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"NATURAL" UNITS

Set some natual constant to 1 in order to

- simplify equation
- makesymmetres and relation explicit (eg * adt)

c = h = kp = 1

Here in powers of energy :

(5] = [t) = 0

(E) = (T) = [4] = [An) = (m] = 1

[x] = (t] = - 1

Wewill measure temperature in Get
< EL - T

Grisio 12V = 1
.
60 x 15105 = 1

.
16x1tk

Planck mass: Mp = (8n6n)
-"

= 2
.

4 x 108 Gev

mp
= Guntu = 1

,
22x i"Gar

valid inAnother mpl erec: radiation
dainace

pa - distance at which 1AU subtads or agleof
1 acced (1/3600 of a degnal

* & & Fau
11

1p2 = 3
. 26 lyn = 3 x1 km = 2x10AU

* proxima contami ~ 1
. 3 pC - visible stars ↓ fewx is pa

- Andoede 70000
p



Planak mass

Why is Mp = (8nGm)-110 wipatat ?

What does it mean that Mp is the sale of quate gravity
?

Two
ways

:

1) for a particle of mass Mp ,
the Comptor movelength

and the Schwarzschild radiro zincide

*ptarmovelength
t

X =
- Ire und Compte nauengte&

mC

"scale of quarter effects

It controls the draice of QFT

ey Ke
: 06 - Ep =(p x-

mL

Dic :
- idp + (44 = 0

Ey Comptor scattering (photor off electrol

x x = (1 - 20)
MeC

Urctaity principle : In ode to all a particle "particle" it another

DES mc E = (p(
-

(mc)-

EXE = pCXp = Xp < mc

but x*p
> =x = x

mc



=> If I go
love the Xa

,
I cannot wider theparticle

as asingle ,
isolated one. Expect particle production

to happe

*Schwarzschild rediure

&m
2s S

L
an object of mas mad

redid MCMs is a BH

=> Br order to neglect GR effects X
=

2 wa

2s & Co m

T
u --

S
j t

Ch
-mi = mp (m=

4) The Plaack mas conta the patulative expansio

&
&

- photon scattering : experiein
a =

&

-

granitar scattering :

Cat laur momentu 2 = 6mi =(
lat large momentu) (i

=> At Ermp quarte effects in gravity become relevat
and non-pertentative



OBSERVED UNIVERSE

- Star : typical distance ~ few pa

-Galaxies : MW : ⑳ R=12
.Skpc =Diskpa

2018kp No-zooku/o
~ non stars

- Local
youp

: distance : 50-1000 Kpa ,
wixe Mpc

-Coorology : Typical size &100 Mpc (today
(distance between galaxy citera

highly inhomogeneous theto portational collapse

Temperature Taro = 2
.73k = 2

.

exter

ST
& -15with very

sall fluctuation Tarp

homogecity on large sales 100Mps1) X &3000 Mpc

ESTOLOGICALPRINCIPLE

hamogears & isotropic Can large enough sales)

not equidet : - Eto unfor is he ogres let ot intropic
- A-pir) is intropic whe see for the
centre

,
but not lon

grears

FLRW metric the etic of a hoogerous and isotropic
riverse be writte as

I +midot + rimodp)do = -d + act)R
amature of 3-space : "K(t)=(t)



30 mate

&
+ 1 positive creature ,

closed universe (finite
k = O flat universe (infinitel

- 1
ope

universe (infinitel

-

t
/

X "Growing condicates" : an oberve of rest lives at

-
X = castat (ie = cast is a geodesic)

E :

prope
the ofa observer at rest

Conformal te dt = a di

Goin refere from (pinliyed) : the efeece for in which

gar is diagonal

Scalefactor : a(t) > 0

= 1 : Hickoreky
in yeard : alt) depends on

the amount ad

on the Type ofmatter in the Universe

Gmatter content")

Bescalinggety
M- Xr Ro + XRo a + /X

I get the care metic
.

