)’
relativistic: non-relativistic (T<E-u):
o o 1 ~(mc?+p*12mc* - )kyT
= ...in kinetic equilibrium  f(p)= ET L f(p)=e [+ g

Note: each particle species m,, 1, T; has its own distribution function...
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thermal equilibrium

" particles...
number density nl= 8 10’ d
TP [ fppap’dp
energy density ,062 = (2th)3 fE(p) f(p)ap’dp
2 2
8 pPc 2 I I
pressure Pl= oty 3E f(p)drp dp E°=lpcl”+m°c
relativistic: /—/

= ...in kinetic equilibrium

1
HP) =~

1
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= relativistic particles in kinetic equilibrium (¢ = 0%)...

2
. Y P
ber densit n=—2_ d,
number density s ecm/kﬂil P
2
) g 2 2 2 p
d ct=—2_|¢ +m-c d
energy density  0C" =——5 Jp SN T 1 P
2 2 2
p 8 pcC P dp

67T h 2 2 2 \’ p +m 1

*In the early universe 4<<T (=0 anyways).

Further, for relativistic particles which are continuously created and annihilated there is no net change in particle number and hence their chemical potential can be neglected in general.
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» relativistic particles in kinetic equilibrium (u =0, m<<T)...

2
. 8 P
ber d t n=——— d
number density 2J1:2h3 ecm/kﬂ » D
2
. 2 g 2 2 2 P
energy densit cC=——1|]c¢C +m-c d
&Y 4 p 27-['2;'13 \/p eC\/P2+m202/kBT +1 P
2 2 2
C
p__ 8 P P dp

67T h 2 2 2 \’ p +m 1

*In the early universe 4<<T (=0 anyways).

Further, for relativistic particles which are continuously created and annihilated there is no net change in particle number and hence their chemical potential can be neglected in general.
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thermal equilibrium

* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

2

. 8
number densit n= f
4 c\/p2 /kBT

2m°h
fc\/7 \/7/kBT d

dp

energy density p 2h3

pressure = 631;2h3f \/7 \/7/](3 +1
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thermal equilibrium

» relativistic particles in kinetic equilibrium (¢ =0, m<<T)...

2

ber densit - P
number density n= 2n2h3 f ecp/kBT ildp
2
energy density ,002 = 2717g2h3 fcp eCP/ZT 1 dp
2
8 P
pressure P = PEPE pr Pk +1dp
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* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

2
number density g f p

(e PP oSl dp

2
energy density ,062 -_¢& g‘cp P dp\
27 h’ et ]
combine to eliminate integral and get P=...

g pP
P = | c d
pressure 6 2h3{ D kT L] pj
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* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

number densit __ 8 P
' "= 2 H f et 41 ap
3
. > &€ P
energy density pc = e f T 4 ] dp
P=lpf

ressure
P 3
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* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

2

number densit - P
4 n= PP f cplkgT ildp
3
. > &€ p
energy density pc = e f [cp/kBT Ii " dp
P=lpf

ressure
P 3

E=cplk,T = p=k,TE/c, dp=k,TdE/c
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thermal equilibrium

» relativistic particles in kinetic equilibrium (¢ =0, m<<T)...

g (kBT) S

number densit n=
) v 2 c ) el ¢
3 3
, gc kBT) & kT
energy density ¢’ = d
P 2Jt2h3f( c ) e+l ¢ s
1
pressure P= 5,062

E=cplk,T = p=k,TE/c, dp=k,TdE/c
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thermal equilibrium

» relativistic particles in kinetic equilibrium (¢ =0, m<<T)...

k. \ g2
number density n=_% ( B) T3f d&

“2m\ne) T d el
4 3
: 2 g k s S
energy density pc” = 5 h3i3 T feg > d&
P=lpf

ressure
P 3
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thermal equilibrium

* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

ky \ g’
number density n=_% ( B) Tf d&

“2m\ne) | F el
4 3
. 8 ks &
densit ¢’ = T d
energy density P 22 B feg 11 §
1
pressure P=§pc

) " dE=T(n+D&(n+1)

et -1
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thermal equilibrium

* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

ky | £’
number density n= 5 (—B) Tf d&

27\ he e x1
| g ks 3
densit ¢’ = T d
energy density P 22 B feg 11 §
1
pressure - E,OC

fe+1
fe+1
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thermal equilibrium

» relativistic particles in kinetic equilibrium (¢ =0, m<<T)...

ky | £’
number density n= 5 (—B) T3f d&

27\ he e§+1
: 2 8
energy density pc =
2’ h3 ?
1
pressure P—gpc

n=2 _
I'(n)=(n-1)!

fe+1 5-—f§ e

"
fe+1 f€_1d§

=2£(3)

3
=220
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thermal equilibrium

» relativistic particles in kinetic equilibrium (¢ =0, m<<T)...

3
. g (kg
number density n= 2C(3
21’ (hc) l4] <G)

. 8 k, 4 §3
energy densit ¢’ = BT d
& Y P 2 hic’ feg +1 s

L

ressure
P 3

n=2 _
I'(n)=(n-1)!

fe+1 5-—f§ e

"
fe+1 f€_1d§

=2£(3)

3
=220
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* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

3
number density n= lg} C(:j) (:—B) gT3
C

4
: 2 8
energy density pc = 3 3
2’ h
1
pressure P—gpc

4

—65(4)=6"1
c4)= 690

g" n=73 _
% (1) =(n-1)!

fe +1 5——f
—6C( )——6—
fe +1 fe —1d§ 8 90

U\mm
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thermal equilibrium

* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

- 3

number density n= g Z"‘(:j)(k—B) gT3
4| 17 \c
7122 K

energy densit c=|—|——=L_oT*

grdensty PR30 e 8

1

pressure P=—pc

3
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* relativistic particles in kinetic equilibrium (u = 0, m<<7)...

A 3
3160) (K, ) )
number density n=|— C(z) - gT3
4| 77 \hc g )
n=—2_[  f(p)4np’dp
. 2 | 1= __B 2_ 8 2
energy density oc s |30 7 g pc (2ﬂh)3fE(P)f(p)4ﬂp dp
B g pzcz ,
1, P= iy 3E J(p)4mp~dp

pressure \ pP= gpc / \ 1

f(p) = e(E_:“)/kBT il
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thermal equilibrium

F(plarpdp

S [E(p)|f(pyrp’dp

" particles...
number density nl= 8 f
(27h)’
energy density ,062 = 2 h)3
JU
2 2
p__8& (Pc
pressure = 3

= ...in kinetic equilibrium

f(p)dnp®dp

s

f(p)=e

E* =l pcl +m’c*

—(mc2+p2 /2 mcz—u)/kBT
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thermal equilibrium

* non-relativistic particles in kinetic equilibrium (m>>T7)...

