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The world of galaxies

Dimension = 20 kpc

Characteristic intergalactic distance:

Megaparsec (Mpc) = 3.26 x 10° light yr ~ 3 x 10** cm
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The universe is homogeneous and isotropic on large spatial scales
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Temperature of cosmic microwave background (CMB)
as a function of direction

Signifies isotropy of the early universe

Everywhere isotropic universe is also homogeneous ! I

T = 2.725 + 0.002 K Planck spectrum of CMB
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Fundamental (isotropic) observers

These are conventional observers for whom CMB is maximally
isotropic

|

Centers of galaxies as “almost” isotropic observers (v ~ 1073¢)

Copernican principle and cosmological principle
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The universe is expanding

remaining homogeneous and isotropic !

The scale factor: Hubble law: F = Hr

a
r(t) = a(t) ro Hubble parameter: H = 3

Hubble constant:

Ho ~ 70 km/s Mpc'

Age of universe:

r(t)

to ~ HO_1 ~ 1010 yr

/ Velocity v = f is measured by

redshift of spectral lines in
remote galaxies
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Cosmological redshift
k k + dk

N Y S
. dr | Performing Lorentz transformation with

| | Vrel <K €, we have (exercise)

Relative velocity:

k = —kH
Vel = Hdr < c =1 d dt

For photons, k = fuwv/c, which determines redshift z:

W do
14z=""=2
Wobs a
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Measures of cosmological time

It can be “marked” in different ways:

e Physical time t by conventional clocks of isotropic observers

e Scale factor a(t)

e Cosmological redshift z = ap/a(t) — 1

10/ Q7
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Matter

General theory of relativity
The scale factor is an element of space-time metric:

dr?
ds? = dt? — a%(

(1—i-l<cr2/4)2
K==+1/r}

The parameter 0 < ryp < oo describes
curvature of space

Current constraint:
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The space of the universe
Is its volume finite or infinite?

e In the case of positive curvature (x > 0), the space is finite
(local metric is that of three-sphere, topology may be different)

e In the case of non-positive curvature (k < 0), the space can be
infinite or finite depending on topology

Topology is in principle testab/e'

E UNIVERS

THE THEQRY FOINT AT WHICH might sea the same portion of the
Obsansare looking at a porton of the THE UNIVERSE universa whan thay fook i 1he apposita
univarsa in one dirsction... APPEARS TO REPEAT diraction because it connacts wilh itsll

Picture by Max Tegmark

Baryogenesis

179/ Q7



Basics

Physics Inflation Energy Matter Baryogenesis

Dynamics of the universe expansion

Einstein equation (with two fundamental constants):
1
Ry — §ng =8rGT W +N\guw

Friedmann equations:

8 G A

H? Kk _omh -
tRT 3P 3

a 4G A
¢__*9 3 o
; 3 (p+ P)+3

Currently accepted model is called ACDM (A + Cold Dark Matter)

Note: this model runs into a singularity since 4 < 0 in the past

13/ Q7
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Main types of substance

e Matter (nonrelativistic): p < p, p=mno a3
e Radiation (relativistic): p=p/3, p=Enoca*
e “Vacuum”: p = —p = const (equivalent to N\)

This is the only law compatible with local Lorentz invariance
of TH, = (p+ p)uru, — pit,

In the currently standard cosmological model, the universe is
dominated, in turn, by radiation, matter, and dark energy (A or
something else)

14 / Q7
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Modern picture of evolution of the universe

Mepasie sneagu Sopmuponatine Yenopennoe
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The € parameters

The Friedmann equation can be recast in the form

81 G kN
H2=%, F LD
377273
H2(z) = H2 [Q,(l 2 Q(l+2)3 + Qu(l+2)? + Qn
Qr+ U+ Qe+ Q=1

Qr~07, Q,~03, Q,~85x107%, |Q.]<0.005

Matter—radiation equality: zeq = Qm/Q, — 1 ~ 3400

Baryogenesis
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Current composition of the universe

Composition

of the
Cosmos

Heavy
elements:
0.03%

Ghostly
neutrinos:
0.3%

.| Stars:
I 0.5%

Free hydrogen
and helium:
4%

Dark
matter:
30%

Dark
energy:

| 65%
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System of units
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Kinetics in the hot expanding universe