# 3 can defi 00 = 1 todag



Peculiar velocity and Hubble flow
-

positio a goloxy :

'
-

Mplyo -an

-

-

=> plyzial velocity : pey Prep at a
=(ana

=> It
pey

+ execution

iperlion velocity :
per
-air velity moned by a

comoning (ie freefalling)
observer at partic in

Hulbe flow : Hrplugs

telle constant : (120s)

·Ceplaid star in distant galaxies -> measure distec

Citisic linianity I know,
name a

& velocity far redshift z meten an

Xe

=> und v= Hod
Ho = 100 he Mpi km1(
w/h = 0

.

7
(



interpretation :

Things do at more awayfor us ,
we being at theenter .

Femiense expods ,
il disteces your

Galaxies live at find coordinates

X X

*

*

a (to) att) tol

* 2 -&

If the distance is Or = a XX

-

v -= =

Thro H =

meetoy Hol = 100 h

ka ovMi
he

(1p
= 3

. 76lyn = 2 x1Au(= 3
.

00 x 10 kn

= 2
.

22x5 -+Ge
① Disteces or Fricky in cosmology .

& Camoring
distance

physical distance Dr = a (t) *

are not measurable because defined from tuo separate
events at find tie



tRedshif
-

Everything me know about the Kiess is ifened for light
received from distant objects. How over the experie effect
the light ?

Look at geoderics / do = 0 in FLRW :

*must X

ented + X= O
Immed today

= 1

Define redshift of
-

x - ** &
z = - = 1 + z =

X
*

G(t)

Redshift is a mane of tie (clar to actual observation :

redshift is meaned
,
while time is derived for z wamodel)



-namics -
Einstein equation Gru⑳ Tar

m

Gov computed for the metc

Gau-Ran-ER ga
Rar = G

+ Nn-Gu Max + NpN + N Mi

R= Rei-Rit = o Rijgij

Trader to espect the symmetries (homogenous disotropia)
the energy-momentum thro must be thatof a perfect fluid

Trust
Too : scolor under 3-rotation 50(3)

, depende or
t

Tio-Toj = O inthe comoving fore
Tij & Sij &

gij Cirotropy again)

= ithe craving fore Di energy dersity
P :

pressure
Too = P(t) Tio = Toj = 0 Tij = p(t) gij

which I a rewrite as

Nowthis is atensor inthe
↓

Tan = (p + B) Um Un + Pyar GR sense

Vister - relity ofa fluid atrest inthe coringfre
in the

caring for U
= 1 Vi-o



Continuity equatio
GR version of energy conservation ,

derived for the conservation

of Tru

Ttr =o = j + 32(p + p) = 0

Exercise : Obtain the continuityef for therrodyonce

du = - PdV w/ U = PV and Va a

1du
altio : To = p + -p +3

=- p 3

= j +3(p + B) = 0

Equation of state
Some physics etes ad describes

my fluid

B = up w - constat

For constat noane finds exact solution

-3+e

(will discuss no later)



First Friedman equatio

6 = 86T : H= g

( 686T:
Con % + caticity)

TA instructive Newtonia deciratio is also possible
Take a test particle at rest at a distance i for the origin
The particle is attracted towards the origin with a force

F =- 6 M ~ /M = Gamp&

and3 can define a

energy
u = - GM

2

The
eargyof the test particle is => mic .6m

Use conoring coordinates
(t) = a(t) *

- E-1mx - Gmpx
E- =- P

&
al => is X independentmx 3Mp
~ &

Xindep collit k = - -

mx

- = -



Second Friedman
eq (acceleratio ep)

6 = 856T"j ↓ +3)
Con % + caticity)

Derive the Friedman eq :

d

l L it

j- + 24&

M4

-u( - ) = - 334(p + B) + =H

4 =

-P&

For all familiar fluide :

p + 3120 => co

is : gravity pulls the Univers together

but observation tell us >0 => aminers)( accelerates



Matter
,
radiation

,
kintic

eargy ,
dak
ergy

Cativity : p +3( + 1) = 0

Y = pa
3(n+m)

Fos P = up

- &(1+m)
O

Expansion !e

: 1
t

I = Intel-1 datetQ

O ↓ O

1Bu
a

&
= lutu)=- S & I t

1+ 3n

OBig lag : + = 0
,

a = 0 = Ko
, Reselig : 00 = 1

↳ ↳ singularity there : Fratter
~/ p+3P30

,
a = 0 at

we

tpoint inthe pee

=>-1pen
a

bite



Matt
-

nonrelativistic particles have Pm

(dust)$p => eas : I = 0 or u = O

=> pxa & t
213

H=
- all SM particles (except 02)

- "dak matter"

-

- many new particles predicted by BSD ifmT

Radiato relativista particles have p m

=> ea : - = u = 1/3

=> pat ext
119

- platon
To 0

.