312
/ . g( mk ) 7 —(mcz-u)/kBT\

number density e
2mh’
. 2 2 3
energy density pc” =nmc” + EnkBT

pressure \ P =nk,T /
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thermal equilibrium

= particles in kinetic equilibrium

number density

energy density

pressure

n=

pc’

P

o (3)( ) 3 _3C (3)( )
T
hic 8 4 x° \hc £

7k , Txa’ k,
- T ' =——
30 #'c’ 8 > 8 30 i'c’
1 2 1 2
— pc P=—pc
3/0 3/0

bosons fermions

T’

4

pc’ =nmc’ + %nkBT

P = nk,T

(non-degenerate relativistic gas)

kgT >>mc* u=0

(non-relativistic gas)

kpT << mc?
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thermal equilibrium

= particles in kinetic equilibrium

number density

energy density

pressure

n=

£(3) :
(hc) o

7k
__h3 3

gT

does anything Ic

bosons

_ 3203
4 7’ (hc) 8

17k
8 30 i'c’
1
P=—pc
3 P
)ok familiar here?
fermions

T’

4

3

pc’ =nmc’ + EnkBT

P = nk,T

(non-degenerate relativistic gas)
kgT >>mc* u=0

(non-relativistic gas)

kpT << mc?
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= particles in kinetic equilibrium

3/2 )
number density | 5 = é‘(3)( ) oT" _3 5(3)( ) oT?| n-= g( mK ) T3/28‘(mc -H)ksT]
hc 4 7 \hc 2mh’
: 777 k4 4 2 2 3
energy density |pc” = T ¢’ =nmc” +—nk,T
p 30 h3 g p 2 B
pressure P= gpc2 P =nk,T
bosons
(non-deger (non-relativistic gas)

kT kpT << mc?

radiation energy < 7* (= Stefan-Boltzmann law)
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thermal equilibrium

= particles in kinetic equilibrium

number density | 7 = CG)( ) gT’
hc

2 14
. » T k
energy density |0c™ = — gT*
30 i'c’
pressure P= gpc2
bosons

2

e

_ 3203
4 7’ (hc) 8

T7° k,

830 A’c’ 8
1

P=—pc

3

fermions

T’

4

. ( o )3/2 T3/[ ~{me?-) kg
27h?
2 2 3
pc” =nmc +§nkBT
P = nk,T

(non-degenerate relativistic gas)
kgT >>mc?, u=0

(non-relgtivistic gas)

kgl << mc?

number density of non-relativistic particles is exponentially suppressed




Thermal History of the Universe

thermal equilibrium

= particles in kinetic equilibrium

relativistic

non-relativistic

freeze-out

mk i —(mcz—u)/kBT

- (&

bn

RS . A
~ equilibrium

—-m/T

relic density

1 decreasing temperature

10

m

T

2ah*

pc’ =nmc’ + %nkBT

P = nk,T

(non-relativistic gas)

kpT << mc?

number density of non-relativistic particles is exponentially suppressed




Thermal History of the Universe

thermal equilibrium

= particles in kinetic equilibrium

relativistic

non-relativistic

freeze-out

3/2

mk —(mcz—u)/kBT

bn

~ equilibrium

(T x R2) -
n oXR3=n o3

nr nr

N 4 on

relic density _|

e—m/T
| | 11 1 111 | | | | I | I| | I I |
1 decreasing temperature 10 \ . 100
m
T

2ah*

pc’ =nmc’ + %nkBT

P = nk,T

number density of nop=

(non-relativistic gas)

kT << mc?

elativistic particles is exponentially suppressed,

until the rom the thermal bath...more later)




Thermal History of the Universe thermal equilibrium

= particles in kinetic equilibrium

3/2
number density | 7= 5(3)( ) ol 0= 3 5(3)( ) oT? mk ) T2 ~(me?-uks]
hic hic 2mh’
2 4 4
: x° k 4 , 17 k » 3
energy density |pc® =——2_oT ¢ =——E =nmc” +—nk,T
TR P 83078 2 7
1 2 1 2
pressure P= gpc P= gpc P =nk,T
bosons fermions
(non-degenerate relativistic gas) (non-relativistic gas)
kgT >>mc?, uc 0 kT << mc?

all particles in thermal bath share the same temperature™,
but have their own distribution (g, m, [7/8])

*the temperature dictated by the dominant species




Thermal History of the Universe

thermal equilibrium

= particles in kinetic equilibrium

number density

energy density

pressure

n=

£(3) :
(hc) -

4 7°
E_Z k; T4 p02 zﬂ_z k4
30 #'¢’ 8 8130 i'c’
1 2 1 2
— pc P=—pc
3 - 3 >
bosons fermions

3E03)
n= (hc) gT

3

pc’ =nmc’ + EnkBT

P = nk,T

(non-degenerate relativistic gas)

kgT >>mc* u=0

(non-relativistic gas)

kpT << mc?

all particles in thermal bath share the same temperature,
but have their own distribution (g, m, [7/8])

...but for relativistic species they can be combined via an effective g. !




Thermal History of the Universe

energy densities

" total energy density:

P =P+ P +P

dec
rel

dec
+ 0,




Thermal History of the Universe energy densities

= total energy density:
h h dec dec
p = piel +p:l?’ +prel +pnr

|. relativistic species

2 14
Tk
Pui€” = 2 Pras€” = Sy e & (DT ¢ T)= Y+ !
i B F




Thermal History of the Universe energy densities

= total energy density:

dec

p prel+pnr+prel +pnr

|. relativistic species

2Jrk4

prelc2 = Eprel,i 30 h3 3 g*(T) T gﬂt‘h(T) = Eng +%2gtF
l B F

kT >> 175 GeV — all particles of the standard model are relativistic




Thermal History of the Universe energy densities

= total energy density:

dec

p prel+pnr+prel +pnr

|. relativistic species

2Jrk4

. 7
B F

the early Universe is a thermal bath in equilibrium
in which photons dominate and dictate the temperature (evolution)