Y
\

Mean free time of a particle o — cross-section
1 n — number density of target particles
e p—— v — mean relative velocity
onv

In the expanding universe, particles additionally recede from each other.
The condition of local thermodynamical equilibrium becomes

1
T K texpansion = ﬁ or l=onv>H

In the opposite case ' < H, particles become free
(decoupling or freeze-out)

2/ RY
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Thermodynamics

Partition function for grand canonical ensemble

Z(T,V Aui}) = > o(Zim@i—E)/T _ 3 o(Sanala—E)/T

states states
;i is the chemical potential corresponding to a conserved charge Q;

The last equality is obtained by using
D miQi=3 1)y QfNa=)_ naNa
i i A A
with Q# being the i " charge of particle species A, and

pa =y pwiQf

is their chemical potential. Particles and antiparticles have opposite
charges, hence, opposite chemical potentials = 1, = 0

21
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Chemical potentials
A simple consequence of the conservation of the total charges Q; is that
if there are reactions between particles in equilibrium
Arto+ Ay = Bit oo+ By
then the corresponding chemical potentials are related by

pay £ pA, = p o B,

Proof:
Sk QA+ Q=QF -+ QP

Example: ionization/recombination of hydrogen: p+ e~ <> H+ 1~

[p + He- = ptu

2 / Q7
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Nonrelativistic particles

Mean occupation numbers for particles in equilibrium

£ 1 { + Fermi-Dirac
‘ +1

exp 4 — Bose—Einstein

Number density for nonrelativistic particles:

3/2
h=g (’”T) elu=m)/T
2T

where g is the number of internal degrees of freedom (spin, colour, etc)

27/ Q7
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Recombination of hydrogen

Thermal equilibrium is maintained due to the processes p,e™ = H, ~.

The Saha equation:
3/2
LN (m_T) e T = mp+ me— mi
ng 2w
The hydrogen ionization energy hy = 13.6eV = 1.58 x 10°K
Use two conditions:
e Electroneutrality: n, = ne

e Mean number density of hydrogen nuclei is determined by
n=np/n,=6-10"1°

n

One independent variable remains, e.g., X, = —£2—

np + ng

Taking, e.g., X, = 0.1 and solving the Saha equation, we obtain

recombination temperature T, =~ 3400 K, which corresponds to

Zree = 1250, tyec = 400 thousand years

Baryogenesis

24/ QRT7
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Decoupling of relic photons

Scattering rate of photons off free electrons is I = ornec.
The Thomson cross-section

87 (& \? —24 _ 2
orT = — 5] =0.67x107"cm
3 \mec

From the Saha equation,

3/4
0~ b2 (meT ! o l/2T
¢ H 2w

Rate of the universe expansion (matter dominates)

1/2 3/2
T

= (500) " mpop - s (1)
0

The condition I' < H starts at Tgec = 0.26eV = 3070K, or zgec =~ 1130

M€/ Q7
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Energy density of relativistic particles

At T > m,|u|, we have

72 7
p(T)=356T". =) evtgy &
b f

c \1/2
H(t) = (8”7,),) =1.661/g(t)G T?> = /G, T?
Age of hot universe as a function of temperature:

oL 1 N2._4(MeV)2s
T2H 2yG. T2 g\ T

Baryogenesis
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Decoupling of neutrino
Typical processes:

vet 2 vet, v = ete” VD 2 v

Effective cross-section is o ~ G2E?, where Gr ~ 1.17 x 1075 GeV ™~
the Fermi constant. Using E ~ T and equating the rates, we obtain

FT=onv~GET?x T3 =H=+/G, T?

At anticipated temperatures, the relativistic plasma consists of
e, ¥, Ve, Vyu, Vs, Ue, Uy, U7, leading to g = 39/4 = 9.75.
Hence, the neutrino decoupling temperature

/e
GF

Today, we have T, = 1.95 K

Somewhat lower than T, = 2.73 K because annihilation of e*e

T ~ 0.5 MeV heat up the CMB

T at

Baryogenesis

2is
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Neutron concentration freeze-out

The main processes are n+ v, = p+e ,n+e"” = p+ e
Characteristic energy parameters:

Am=m, —n, =13 MeV, me = 0.5 MeV.
Free time of neutrons can be estimated as

M~ G2T® (cf. with =+/G, T2)

Accurate calculation using the condition H ~ I gives T, ~ 0.8 MeV. We
obtain neutron—proton relation at the time of freeze-out:

Note: Fundamental constants and life in the universe.

g/ Q
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Big-Bang Nucleosynthesis (BBN)

out-of-equilibrium process !