2meV
- for lang time also mentrinos (munsoman)

un

- dark radiation" > wewill see

Dark zangy
Can I love 12 = -17

.

&

Yes : comological contact on oderfield potekol
as zero-point energy

Ht
= P = set a - l -exercise

I
= Mpn

Kinet Can I have u = 1 ?jo

Yes : if a classical field dominates the
engy desity( witev

113

(
- saa at



A first setch of the comic history

ealy times : radiation daiaa

by
p - a

- l

-

M

matterdaviaa

-
pra

Of constatI S
cosmological constat

log a

early c period : INFLATION

The
energy

that drives inflation must be coveted

itr radiation : relating
Q -

a-alt

art-

-- an +112

-

Guid SinflationS
t

Here a +o
, peo ,

R40 : singularity proble

Historically, the firstmotivation for inflation

Big long : the tie at which the extrapolated alt)+ 0



Critical density and overcome

k ->

H = j ↳ ~ pu
= 3mRo&

sim
Definthe critical density as the regy of a

universe with

zer spacial curvature

Put, o=8 Mo

qu 1
.
1x105 l protonou

Jul Hoslash In o Mpc)

S= 1
.
1 xno5l GeV/ cus

= 8
.
1 e x1047 Get t

S compone / Arogad,
nur :Convenient to refine pinter of po
Na = 6 .023 x 105 unol

1

=
Pey

~ /smal + 12y
+

C

-
2:

Pait ,
o

- In at+Rn
,+Nap-,

0
,r

w/ -Qu =
-

&

,
o mos

today H = 40
,

Qu = 1

=
-Cr + -Empt -20 +

0
= 1

,

-

-Ro

- = 1
--Ro Meanireets show-Row1



Energy hoget ofThe Univer

Photons photos for the CMB
,
with a temperature of

Tr = 2 . 73k = Port ~ns gavt

-ro = 0
.

x S

Neutrinos me expect the existence of a comicI background
&

↳

w/ Tr-To = Pr-mons Da

Bangaro (in nanel particle

quick estimate (butmedes one ~ random (

Po =
Myolaxy 2014 Mo

0
.1 a

& - -
-

Dyalary (10Mpc)3
↑

numbers
or closen inmore quantitatively (manage S

-98
,

0
= 0

. 05

Why "laryors ?" electros are mostly trapped in ato

ad they weight may bes the the( rest# mostof the mass corn for p,
m I

Dank matter

fair
, o

-0
.
24

Dark
energy

-
Rin = 0

. 68



↑
& first

observable stars ~30 Mys ~ 65

first MW-sized galaxies 100 Myer 11



The Unise is (and was) flat

-R +
-In +

-Ri + 2i = 1

deation : (_ / =Ho exne

-Ata tit : 1 u(t)) =
He 1

Re a(t)- ((t))

Lt
* comological contat : He cantat

,

ore

=>(eult)) -a decreases inFe

At matter - 1 equality it was

& o

-Rk
,
nu- -Ruolammt = - RoH + zamk = -enovial equo

* matter : 1-Ru(t)) - a

at matter-radiation equality it was

1 +2Am-k
, ent Rune =e

&

↳ nam

~ exntluo & x 15
+

* radiation davivana ! I alr a

-Mur = -Retent = Ro
2)



= as me

go
back inFire

u
becomes mollen ad

mollen => we can setit to zero

"Flatness problem" : why was the nature sesol

at the beginning? motivation for eflatio .

↳
If 2x was large at one point

,
o era

Of exponential experie would have washed it

away

the proble is about PFPC : why do the three

fir I to
Iapoets of energy /matter , radiation ,

N) mu

Turning
up one so precisely?