2
prelc = Eprel,i
i

kT >> 175 GeV — all particles of the standard model are relativistic




Thermal History of the Universe energy densities

" total energy density:

dec

p prel+pnr+prel +pnr

|. relativistic species

2Jrk4

prelc2 = Eprel,i 30 h3 3 g*(T) T gﬂt‘h(T) = Eng +%2gtF
l B F

the early Universe is a thermal bath in equilibrium
in which photons dominate and dictate the temperature (evolution)

kgl >> 175 GeV — all particles of the standard model are relativistic

gz = gluons + photons + W* + Z0 + Higgs =8x2+2+3x3+1 =28
gr = quarks + leptons + neutrinos = |2x6 + 6x2 +3x2 =90

=>g.=28+7/8x90 = 106.75




Thermal History of the Universe energy densities

= total energy density:

th th dec dec
p = prel +pnr +prel +pnr

|. relativistic species

2 14
Tk
Pui€” = 2 Pras€” = Sy e & (DT ¢ T)= Y+ !
i B F

the early Universe is a thermal bath in equilibrium
in which photons dominate and dictate the temperature (evolution)

kgT >> 175 GeV — all particles of the standard model are relativistic

gz = gluons + photons + W* + Z0 + Higgs =8x2+2+3x3+1 =28
gr = quarks + leptons + neutrinos = |2x6 + 6x2 +3x2 =90

=>g.=28+7/8x90 = 106.75

as T drops, various of those relativistic species become non-relativistic (and/or annihilate)
=> they are removed from g«
careful: neutrinos, for instance, continue to exist and remain relativistic after decoupling...




Thermal History of the Universe energy densities

= total energy density:
134 Y

h h dec dec

p = piel +p:l?’ +prel +pnr

|. relativistic species

2 14
Tk
Pui€” = 2 Pras€” = Sy e & (DT ¢ T)= Y+ !
i B F

as T drops, various of those relativistic species become non-relativistic (and/or annihilate)
=> they are removed from g
careful: neutrinos, for instance, continue to exist and remain relativistic after decoupling...




Thermal History of the Universe energy densities

" total energy density:

dec

p prel+pnr+prel +pnr

|. relativistic species

2J'L'k4

et

2
prelc = E prel,ic
i

the equilibrium temperature of the decoupled species 7; can be

different to the equilibrium temperature T of the photon bath!
(as is the case for decoupled neutrinos!)

as T drops, various of those relativistic species become non-relativistic (and/or annihilate)
=> they are removed from g«
careful: neutrinos, for instance, continue to exist and remain relativistic after decoupling...




Thermal History of the Universe energy densities

= total energy density:

th th dec dec
p = prel +pnr +prel +pnr

|. relativistic species

100

9+(T)
10

10° 10* 10° 10 10 1 0.1
T [MeV]
as T drops, various of those relativistic species become non-relativistic (and/or annihilate)
=> they are removed from g«
careful: neutrinos, for instance, continue to exist and remain relativistic after decoupling...




Thermal History of the Universe energy densities

" total energy density:

th th dec dec
p = prel +pnr +prel +pnr

|. relativistic species

gih(T)=ng+%ng
B F

4 4
T\* 7 T
g (T) ;g, - 82& -

100

9+(T)
10

E} that gt"and g%¢¢ are different means that

some decoupled species has 7; # T

10° 10* 10° 10 10 1 0.1
T [MeV]
as T drops, various of those relativistic species become non-relativistic (and/or annihilate)
=> they are removed from g«
careful: neutrinos, for instance, continue to exist and remain relativistic after decoupling...




Thermal History of the Universe energy densities

Particula ‘ Espin | Grados de libertad (g)

Naturaleza ‘

- - - temperature T particles g« 4g.
Higgs 0 1 Escalar masivo
fotén 1 2 Vector sin masa
gravitén 2 2 Tensor sin masa T< Tdec 7/’5 + 3 Vv ’S 3.36 1345:4*((2+(7/8) * * 3 * (4/11)(4/3)))
gluén 1 2 Vector sin masa
WyZ 1 3 Vector masivo y) y) 7.25 29=4*(2+(7/8)*2 * 3)
leptones y quarks | 1/2 4 Fermién de Dirac Td€C< T<me L e 7/ s+ 3 V'S
neutrinos 1/2 4(2) Fermién de Dirac (de Majorana)
' me<T<m, 95 MeV +e, e 10.75 43=29 + 4%((7/8)*2 * 2)
m,<T<m, 139 MeV v, it 44.25 57=43 + 4%((7/8)*2 * 2)
m-<T<T 150 MeV + 1t . o 17.25 69=57 + 4*(3)
T och re remark: now the 3 pions annihilate again...
T <T<m 1.3GeV +uu dd 61.75 205= 69 + 4*(8*2 + (7/8)*(2*3*2*2) — 3*1)
ocb ¢ T remark: the 3 pions (w/ g*=1) are formed!
+g's
— 7t 1, no
m<T<m, seebelow* | s s 247=205 + 4%((7/8)*1*3%2*2)
m<T<m, 1 8Go ¢, C 72.25 280=247 + 4*((7/8)*2*3 * 2)
+ . = * %9 %
m <T<m, Loy r T 75.75 3032289 + 4*((7/8)*2 * 2)
my<T<myz S5 Gl b, b 86.25 345=303 + 4%((7/8)*2*3 * 2)
my<T<m, 173GeV H %6.2> 3852345+ 4%(1)
m,<T tt 106.75 427=385 + 4*((7/8)*2*3 * 2)

*The mass of the strange quark is 95Mev at the 1GeV scale and in general is of course running with energy. So, at the
QCD transition scale ~I75MeV it is quite higher, eg around 125MeV or so. The transition scale is a bit fuzzy, ie it's not a
step function happening at one value only, so without a very difficult numerical simulation we cannot say exactly
how/where it happens exactly. The system is strongly coupled, so counting degrees of freedom in the range of Tc to the
bottom quark mass does not make much sense anyway. Also, any simulation is very difficult to do to begin with.




Thermal History of the Universe energy densities

change in photon temperature due to electron decoupling...