3HeD  3He4He

From: Mukhanov,
o Principles of
Physical Cosmology
(2005)

3Hen

Ausge/N = 7.75 MeV, but the first step of nucleosynthesis is production
of deuterium:

p+n=2D 4, Ap = mp + m, — mp ~ 2.23 MeV

Because of large number of highly energetic photons and relatively small
binding energy of D, nucleosynthesis is delayed till Txs ~ 70 keV. This
phenomenon is called deuterium bottleneck.

20 / RY7
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Estimate of helium production
Age of the universe at the time of neutron decoupling:

1 Np _A 1
= ——=~1s, L= e Am/Th s 2
2V G, T? np

Age of the universe at the time of commencement of nucleosynthesis

th

o1

1
tNgs = ———— ~ 269 s,
NS T VG, T2 >

Lifetime of free neutrons is 7, ~ 886 s, whence

ﬁ %l.e_tNS/T"%l
M I Txs 5 7
Mass fraction of helium:
M. 2
Yige = —% = ~0.25
My m| 4
P 1TNs

Baryogenesis
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BBN and observations

1 \\Illl T T I\fllll T T llllIII T T
e
Y(*He np _
e n="2x6x10710
Ny
107 ;
: Where does this number come from? '
10* e
iy
10° - ; The smallness of this number is

- the reason why the universe is
qualified as “hot”

2¢(3
n,(to) = 7<r(2 )T3%410cm_3

This determines the mean
number density of baryons today:

S&a
(RALL BLEALL AU AR L B B SRR VR BRI BRRLL B

np(t) = 2.7 x 10~ cm 3

1{]'12 ol Lol L1 11

o
=

-8
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Thermodynamic history of the universe

T ~ 200 GeV: symmetric electroweak phase, g = 106.75

T ~ 120 GeV: electroweak symmetry breaking (cross-over),
annihilation of tf quarks, g = 96.25

T < 80 GeV: annihilation of W+, 70 H° g =86.25
T < 4 GeV: bb annihilation, g = 75.75
T <1 GeV: 7777 annihilation, g = 72.25

T ~ 150 MeV: epoch of QCD; quarks and gluons are confined,
forming baryons and mesons. Light hadrons (pions), leptons and
photons give g = 17.25

T < 100 MeV: annihilation of pions 7%, 7° and muons p*.
Remaining particles e®, v and v give g. = 10.75

T ~ 1 MeV: decoupling of neutrinos
T < 500 keV: annihilation of ete™, g = 3.36

27 / Q7
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Inflation
Problem of initial conditions
and problem of singularity

Inflation solves the Horizon Problem

o

z= 1100
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Radius of observable Universe (cm)—

Inflation Energy Matter

Cosmological inflation
beyond the physical horizon !

— (Approx. 1012 ly)
— (Approx. 100 ly)

s Inflation

r 1 sec

| ] | A

Now
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4

Tere 107 1e-2 et 1972 1@t
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]015

Baryogenesis
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Brief history

e Gliner (1965) — vacuum-like state before the hot phase

e Bugrij & Trushevsky (1975) — first-order phase transition with
supercooling in nuclear matter

e Starobinsky (1979) — gravity with R? correction

e Guth (1981) — GUT with first-order phase transition and
supercooling (proposed the term “inflation”)

e Linde (1982, 1983) — field theory with generic initial conditions
(“chaotic inflation™)

Kavli prize in astrophysics

Alan Andrei D. Linde Alexet A. Starobinsky
Massachusetts Institute of Stanford Universily, US Landau eoretical
Technology. US Physics demy of

Sciences, Russia

26 / Q7
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The simplest model of inflation
¢+3Ho + V'(¢) =0

Vig) =1

Regime of “slow
rolling”
'SPACE-TIME FOAM

‘Wﬂ«sza

; V'(¢)
o~ "3y
= v ()
|H| < H?
quasi-exponential
-
SCALAR FIELD

expansion

DR
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Inflationary origin of primordial perturbations