Age of the Universe

Naive estimate We have per that golaxies receed ata

arrage speed

~= Hod

Anning contact v =et=Hodtr

= tu = Hj = (0kmoMb)
14-3113km

= 1 x 100-

70km e
- 1

= 1
yo (no Lillia years

Integrate the Friedman equatio
- Pure matter Universe (Einstein - deSitter)

a =(
+

~ &o = a(to) = 1 today

=> Ho- = to = 4 = Pilla
years

&pole obmeation pare the existe re of
star that were older then that

add reference here !



- Om Univers INCDM)

L ( X (
119

=-Erat +ru+-en
,
- k

a
&

,
0

,r
,

p

can be

= a 40 flat -2. a + 2n
,0

114

eglected

1
da

=> -to = ! (-r, a"

+ -400 - +
-2x

,02)110

The itegal is deviated by large a caneglect
-Re (which only effects the very early times

=> tui
~ 0 . 961 His 14

ye

Commento :

1) a coological constat volves the age proble
~ This was known already inthe 10 ,
befor the accelerated expansion was discovered

4) Radiation was relevat at early times
Matter-radiation equality happens around
38000

yes
- after that redation is

negligible



COSMOLOGICAL

CONSTANT



Adding a canological constat

Einstein equation
Gar Tar us Gar-Rau-ERgar

i pliee UmTar = O

Ia add a constat piece A gov without offering the
↳senato law

Gar + Nyan-Tar Ont-o)
exercise

Imay
also le added to the Einster-Hilbert actio

Belows like a fluid with

Tr = -Mon gar
= - Pr yar

Compan with a fluid :

Tru = (p + B)mym + &gm
Ba = -Pr wa = - 1

For A30 leads to accelerated experie

a l

Ut

~ / H *

observationally : Pr = 6x1510 Jus = (153mv)



The somological contat proble

"Astron point of view : cl reconcile the ageofthe Kines
with observato ury old star

29

j
[For a

memory
: 6

. Epitation
g"Throny"point of view :

u
S

Muras 284
,

LE3-E6 (150s)]

Field they (classical) : potential energy
contributes toN

QFT :

every particle
arises as a flectatio a quate field

Fields can be repeated by a number of Formier made

with Sequency WK

These modes satisfy the ra of a heroic oscillator

-> zeo pointfluctuations with energy th Wa.

Let'
i up these regin

Part-wa - k + + a

Maybe put a cutoff at -M is the highest eagy
awhich we know QFT works

Part-m! mi-SM masses ?

With Part
- Havi 1000

pr

Wo garity this doesn't effect the world (even though Casivi

effect is a real thing
* garity comple to Tar 1

part gravitates .



Scalar field potential energy

↳siden a solar field with legnago

2 = =&pap - V(p)

Classical fields : a field displaced fromthemini of the

Potential behaves classically

(4 , 6) = 0

Energy moventr tesa :

+=
Too -Pp = = &Parp + V(p) + pr

Tij = &pyj =

y -j) - E Grparq - vip)) + a = pa ; p

Neglecting spatial deinatives (nifam field)

Pd = = ( + v(q)
# m )= p + v(q)

Pp = = - VIP)

Now mee Iro /for example if the field its in a

mine)

= w= = - 1 = solar potential beloves macc
.



Fire thing and place tosition

Or a try to solve the problem by adding a non-zero

a to vacurengy

On-part Po

First proble is fine-tuning : Prand So love 60 digits in

coa but differ at the 61st digit

Second proble is phase tarition Imore at the end oftheaut

· Higgs lasa las a T-dependet potential :

~ M ~ T 12/2 Un

- ~
-Mithtt Xh14

-1914
-

IhlI
C

V

I
DV -(000 gerla

· QCD confirent (around for x 100 MeV)

& - 1300 mar &

=> fir ture A toy ,
not at the ential condition

· lands for NS (QCV is deconfined at the coul



-regin QFT & Casimir effect
Are necum fluctuation a rel thing ?