Particula ‘ Espin | Grados de libertad (g) ‘ Naturaleza ‘ temperature
Higgs 0 1 Escalar masivo
fotén 1 2 Vector sin masa
gravitén 2 2 Tensor sin masa T< Tdec 7/,5 + 3 1% ,S 3.36 1345:4*((2+(7/8) WA (4/11)(4/3)))
gluén 1 2 Vector sin masa
WyZ 1 3 Vector masivo y) y) 7.25 29=4*(2+(7/8)*2 * 3)
leptones y quarks | 1/2 4 Fermién de Dirac Td€C< T<me L e 7/ s+ 3 V'S
neutrinos 1/2 4(2) Fermién de Dirac (de Majorana)

My< T<mﬂ 95 MeV + e, e’ 10.75 43=29 + 4*((7/8)*2 * 2)

m<T<my 139 MeV v, it 44.25 57=43 + 4*%((7/8)*2 * 2)

m-<T<T 150 MeV + 1t . o 17.25 69=57 + 4*(3)

T och re remark: now the 3 pions annihilate again...
T < T<m 13GeV o @l 61.75 205= 69 + 4*(8*2 + (7/8)*(2*3*2*2) — 3*1)
ocb ¢ T remark: the 3 pions (w/ g*=1) are formed!
+g's
— 7t 1, no
m<T<mj seebelow* | s s 247=205 + 4%((7/8)*1*3%2*2)
m<T<m, 18GeV ¢ C 72.25 280=247 + 4%((7/8)*2*3 * 2)
+ 75.75 303=289 + 4*((7/8)*2 * 2)
m <T<m, 42G6ev | 7
86.25 = o *2%3 *
my<T<my,; 95 Gl b, b 345=303 + 4%((7/8)*2*3 * 2)
+ 70 95.25 = *(3*
myz<T<mpgy 125GeV Wi, Z 381=345 + 4*(3*3)
= *
my<T<m, 173 GeV H %6.2> 3852345+ 4%(1)
m,<T tt 106.75 427=385 + 4*((7/8)*2*3 * 2)

*The mass of the strange quark is 95Mev at the 1GeV scale and in general is of course running with energy. So, at the
QCD transition scale ~I75MeV it is quite higher, eg around 125MeV or so. The transition scale is a bit fuzzy, ie it's not a
step function happening at one value only, so without a very difficult numerical simulation we cannot say exactly
how/where it happens exactly. The system is strongly coupled, so counting degrees of freedom in the range of Tc to the
bottom quark mass does not make much sense anyway. Also, any simulation is very difficult to do to begin with.




Thermal History of the Universe energy densities

= total energy density:

dec

th th dec
p = prel +pnr +prel +pnr

|. relativistic species

2 4
PruC” = Eprel,l-cz - ;r—Ohlg—l;g*(T) T g (M= gt +%ng
! B F
dec T) = B T; ! 7 F T; *
= 0-30(7) 534 (7
2. non-relativistic species
2 ) 3 th _ mkg . 32 (e~ kg
P,.C oczml.c ni+5nikBT n —8i(2nh2) I""e




Thermal History of the Universe energy densities

= total energy density:

dec

p prel+pnr+prel +pnr

| relativistic species™

2 2 75 k4 ) 7
prelc = Eprel,ic 30 h3 3 g*(T) g*h(T) = Eng +§Eng
i B F
T 4
d€C(T) Egl ( ) EglF (_’)
- T
2. non-relativistic species™
2 2 3 k T nth _ g mikB 2 T3/2 —(mc —Ml)/kBT
pan X Emic nl- +5ni B i i 2.77,'h2

*remember:  pd¢f o« R7%, T x R71

pdec X R~ 3 Tn%ec e R—Z




Thermal History of the Universe

" the hot big bang model

* thermal equilibrium

* entropy of the Universe
" decoupling

" matter radiation equality




Thermal History of the Universe

entropy

= entropy is being conserved*  TdS =dU + pdV =0

*see FRWV lecture

but what is it value?




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

dV =d(R?)
dU =d(Vpc®)=d(R’pc’)




Thermal History of the Universe

entropy

" entropy is being conserved 1dS =dU + pdV =0

dV =d(R%)

4 = d(R o :dU+pdV:|
= pc’)

H_/
&
I

e N e N

d(R3,OCZ)+pd(R3)] ) pd(R’)=d(pR’)-R’dp

-d(R3 (p62 + p)) — R3dp]




Thermal History of the Universe

entropy

" entropy is being conserved 1dS =dU + pdV =0

dV =d(R’)

4U = d(R'oc? :dU+pdV:|
= pc’)

H_/
&
I

e N e N

d(R3,OCZ)+pd(R3)] ) pd(R’)=d(pR’)-R’dp

-d(R3 (p62 * p)) - R replace in favour of dT




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

— 3 B
av =d(R) dS = 2[dU + pav]
dU = d(R’pc?) r-
) %:d (Rpe*)+ pd(R°), N pd(R*)=d(pR*)~R'dp
_1 oS
T

—d R3(p62 +p) —R3dp] N ) dT
= :d = —_—
' ( ) w kAT aTaRs =P

N |-

_ _ld(R3(,002 +P))‘%R3(pcz +p)dT




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

— 3 B
av =d(R) dS = 2[dU + pav]
dU = d(R’pc?) r-
) %:d (Rpe*)+ pd(R°), N pd(R*)=d(pR*)~R'dp
_1 oS
T

—d R3(p62 +p) —R3dp] N ) dT
= :d = —_—
' ( ) w kAT aTaRs =P

_ _ld(R3(,002 +P))‘%R3(pcz +p)dT

N |-

R3

F(pcz+p)dT

=%d(R3(pcz+p))_
(/oc2+p)R3
T

=d + const.]




Thermal History of the Universe

entropy

" entropy is being conserved

dS=d

TdS = dU + pdV =0

(/oc2 +p)R3

T

+ COHSZ.]




Thermal History of the Universe

entropy

" entropy is being conserved 1dS =dU + pdV =0

S(T)=R’

o+

= const.




Thermal History of the Universe

entropy

" entropy is being conserved 1dS =dU + pdV =0

2
c*+p
S(T) =R’ (pe” +1)
" relativistic species:*™
1
=—0 C
P 3prel

*w=1/3

= const.




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

S(T)=R’ (pc2 * p) = const.
" relativistic species:
pP= %prelcz = S(T)= %3(1 + %)prelcz
4R’ m° k, 4
3T 30 RS
_ 27k, 2., (RT)3




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

o+

S(T)=R’ = const.

