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Recap
BBN

· As a result of BBN we get
75% of M, 25% of the and

- 2.105D, and comparable
amounts o Li, 5, other light
isotops

· It happens after breeze out al
n =p c

+ /Mer

(mostimportant reactions, like

pth
-D +A happen at

T- lo's ker

* 25% o te is an equilibrium
computation from hip ratio, sensitive toNept

8 - 1025 of D is a non-equilibrium

computation, sensitive to 7 B



Baryogenesis
· Where dich all the baryons in the

Universe come from? There is no

process that we know happened
for sure (like BBN or recombination(e
however, there are several conjectures
low now it happened.
· Often people assume an initial state

symmetric under Earyon -> antibaryonthen endution produces assymetry:
his Mis

r

11)
this process is called "Garyogenesis"

· then most B and is anihilate

living einal=ishDis

. Since below T-100 Get



Garyon number is a good symmetry
Lot is conserved), we do not need

to
merry about is changing geterthat.
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Sakhagous conditions

I, T and C symmetries:
P:Y +

-

I

Ts t - - t

2B -> B

CPT is an exact symmetry, which

implies masses of particles and

anti-particles as well as their interactions)

are the same.

Individually all? P, and I
are broken, however, breaking of CP
is weaker than just ge C or P.

(first detected in Raon decays(



For Baryogenesis it is necessary.
1. Baryon number violation

2. Departure from thermal

equilibrium
3. Violation o C and CP

->Standard model ge particle
physics hasall ingredients, but
the spectis too small,

Baryon number violation is non-perturbative
(like helling in &MC

-

Espl
↑ - eF

This process is in thermal equilibrium
until 7 - 100 Get

-B - L is exact in SM



-Thus, if B-asymmeting is generated
at times earlier than 100 GeV,
one needs to create a B-L asymmetry,
otherwise spations will erase just
is asymmeting,
-> Usually this is done beg
adding heavy particles that decay
in B-2 non-invanantway,

->Another way is to generate
asymmetry just with SM particles.
(this was a very elegant idea that,
however, doesn'tseem to works

Electro weak Baryogenesis
main problem is to satisfy
Sahavors and condition. IP
Electroweak phase transition was

Istorder, there would be



enough derration dam thermal

equilibrium;
0

En Atto-
-

iPI
Then sphabron process (mentioned above)
couldgenerate is asymmetry
(creating some ↳ asymmetry)
· It appears that V(P) is such that
EW phase transition is on the
second order.



Dark Matter

Evidence for its existence.

74%

Dark EnergeWit"Deryous
->How do we know there isDM?
· FRW evolution of the U tells

as the total amount or matter, and
we can also measurethe amount of

Baryons becausethe interact.

· A more direct observation comes

diem rotational curves on the glazies
Most baryons are in the stars - we see
tran

I=20 exp( -F)



this retdram of for iro;

(av=2Mm ↳I
In reality, we see hat probite:

r= const

this suggests MCH- 5, which

suggests a dash
t
ii

a better lot isgiven by
ro
-

Dan
Cr =
rro

· Gravitationallensing allows to
&

measure the total mass of distant

galaxy dusters, leading to the

same conclusion



· Bullet Custer (recently"collided
galaxy clusters) mass distribution

us stars distortion.

distribution

⑲men
ga

Itis one of the strongest
constraints on self interaction of DM.

· Datafrom BBN, CMB and LSS
So be discussed later) all points
to the same approximate amount
&DM.

We thus have observational evidence

dow it coming bomverydifferentphysical effects and cosmological
epochs !



Dark Matter candidates

DM should be stable and very
weakly interacting. The only DM

particl Hat roughly satisfy these
criteria is neutrino. In fact, for
some time people thought that O's
could be AM

o
this does not

work for the following reason:

is are fermions, so total number
in given mdume and with a boundon
momentum is given by
No tifdpdxn- pr
Mo MND-MY23r3

=GM =mos(are)"--

5



=120(us)"Y(p)*
This is the Tremaire-Gunn limit

· In our Galaxy V-220km/s

r-10 hpe

gives MOI 30 eV

·Dwarf Galaxies give

me 300 eV

Inconsistent with the bounds.

· More generally,hermionic DM
has to be heavier thanthe bound,

bosonic DM can be much lighter?
Bound on bosonic PM mass comes

from Scompton? Tualo



=-Scamplon m I u
-20

m 10 ev

-> RCD Axion

There is a puzzle with CP violation
in SM that we discussed above.

It is present in the EW

sector, but absent in strong
interactions. An elegant way t
explain it is to introduce a

particle called "Axion". Due to

various experimental constraints axion

can have a mass in the range:
2

10VeMa =10
-

eV (also ADMX)
Axion can also be the DM particles

If itsmass is blow-10-tet



2 raca

Vatlas costs may
a

ParVa-mal costo;-mal"

na- H(toss) - Ma

(Axion mass has a complicated

I-dependence at 5> lack (

2.2 (er) in
Ignoringthis subtlety we can

estimate it.

n =- natio
na=

no"Es)-Io?
MA Fose



2

pao=nottac =y*to
MaTobl

ros=Ma laas
~Axion-like particles

-> Other DM:

· WIMP

· Primordial BH (andother macroscopic

objects(



Weakly Interacting Massive

Particle

"Weakly" is a technical term-
-interacts with Electroneal force -
-> known strength to course no chargel

<used to be the mostpopular
DM candidate]
Production by the breeze out
mechanism.

Startwith heavy particles X and I

x +x - SM

x* SM

crossestion ↑x =env-H
6

(r - E) breeze-out



nx =gx()*-*.