Solen field 2 = = GP2-P - -mp

cajgatenot
Historia- 11 = -2 (density)

-S

( = Jox y = (oxyn) + y(0p) + V(p)

em( i =- )

Quatiation :↑
~ liLisa

11(4,
n) = iS( - ij) (p

,
g) = (n)3j(p - i)

Compute the Hamiltonia :

H=
~lo

not al ordered : J up a

kaum egg :

201410 - 0 + )dip w 810) (obably diage+)



8B110) : IR divergence -> it merely represents a
volume

LI

ILeaps( = Ptoxe (poo(ax = v

= Engydity : E-E : Jap Jap (UV dieget)

With no goity : jot subtract the contat(divegefpiece
: Hi = 1 up pap

Eo = <01 : H : 10) - 0

To the other ten physically releva+?

of the end te c not
give any effect without youty ,

Iold simply say it doesn't
exist

.
But ther ou situatio

in which it does mater e difference :



QFT in finte volume

Box of feite size DX=L (infinite for simplicity in
y ,7)

Periodiz be

p() = f(x + ()

-t two polled , reflecting plates reporte ly a distece dah

#
↑ = 0 at the plates Leg the plates an ima and P

is the elects fild)

p = (m , Py , pz) m +
+

(203)

Energy per unit surface (between the plated

Ell=++A

Total eargy :

-> not exact
,
but onlysell

E deviation forthe Monday
A conditio



EldI/A in infette (UV) the to alitarily high monta
Not physical :

a mina c not he perfect above are frequency!

remadization (P plana (This is a first exampleof frequency

Mathematically : wemat to ut-off the integral at me high
Sequency , neglecting modes parat u/ad.-

/

The procedure in saverbat alitary,
thes theenths must not

depend on a

Eld! ·+petpi
A=

lgives backthe previous cult fo a + 0)

Define Py = prosy Pz = pe 4

# / Poppy per
(en))

p =uP +[ = i ↑

pop-dp = dri-nam

Foll I·andA

-
- adoI



The total
every

is

->
El d) i ne

A

E/A -o for
a

to
,

as
it should

.

But the forc is finte
F DEA ne

-

A T-

#
"
roo are r

Putting back t ,
c

,
and multiplying by I for a photo ,

F Mut--A

Comments :

&

- predicted in 1998, first measurement attempted in 1958,

meanned in 1996 (Lamoraux ,
PRLef (100 % ) 3 -8 &PRL 81 (1998) Saas-S476 enature

- the
sign (not only the magnitude) depends a the geometry

- echow elated to Var der Voole face ,
but I have no

idea how it works.

- only photo field matters :

a-off facency -Olwpl-loevme
rentines or notreflected
other particles are simply too heavy

Conclusions : 1) Vaumengy existe
2) Wo youity, only eargy differe us a

importat

3) is a real question !



Meaning the accelerated expansio

How or I raue the distance of a far-away object ?
I
a name it's apparent luivity

flux - d *& ---
To---
..

Need a "standard candle" : it's a sta I know the intrinsin

lunivarity of

Type To Superance ar "standardizable" candle

-matter accreting oto a WD
,
whe it crosses the

Chandrasekar limit it explodes
- well defied mas Mc = 1

.40 well dified intrinsic

luiarty
- adjustments needed Lad possible) de to D atmosphere

- need colibation through a procedure called coric ladder

Chandrasekhar limit :

aWD is estained by electron degemey
pressure ,

in Parli exclusio principle :( no turo electrons can

occupy
the see state, IThe they cannothave all ze kinetic

eargy
=> notes enough pressure to prevent colleper

If Mar 1
.

4 Mo



d hiarty distece : attation of light sing for a

distant source

Depends on alt) along the path

Luminosity distance :

- ~
S

- -- W

X
--

-- T P (↳
-

--

-
S I ->

-

-

C

-over curred bymyeutector
:

Ing re

· for missio until observatio individual photos have

a decrease in

energy of ( +z)

· photos emitted once every
St

one detected once every (t(1 +z)

=> detected power is redshifted as (1 + 7)-2

=> di = a: r (1+ z)8



For a photo do = 0 dt = at)dri (k = 0)

time offlight of a polto :

jo = 2

t

For a van (not too for lock inthe past (

a(t) = alta)(1 + at
alto)

(t - to +
... )

elto)
(t -to) +1 )

= acto)(1 + Ho(t - +o - 89045(t - to +
- --)

u/ y(t) = - a lyt)= (t)

Relate time of flight and redshift

z + Hot Ho + (+Holto

=> to - t = (2 - (1 + 790) +
-. -)

Computesonoring positio of the eiting star

d+ 1

(=>~#( to)H
.