" relativistic species:

2% ki
i %8*8( T)3

S(T) =
(1) 45 h'c




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

2
c”+
S(T)=R’ (,O p) = const.
" relativistic species:
2n° k 3 h B/ F
S(T)="——"E_g..(RT "T=Yel+- Vg
(T) === 8.5(RT) g%s(D) ;g Sgg

3 3
TY 7 T

jecT=§: _B(_z) +_§: F(_z)
g5 (1) Bg’T 8Fg’ T




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

o+

S(T)=R’ = const.

" relativistic species*

27 ky
K o1y -3+ 158
F

3 3
TV 7 T
g2 (T) gg, - 82& T

2 -7772 k4 th g 1 F
prelc = Eprel,i g*(T) g* (T) = Egz + gzgl
i B F

4 4
T\ 7 T

S“T=§: B(_l) +_2 .F(_l)
g () Bgl T 8Fgl T




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

o+

S(T)=R’ = const.

" relativistic species:

zjg hlj; g-s(RT)’ gi5(T) = Egl ng (=g"(D)
F

gf§c(T)=Eg,-B (%)E%ng (gr( d“(T))

2 -7772 k4 th g 1 F
prelc = Eprel,i g*(T) g* (T) = Egz + gzgl
i B F

T.). 7 T.J.
g. (T) Bzgl T SFE,& T




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

2
pc’ +p
S(T)=R3( )=const.
" relativistic species:

27 ki 3 h g7 F

S(Ty=="——%_g,.(RT "T=Ngl+-Ng:

(T) === 8.5(RT) g (T) ;g Sgg
T\ 7 T\
S(T) = const. , but T=T(7), g=g+1), R=R() gf§c(T)=Eg,-B (?) +§Eg,-F (?)

B F

* temperature evolution:

T o g*_;BR_l




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

2
c”+
S(T)=R’ (,O p) = const.
" relativistic species:
2n° k 3 h B/ F
S(T)="——"E_g..(RT "T=Yel+- Vg
(T) === 8.5(RT) g%s(D) ;g Sgg

3 3
TY 7 T

jecT=§: _B(_z) +_§: F(_z)
g5 (1) Bg’T 8Fg’ T

* temperature evolution:

T o g*_;BR_l

/

* when particles decouple and become non-relativistic, g5 drops and its entropy is transferred to heat bath.

* when particles decouple but remain relativistic, g«g also drops, but they keep their entropy in the form of gfs?c




Thermal History of the Universe

entropy

" entropy is being conserved

TdS = dU + pdV =0

2
c +p
(P +p)
S(T)=R = const.
" relativistic species:
2 7.4
S(T) _ 27 kB ( T)3 ~thepy NN B, 7 \ . F
45 e s
¢ neutrino decoupling
LE
Me E photon heating
* temperature evolution: T B __ electron-positron
MeV 10 - annihilation
-1/3 p-1 C
T'xg. 'R [
/ 10—2 — Ty X a_l \\
; (detailed calculation later-...)
 when particles decouple and become non-relativistic, g L1 Ll ST R
10710 1079 10—8
* when particles decouple but remain relativistic, g« also 4




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

2
c”+
S(T)=R’ (,O p) = const.
" relativistic species:
2n° k 3 h B/ F
S(T)="——"E_g..(RT "T=Yel+- Vg
(T) === 8.5(RT) g%s(D) ;g Sgg

3 3
TY 7 T

jecT=§: _B(_z) +_§: F(_z)
g5 (1) Bg’T 8Fg’ T

* temperature evolution:

-1/3 p-1
T 8xg R => can be used to obtain relation between 7" and time ¢




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

2
pc’ +p
S(T)=R’ ( ) = const.
" relativistic species:
277: k, 3
—5 8.5 (RT) g (T) = Eg, ng
¢ F
Ty 7 T\
dec B j F j
o (1) = = += C =
g'5 (T) ;g (T) Sgg (T)
* temperature evolution:
T o g*_;BR_l => can be used to obtain relation between 7 and time ¢

FRW lecture: Q =1:

872G 872G n* k, . 5
H= |— T" x T OC—
3 p, = \/ 3 3078 g.(T) & (T)

R(t)xt"”? =Hx1/t




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

2
™+
S(T)=R’ (,O p) = const.
" relativistic species:
277: k4 3
—5 8.5 (RT) gi(T) = Eg, ng
F
T\ 7 T\’

s g8 £
g% (T) gg, - 82& T

* temperature evolution:

o1 T 1 1/2

~1/3 -1 P —14 | LS

T xg. "R EEN =1.5g. (—)
FRWV lecture; Qr =1:

4
- B - (s T (T

R(t)xt"”? =Hx1/t




Thermal History of the Universe entropy

" entropy is being conserved 1dS =dU + pdV =0

2
c”+
S(T)=R’ (,O p) = const.
" relativistic species:
2n° k 3 h B/ F
S(T)="——"E_g..(RT "T=Yel+- Vg
(T) === 8.5(RT) g%s(D) ;g Sgg

* temperature evolution:

172
T o g*-;/sR-l o T _ 1.5g;;/4 (1_5)

* particle numbers:

3103 (k, Y - [31452(3) g 1
nl. = [—:| 5(2) (—B) giT3 = & = l—] C(4 ) gl 3 [%} for fermions
4] 7* \he S 4] 27* g R




Thermal History of the Universe

" the hot big bang model
* thermal equilibrium

* entropy of the Universe
* decoupling

" matter radiation equality




Thermal History of the Universe decoupling

interaction rate of particles vs. expansion rate of Universe




Thermal History of the Universe decoupling

interaction rate of particles << expansion rate of Universe

=> particles drop out of thermal equilibrium




Thermal History of the Universe decoupling

[, « H

interaction rate of particles << expansion rate of Universe

=> particles drop out of thermal equilibrium




Thermal History of the Universe decoupling

) )
T®x I, « H «TB

interaction rate of particles << expansion rate of Universe

=> particles drop out of thermal equilibrium




Thermal History of the Universe decoupling

n :number density
" interaction rate of particles: Fc X nNoYvV o :interaction cross-section
v :relative velocity




Thermal History of the Universe

decoupling

n :number density

" interaction rate of particles: Fc X nNoYvV o :interaction cross-section

v :relative velocity

cross-section of interaction keeping species in equilibrium




Thermal History of the Universe decoupling

" interaction rate of particles: I' xnov

" interaction mediated by massless gauge bosons: ' «<T (gluon, photon)

C

= interaction mediated by massive gauge bosons (T<My): T, « T° (W, Z)