+...+(1 + Ho -+(40 +
... )

= To (( to -+) + to Ho(to -+) - (ti - ++ 40 +
. . .)

= ((to -t) + y(to -+ 1 Ho +
. . . )

=> 2

=(



Substituting er:

d = (z + = (1 - g0)z +
--)

-
-

↓ 4 acceleration
Hubbleis last

Manne or at increasing 7 I can measure go

=> 9040 : accelerated expansio

EvaluateGo

· For a C dociated riverse

4) (t -to)

& (t) = e & = 40 = Ha

=> 90 = - 1

· Our universe (matter + (c)

119

Here( Em + -Rn
,
ot Rk a

- (,
0

,r
,

p

· He famo+
m,
pa+4,

00 +
-R

,

0)"

= 4) (12 an oo"- am
,
other

,
a) a

(4) -

11(-2-200 - -m + = an
,

0
↑

= 1

·*-



Autopia principle Connoll
,
estro-ph/0004075)

"We live where we a live"

Tantology : intelliget observers can only exist in a Universe

which allow the existence of observers

Ifor example ,
stars must have fared

Theory side :
requires the existence of alternative condition

I separate in spec ,
tie

,
or branches of themovefctio)

=> Our "Local" raditio arise a

Volum of that (O S partia of space I platingfia* -
Total volume

Structure formation theory: overdose regions do not collabor

If 1 dominates the universe

- A cannot drivate before zu

=> iLanglois

More stright requirement : a universe e
-20 ~ 1 is more

-
,

o

likely to last lifethe one with~ho

~ requires a knowledge of the prior in *



THE UNIVERSE

IN THERMAL EQUILIBRIUM



Thermal equilibrium
As the Universe was very

small and dense
, particles

we interacting at a very large note

=> me expect particles to be in theral equilibrium

Example : weak interactions (at pSmal

- = G a teperatureT = GfT

interactio rate N = m + IN

we can gues : n = N/

p
~ a

1 ent part
=> - - Tb

=> ~ GT5

conditio for equilibrium:

intraction rate x

ageof the universe 231

#H

Some statistical mechanics

Distribution function : prob for a particle tole found at positio,
~ momentum p ,

atthatt

f(t, , f(p ,
T)

Comogeneity:

isotropy : B+ P

Headed : A
,

T



Agas of peticles atthenal e follows the Base-Einstein or

Fexi-Dirac distribution

1 t FG

f(p,
i) =

-m)/T
+ v - B

Mi cheil potential (repare of the syste to a chagr in N)

Verity of states : for particles in a box of size L
,
in QM

5 = &(n-x +my + myz)

the devity in 5 space is t
= (5) :

~
y
iteral of leg spi states :t

Thedanish :

e& (T)= (0pf(pT),
Elp



Chemical potential can le set to zero Isr Bauman
ad discussion below)

For mostof the evolution MiT
, for photon My o by definitio

Calculation :

~ iT), (opfpt)=Pe
Xs z =

P
define & F

ze

S *

·Z
za+17C



Relativistic limit light particles : mcT x = /10
, pe

E

O

+ (0) = de Jy(0) = (dz! -

~ 3 T
g frie ~

= &10 photon misI
P = S

& has
ey <Mo

T= 2
.
73 k

- 34

D- &
1 has

Pro-
4

.
61

y
ma

A
J fermion

-22 = 2
,

5 xi b

Non-relativistic limit hearpatilu/larTX211
O

! ferias - lasons·~(
ky(x) =

- - -

n - g(Tjm

& p = mm + BrT

I perfect you : &
u = =NkoT

PV + NKoT
P = mTkp



Derivation of the prome equation

Face exerted : ·if a particleeouncing off the walk

exclages a momentu = &PX

Ia time at and for velity NX , particles in a volume vat dA

bit the wall in an area A
,
and those are in number

-olytlosedN = da dV = I ~/ ~ O
- f(p)1wxdtO

=> B= rx=

The total
presen

in

& (opf(p,+)# This istholyte
that depende 5

the direction.

I Toeplace it /

- (apf(p,+) its
average



Computation of the the odynais quantities

Relativistic limit x = -0

*
&

Ila-d!
+ O

-i - (fez)0 = (51)81 e8L

j = 0 j = 1

=>Feder
O

O

( & -

G Z & Iz e z

S
zed

S-& 3 jb
j3 jb G

Bon : I -(0) = +(1 + y + 3 +
--) = 25(3) = 2x1

. 20-...

Furio I
+
(d) = =(1 - 3 + - G -- - ) :

= (1 + + m - - . ) - 4(y + E + T - -)
= 25(3) - -(1 + + + 53 +

--)
= (2 - =)3(3) = 313) = I - (0)

· etee (a = I
-

10 - -() I- (0)= I - (0)( I
1 losons

= m = Sy+ & 3 fermion&



⑳

Jodie
z3

~ S! I dzm=

+1
j

&

=!
z

·

iI ↑
da =- (tet-&

J
8

= o + z((i =az) =

r

= Jt(0) =6
Dav : J

-

(0) = 6(1 + y + ye +
... ) = 65(4)

Famou : J+ (d) = 6(1 - En + 3r- ...
) = 63(4) - 12 + Ent ---)

= 63(4) - -(1 + - + m +
... ) = (6 - 5)3(4) = 52)

reall : 514=
This

bosos

-
& (oppylp,i)(f)-



Non-relativistic limit

SXL) 1 :=
Main contribution wes for xX= x(1+

ze
If(x)id Ex =ix(azzon

742x

ex e

= (2x)) e x (azzez = jx3ix

=> m = g(uT(
m

5 -T
= (dz(z + )

/x
= x[x(x)+ -

*/2x

( &
e

= x[y(x) + (x *
X = xx+

= (n + 3) Fy(x)

t
=>
p = mm + mT



ky(x) = 9a za

!
za

O

/
O

za
17-~ e-50

-
e

~

29ati z& -3 Lex/si
E

I/-

( I=>k(x)x1- (x)
+

- ) X-"I
= [()(1 - =x 1)

=> I = mT - Em



Chemical potential ( M . Schwartz (Lecture notes

M : introduced for theodynia systems that can exchange
particles (in N not fixed) described by the goo-word
esible .

m = - T()
E
,

V

Man particle species # more chanical potentials

AsN ,
Ne, ...

)
=

-
M ·s,NN ,

---)
-- -

UN
-

T ONG

Chut are can define it equally well in the microconical ! I

·S = (d + ()dv + ()dN = FdE + FdV- an

=> dE = TdS - PaV + MON

useful , but the condition
= m=

v of constat I makes it

-t interitive

Ithe grand canonical
- koTlogZ = (E) -TS -M(N)

thena
Ideal

gas
: p = koT log (nx) + de Broglie

wavelength
sim : X ~ 1

.
87 x 10-11m

3 -Pane
m - (3 . 35 x 100m)

- 3

241

↑ <O whe n<*3 (ie whe classical statistical( mechanics applies



=> m = exp for m + em
, my m+ lege

dever vister : Me raises to 0 (for mo *3)

Dilute gas : Mr 20 and intepaticle interaction cabe ignored

Ground state energy-

--clde of linding eargy pototag if I love differe

or restry no (ipotat : the early universe

If E is the ground energy of a
molecule

. Say So
,
to an

apeted ur/ 2= 0
.

=> S(E) = SolEo) = SolE-NG)

Thecei potential shifts as E :
M

= -Tu = Mo + E

ad fe a ideal
you ~- exp

M is a potential : relative to the ground stake

thereaction Include 1 M : for each specia

dE = TaS-PdV + InjdNj

Explai 32 + Ne <- &NHy

- if Iwate 1 No particle ,
I weate 3 He and & NH3 disappear

dNw = 3 dNn
.