Thermal History of the Universe decoupling

" interaction rate of particles: I' xnov

" interaction mediated by massless gauge bosons: L T

C

= interaction mediated by massive gauge bosons (T<My): T, « T°

= expansion rate of Universe: [, < H




Thermal History of the Universe decoupling

" interaction rate of particles: I' xnov

" interaction mediated by massless gauge bosons: L T

C

= interaction mediated by massive gauge bosons (T<My): T, « T°

= expansion rate of Universe: T, « H o< T’




Thermal History of the Universe decoupling

" interaction rate of particles: I' xnov

" interaction mediated by massless gauge bosons: L T

C

= interaction mediated by massive gauge bosons (T<My): T, « T°

= expansion rate of Universe: T, « H o< T’

» radiation domination: T xR

. )
* matter domination: T <R




Thermal History of the Universe

decoupling

" interaction rate of particles: I' xnov

" interaction mediated by massless gauge bosons:

I' T

C

= interaction mediated by massive gauge bosons (T<My): T, « T°

= expansion rate of Universe: [, « H o T’

® radiation domination:

Friedmann equation: [ o R_2 — H « T2

" matter domination:

T xR

T xR

Friedmann equation: [ o R_3/2 = H « T3/4




Thermal History of the Universe

decoupling

" interaction rate of particles: I' xnov

" interaction mediated by massless gauge bosons:

= interaction mediated by massive gauge bosons (T<M){ T', « T°

= expansion rate of Universe: T, « H o< T’

® radiation domination:

Friedmann equation: [ o R_2 =

" matter domination:

Friedmann equation: [ oc R_3/2 —

3/4
> H T

T xR

T xR

TN
HxT?

v




Thermal History of the Universe

decoupling

» freeze-out condition:

=] S

= radiation domination:

* interaction mediated by massless gauge bosons:

* interaction mediated by massive gauge bosons (7<My):

= matter domination:

interaction mediated by massless gauge bosons:

* interaction mediated by massive gauge bosons (7<My):




Thermal History of the Universe

decoupling
iy [
» freeze-out condition: —=1
H
* radiation domination:
. . . I
* interaction mediated by massless gauge bosons: o «T™ ! — TN = equil =
I 3 -
* interaction mediated by massive gauge bosons (7<My): 7] T = TN =equil. ¥

= matter domination:

I
* interaction mediated by massless gauge bosons: ﬁc <TY* . 7\ = equil.
, , : : I 4.25
* interaction mediated by massive gauge bosons (7<My): H < T — TN = equil. ¥




Thermal History of the Universe decoupling

= freeze-out condition: =1

=] S

= radiation domination:

I
* interaction mediated by massless gauge bosons: ﬁc «T™ ! — TN = equil =
. . . . FC 3 e -
* interaction mediated by massive gauge bosons (7<My): & T = TN = equil. ¥

“ . 1 3]
—*“Fr.equation
actual T,.=n 0V and H

: es
quantitative calculation requif

= matter domination:

I
* interaction mediated by massless gauge bosons: ﬁc <TY* . 7\ = equil.
, , : : I 4.25
* interaction mediated by massive gauge bosons (7<My): H < T — TN = equil. ¥




Thermal History of the Universe decoupling

= freeze-out condition: =1

=] S

= radiation domination:

I
* interaction mediated by massless gauge bosons: ﬁc «T™ ! — TN = equil =
. . . . FC 3 e -
* interaction mediated by massive gauge bosons (7<My): & T = TN = equil. ¥

¢ . ”»
—““Fr.equation
7)o v and H

yires actual T'c=

quantitative calculation req

= matter domination:

interaction mediated by massless gauge bosons: < TY* . 7\ = equil.

o] AerlisoiPiee

* interaction mediated by massive gauge bosons (7<My): oc 7425

— TN = equil. v

, . : d
...and simultaneously solving the Boltzmann equation d—n+3Hn = —<av>(n2 —njq)
t




Thermal History of the Universe

decoupling

Event time ¢  redshift z temperature T’
Inflation 10734 s (7) - -
Baryogenesis ? ? ?
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? 7 ?
Neutrino decoupling ls 6 x 10° 1 MeV ]
Electron-positron annihilation 6 s 2 x 107 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75 eV ]
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV ]
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

radiation
domination

Zatter

domination




Thermal History of the Universe

decoupling

Event time ¢  redshift z temperature T’
Inflation 10734 s (7) - -
Baryogenesis ? ? ?
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? 7 ?
Neutrino decoupling \. ls 6 x 10° 1 MeV ]
Electron-positron annihilation 6 s 2 x 107 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV
Matter-radiation equality 3. 60 kyr 3400 0.75 eV ]
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling . 380 kyr  1000-1200 0.23-0.28 eV ]
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

radiation
domination

Zatter

domination




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bath via

n+v<>p+e

p+v<n+e’

(weak interaction)




Thermal History of the Universe decoupling

" neutrino decoupling

* coupled to thermal bathvia n+v<sp+e”

p+v<n+e’

L,

* interaction rate ratio —
H

~7




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bathvia n+v<sp+e”

p+v<n+e’

L,

* interaction rate ratio —
H

~7

weak interaction: Fv = 3,6GI%T5 G Fermi constant




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bathvia n+v<sp+e”

p+v<n+e’

. . . I
* interaction rate ratio ELAPSL)
H
weak interaction: Fv = 3,6GI%T5 G Fermi constant

—4
radiation domination: H? = H? Qo (R_>
0




Thermal History of the Universe decoupling

" neutrino decoupling

* coupled to thermal bathvia n+v<sp+e”

p+v<n+e’

. . . I
* interaction rate ratio ELAPSL)
H
weak interaction: Fv = 3,6GI%T5 G Fermi constant

R4
radiation domination: H? = H? Qo (R_> because of 7. >0.511MeV >T*“ =0.75¢V
0

[\

electrons are obviously still around... matter-radiation equality will be calculated below...