& Nazz = - 2dN
N

etopy daye : S=NdN



atequilibriumi
O =dSdNdN

- 13Mur-
-
MNHa + MN) dNne

- Moe =

Mor

For eq
mooctaria ideal gas N = exp

NN (S
-ThereunleMore&

koT

-
i

exp-
Protor content of the Universe (Matter-artimatter angetry)

p
+

+ p
- 00

GE = 2 mpC = -Ge (kot1) e for Th ex10k)

Plota number not served : eg
De 08

= No + Ma = epotMa Mo = o

=) & for particles
notassociated /

any
cormation under

30 at p = 0

xtxSuppose mour I I ar only produced for 00p P .

The Mp++Mp
= 0 and at equilibrium (FW distribution) mpt-mp

= Mp + = Mpc => Mp+
=

Mp= 0



Thus we shard expect

up-mp
= -m

~ 15-4013) = 0

Out actually the reaction fretes -
out at see point

Man = MTN w)- m

↓ mmplots!
↳

=> Mon CH for TCTg = 2
.
4 x K

At Tf : Mp+ = mp=
103m

=> Today mp = m = 15 m (no mi
Observation : Mi 0

.
26 mis

Thatwar
,

at freze out, -----



Relativistic
species

At venly sorylties ,
all particles ne relativitic (SM : T2e00gev

-
&

1 has

defin yxi P-T & A
J fermion

-
Then al eq

Ti =Ti

hosos

S Vi yo
= 2

Wa
,

z g = 3 3x3 = e

g gg= 2 8x2 = 16

H 24 = 1

fairs

9 gy = +xb (LXR
,
clam) 6x6x2 = 42

l yn = 24 2x3x2 = 12

↳
↳ part/anti-part
G flavane

W yu - 1 (only (4) + 2x3 x1 = 6

before EWSO ↑
W=, z

: y =23x2 + 6

I
Qui 2x3x3 x2 = 36

9r : 3x6x2 + 36

H :

y4
= 4

↳
clo

↳ 2 + 3 x 2 = 12

2n : 3 x 2 = 6



Gi wi Br Q u9 de H

family 1 1 13 3 33 3 1

spir/helity & & I 1

patich/antpotich 1 1iweak isopir 13 &

color g 1 13 3

statistic 1 1 17/8 7184184187/81

yx 16 6 E 63/2 63146314 evenin e us



= at T2200 Gev Ye
= 28 ye

= 00

yx
=

yu + yg = 106
.
75

so -We
me memea

N

87
sI

- 3
. 3 g#
o

Natio SMi movers
,
IH mentio

- vee1 dog U
,
0 + e

Out mentries have mas

- Majora Monster : only (h exist
,

oh

- Dix Intern : RH entires must decouple

early rough (befor BEN)



Entropy
&

Etopy is are usefulthe say because it is morally conserved

Theodyraics : ToS = dU + PdV-MdWi

↑ d( > V) = d(pV) +Bd- mid/miv)

(To -p - B + Mimi)du + v(T-mdT = 0

C= =P =
Now compute

do%3) =
-e

3

at
+3 4 =3+

dt

=3 +Ma

re ativity ep : = - 34(p+ b) = - 34(0 + mimi)
3

= 3acH-34s-3H mi-

T

otab) on
S

dt & t

If m = 0 => entropy is conserved

In not cases
, M

= O
.

There are other cases of entropy
non-conservation

, of
the day of a long patch which

was out of equilibrium



spy& relativistic species

-
Collection of patche species : =Di

- only relativistic
&

species matter

Fora single ,

relativista specie : P = p/3 = 0= +

Defe syst

gas
= Ey : (i) + g : (i)

If all relativitic particles or intheel eq gas
=

y*

(for the SM
,
volid for 110 ie Th 1MeV)

Useful : · 1
.8 ge my (befor de arihilatio

Yield For a particle i out of thera equilin-

Yp=

If there are no uuber-changing traction of 4
= mpxa = mpa = cot

=> Yy = - = const

useful ef for Dr ,
or langogesis ent

or more ofte m= 18g



Ieparaturbelaviou

Secast yasta = can = Tag an
- 1

Away for mas thresholds yostat - To

Easionhistory

For the farmlan we sour above

P
4-

Away for was thresholds a x + 118
(in rad daiac)

&

Inproture sales a ine1 .
5(11