Thermal History of the Universe decoupling

" neutrino decoupling

* coupled to thermal bathvia n+v<sp+e”

p+v<n+e’

: . . I
* interaction rate ratio ELAPSL)
H
weak interaction: Fv = 3,6GI%T5 G Fermi constant
diati d T H2 _ HZQ (R )_4 _ HZ Pr0 (R >_4 . 8nG (R )_4 . 8nG _ 8nG Tl_'2 4
radiation domination: = Hy{y o R, = H} Doris \Ro =3 Pro Re =3 py = 3 309*




Thermal History of the Universe decoupling

" neutrino decoupling

* coupled to thermal bathvia n+v<sp+e”

p+v<n+e’

25
* interaction rate ratio L, ~ 3.6G,T
H ) 1/2
8nG 0| 1
- k
3 30
weak interaction: Fv = 3,6GI%T5 G Fermi constant
R\™* pro (R\™* 8nG R\™* 8nG 81G m?
radiation domination: H? = H{Q, (E) = H? pc:;t,o (R—0> =3 Prp (R_o) =—Pr=—3 359" 4




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bath via

* interaction rate ratio

Gr: Fermi constant, Mp: Planck mass




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bath via

* interaction rate ratio

* decoupling condition

Gr: Fermi constant, Mp: Planck mass

Ly o T =0.8 MeV
H




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bath via

* interaction rate ratio

* decoupling condition

rV
H

Gr: Fermi constant, Mp: Planck mass

V=] = Tvdec ~08 MeV >0.511MeV (electron rest mass)




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bath via

* interaction rate ratio

* decoupling condition

Gr: Fermi constant, Mp: Planck mass

r

ﬁ" =] = Tvdec ~08 MeV >0.511MeV (electron rest mass)

T =~ 0.8MeV: neutrinos decouple




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bath via

* interaction rate ratio

* decoupling condition

T €[0.8,0.511] MeV :

Gr: Fermi constant, Mp: Planck mass

% =] = Tvdec ~08 MeV >0.511MeV (electron rest mass)
T = 0.8MeV: neutrinos decouple electrons & positrons

7 ¢

8g=2+—-4

/ 8

photons

T e g*—;BR—]




Thermal History of the Universe

decoupling

" neutrino decoupling

* coupled to thermal bath via

* interaction rate ratio Y ~ %M G2T3 Gp: Fermi constant, Mp: Planck mass

H 3 "7
* decoupling condition & =1 = T%~08 MeV >0.511MeV (electron rest mass)

H v

T =~ 0.8MeV: neutrinos decouple
TE[08,0511]MeV: T og "R g =2+.4
8
T <0.511MeV T o g;;BR_I 8ig = 7 (electrons-positrons annihilated)




Thermal History of the Universe decoupling

" neutrino decoupling

* coupled to thermal bathvia n+v<sp+e”

* interaction rate ratio Y ~ %M G2T3 Gp: Fermi constant, Mp: Planck mass

H 3 "7
* decoupling condition & =1 = T%~08 MeV >0.511MeV (electron rest mass)

H v

T =~ 0.8MeV: neutrinos decouple
TE[08,0511]MeV: T og "R g =2+.4
8
T <0.511MeV T o g;;BR_I 8ig = 7 (electrons-positrons annihilated)

(part of exercise)

* entropy conservation: T,/T,=(11/4)" = T, =1945K

T,=2725K




Thermal History of the Universe

decoupling

" neutrino dec neutrino decoupling
1L E
. Coupled to t Me photon heating
T 1L electron-positron
MeV 10 - annihilation
* interaction rz - lanck mass
T —1
10—2 :— v X a S N
— the entropy of the decoupling e’/e” is transferred to the photons,
~ but not to the already decoupled neutrinos anymore...
| | | | | 11 111 | | | | 11 111 |
. 10710 1077 10~°
° decoupllng C ( (electron rest mass)
a
T =~ 0.8MeV: neutrinos decouple
TE[08,0511]MeV: Tog PR g =2+.4
*S *S 8
T <0.511MeV T o g;;/SR_I 8y = 2 (electrons-positrons annihilated)
(part of exercise)
* entropy conservation: T,/T,=(11/4)" = T, =1945K

T,=2725K




Thermal History of the Universe

decoupling

T, x<a <

" neutrino dec neutrino decoupling
1 &
me [ hoton heati
* coupledto t °F PROTOT Heating
T 1L electron-positron
MeV 10 g annihilation
* interaction rz -
1072 F
— the entropy of the decoupling e’/e” is transferred to the photons,
~ but not to the already decoupled neutrinos anymore...
| | | | | 11 111 | |
: 10~ 1 1077
* decoupling c
a

1078

T = 0.8MeV:
T &[0.8,0.511] MeV :

T <0511 MeV:

(part of exercise)

* entropy conservation:

T,=2725K

T e g*—;BR—]

T g;;/SR—l

neutrinos decouple

lanck mass

/ (electron rest mass)

8ig =2+Z4

s =2

T,/T,=(11/4)" = T,=1945K

8

-positrons annihilated)




Thermal History of the Universe

decoupling

Event time ¢  redshift z temperature T’
Inflation 10734 s (7) - -
Baryogenesis ? ? ?
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? 7 ?
Neutrino decoupling \. ls 6 x 10° 1 MeV ]
Electron-positron annihilation 6 s 2 x 107 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV
Matter-radiation equality 3. 60 kyr 3400 0.75 eV ]
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling . 380 kyr  1000-1200 0.23-0.28 eV ]
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

radiation
domination

Zatter

domination




Thermal History of the Universe

decoupling

* photon decoupling

* coupled to thermal bath via

e +ty<>e +vy

(Thomson scattering)




Thermal History of the Universe decoupling

* photon decoupling
* coupled to thermal bathvia ¢ +y<se™ +y (Thomson scattering)

) ) ) I no.,c o Thomson scattering cross-section
* interaction rate ratio v e~ T T 4

H HQ,,(R,/R)"

H=HSQ, ,(R,/R"

-3
matter domination: H’=H; Q, , (RE) because of... (detailed proof in CMB lecture)

0




Thermal History of the Universe

decoupling
* photon decoupling
* coupled to thermal bathvia ¢ +y<se™ +y (Thomson scattering)
: : : I : , I
e interaction rate ratio y n,o,c or. Thomson scattering cross-section

H HQ,,(R,/R)"

| = r, ]
* decoupling condition = 1 > T/ =0.27eV

T xR

(photons are relativistic)
3/2
m kT (11, ) IKT
n=g|l——1| e
a2

(electrons are non-relativistic)




Thermal History of the Universe

decoupling

Event time ¢  redshift z temperature T’
Inflation 10734 s (7) - -
Baryogenesis ? ? ?
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? 7 ?
Neutrino decoupling \. ls 6 x 10° 1 MeV ]
Electron-positron annihilation 6 s 2 x 107 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV
Matter-radiation equality 3. 60 kyr 3400 0.75 eV ]
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling . 380 kyr  1000-1200 0.23-0.28 eV ]
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

radiation
domination

Zatter

domination




Thermal History of the Universe

" the hot big bang model
* thermal equilibrium

* entropy of the Universe
" decoupling

* matter radiation equality




Thermal History of the Universe

matter-radiation equality

* barotropic fluids p=w pc*

* radiation w=1/3
* matter w=20
* vacuum energy w=-1

= prel x R_4
= p, xR’

= P, = Const.




Thermal History of the Universe

matter-radiation equality

* barotropic fluids p=w pc*

.. -4
* radiation w=1/3 = P <R
-3
* matter w=0 = p, %R
* vacuum energy w=-1 = P, =const.
T III T T lllllll T T lllllll T T lllllll T T TTTTTT
10 |- —
log l p(t) ] 5 N matter i
Pecrit,0 - -
- radiation A

0 =

| matter-radiation equivalence

1

lllllll 1 1 lllllll

- cosmological constant

1 1 lllllll

1 1 lllllll

1 L1t

LAl

1074

1073

1072

a(t)

1071

1




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

pm,O

r,0

prel(Req) = pnr (Req) I 1+ Zeq =




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

pm,O

r,0

prel(Req) = pnr (Req) I 1+ Zeq =

proof:
3
PR
4
p rel R

Note: pnrg Pnm ;/Orelg Pr




Thermal History of the Universe

matter-radiation equality

" matter-radiation equality

pm,O

r,0

prel(Req) = pnr (Req) I 1+ Zeq =

proof:

[)nrR3 = pnr,equq = pnr,ORg

4

4 4
prelR = prel,eqReq = prel,ORO

Note: pnrg Pnm ;/Orelg Pr




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

prel (Req) = pnr (Req) i 1 + Zeq = pm,o
pr,O
proof:
3 3
pnr,eqReq = pnr,ORO — 1 — pnr,O 1 — & — 1+Zeq — pm,O
4 4
prel,eqReq = prel,ORO Req IOrel,O RO Req p”ao

Note: pnrg Pnm ;/Orelg Pr




Thermal History of the Universe

matter-radiation equality

" matter-radiation equality

prel(Req) = pnr (Req) =

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc

3H;

=Q
pm,O m,0 8.7TG

IOr,O = ?

—19x107%Q, Jh* -2

3
cm




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

pm,O
pr,O

prel(Req) = pnr (Req) I 1+ Zeq =

2
oM _19x10™Q, 18
"8G T cm

pm,O =Q

Pro =Pcuso T Pvo

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc




Thermal History of the Universe

matter-radiation equality

" matter-radiation equality

prel(Req) = pnr (Req) I 1+ Zeq =

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc

pm,O
pr,O

2
oM _19x10™Q, 18
"8G T cm

pm,O =Q

Pro = Pcuso just as for the photons,

there is a neutrino background radiation!




Thermal History of the Universe

matter-radiation equality

" matter-radiation equality

prel(Req) = pnr (Req) I 1+ Zeq =

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc

pm,O
pr,O

2
o, _19x107Q 128

=Q
P.o =5emo 811G cm’

Pro =Pcuso T Pvo

2 4
2 T ki 4
pCMB,OC - 5 h3c3 8cmst cus

4
2 4
2 T ky

4 1/3
K o [[2) T
830 70 o ((11) CMB)

pvc TS AN




Thermal History of the Universe

matter-radiation equality

" matter-radiation equality

prel(Req) = pnr (Req) =

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc

2
pm,O =Q 3H0

"0 871G

—19x107%Q, Jh* -2

3
cm

Pro =Pcuso T Pvo

2
Pemp o€

2—

p.C

2 14
JTkB 4

30 h3_C3gCMB CMB

717 k! (i)”T
830 7oe S|\ 11 )| Teme

4

T 11

T 4 173
v_o_ (_) remember neutrino decoupling...
CMB




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

prel(Req) = pnr (Req) I 1+ Zeq =

2
Mo _19x107q, 52-8
3G T ocm

1 7% kb, 7 (4)‘“3
=———2T  [2+—%x2N_ x| —
Pro= 230 i | ~Tg " \11

m,0 Qm,o 3

2 4
o= 7w kg 4
pCMB,O - 5 h3c3 8cmst cus

NN (4)
LA R T A
e =30 e S \\11) o

4

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

pm,O
pr,O

prel(Req) = pnr (Req) I 1+ Zeq =

2
oy _19x1070, 128

= Qm 0
"8G cm

pm,O 3

0,0 =78x107 -8
cm

3

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

pm,O
pr,O

prel(Req) = pnr (Req) I 1+ Zeq =

2
oy _19x1070, 128

= Qm 0
"8G cm

pm,O 3

0,0 =78x107 -8

3
cm

14z, =£m0 224000 Q,,
pr,O

Zeq = 344() (Planck cosmology)

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc




Thermal History of the Universe

matter-radiation equality

" matter-radiation equality

prel(Req) = pnr (Req) I 1+ Zeq =

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc

pm,O

r,0

Zoy = 344() (Planck cosmology)

IR
-~

v.eq




Thermal History of the Universe matter-radiation equality

" matter-radiation equality

pm,O

r,0

prel(Req) = pnr (Req) I 1+ Zeq =

Zoy = 344() (Planck cosmology)

T,=273K
T, x(1+2)

T =0.8eV

v.eq

Note: p,,= O ; Prei= Pr; Hi=100h km/s/Mpc




Thermal History of the Universe

matter-radiation equality

Event time ¢  redshift z temperature T’ 0
Inflation 10734 s (7) - -
Baryogenesis ? ? ? J
EW phase transition 20 ps 1015 100 GeV d
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? 7 ?

[ Neutrino decoupling ls 6 x 10° 1 MeV ] d:a::ii::it‘::n
Electron-positron annihilation 6 s 2 x 107 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV

[ Matter-radiation equality 60 kyr 3400 0.75 eV ]
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV

[ Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV ] donr;?::::on
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV




Thermal History of the Universe

hot big bang model

Event time ¢  redshift z temperature T’
Inflation 10734 s (7) - -
Baryogenesis ? ? ?
EW phase transition 20 ps 1015 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? 7 ?
Neutrino decoupling ls 6 x 10° 1 MeV
Electron-positron annihilation 6 s 2 x 107 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV ]
Matter-radiation equality 60 kyr 3400 0.75 eV
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

up next...