£\
APAAUALANN- AP TAAL

The inflaton field and the metric are perturbed by quantum uncertainties:

ds? = a(n) [(1 +20)dn? — (1 - 2W)dx® + h,-,-dx"dxf}

®, U — scalar type, accompanied by energy density perturbations
d=dp/p,v=Vv

® = V¥ in the model with single inflaton

hijj — tensor type (gravitational waves), transverse traceless field

29 / Q7
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Inflationary origin of primordial perturbations
Mukhanov & Chibisov (1981)

length
How do quantum

uncertainties
become classical ?

LH=C/H"’32

time (scale factor)

inflation hot universe

20/ Q7
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Power spectra of primordial perturbations

Scalar field (inflaton) with potential V/(¢)

oik(x—y) K hHY  1287hG3[V(¢)]?
Po(k)ekx=Y) = 2
/ ol ame PO =k 3[V/(¢i))?

i oik(x— d*k 16 128
(hi(x)h7(y)) :/Ph( W —5 Pk = —hGH} = —2hG?V(64)

Conventional parameterization:

k ns(k)—1 k nr(k)

_ Pu(k) _i{v'(m)r N
r(k)_%(k)*wc Ve | =~ %2 . .
ns(k)—1 ~ —004 | " SmPiestmocels
nr(k) ~ -0.03

A0/ Q7
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Main predictions of inflationary scenario

1. Flatness (or Euclidean property) of space
(€2 =1 with high precision)
Kk  8rG |5

H=—=+—7>p, |Q%= <107°
a2+ 3 €24 aH2 ™~

2. Adiabatic initial density perturbations with almost
scale-invariant spectrum and Gaussian statistics
[ Mukhanov & Chibisov (1981), ...]

k ns(k)—1
Po(k) = As (k_> ,  ns(k) ~0.96
3. Relic gravitational waves
[ Grishchuk (1975), Starobinsky (1979), ...]

k

nt (k)
Ph(k) = AT <k—> s nT(k) ~ —0.03

AT / Q7



Basics Physics Inflation Energy Matter Baryogenesis

Heating the universe after inflation

Model interaction:

Phase trajectory of —
e Lint = —f ot — nipx?

the scalar field (t)

V(o) Rate of inflaton decay into other particles
(Born approximation):

f2 772
My >~ —w, My ~——
Y A X7 4rw
Nk resonance band

- =

For strong coupling, the leading effect is parametric resonance
[J. Traschen & R.Brandenberger (1990), Yu.S., J. Traschen &

R. Brandenberger (1994), L. Kofman, A.Linde & A. Starobinsky (1994)].

For weak coupling, Born approximation works because of universe
expansion [|. Rudenok, Yu.S., S. Vilchinskii (2014)]

AT/ Q7
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CMB temperature anisotropy and polarization

Temperature anisotropy: AT (n)

Polarization is caused by quadrupole
anisotropy of the incident flow of last
scattered photons

CMB polarization tensor

o _EE) 1 _1(Q U
re=igdi e (0 o)

E and B polarization modes: E(n) = VavhP,p, B(n) = VaVeP,bey,

AT/ Q7
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Correlation functions and spectra (;
Integer ¢ corresponds to angular scale 6 ~ /¢

(AT(m)AT(m)) = 5= S (20 +1)C/ TPy (cos)
l

(AT(m)E(m)) = %Z(%—I—I)CJEPg(COSH)
4

(E(m)E(m)) = %Z(%—l—l)CEEEPg(cosH)
4

(B(m)B(na)) = %Z(%—I—l)CEBBPg(cosH)
4

Baryogenesis

AAd | Q7
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CMB on the way to Earth

Baryogenesis

The last-scattering surface is
‘thick’

Zree == 1100

AZrec ~ 300
Tree 2 3000K To=2725K

CMB is additionally lensed by the LSSI
(Zunyaev—Zeldovich effect)

Its spectrum is also distorted by rescattering on hot gas in clusters
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Contribution of scalar and tensor modes to CMB
temperature anisotropy and polarization

104;\\\

1000

Wt+1)c,/2n] / uk?

Scalar mode

Tensor mode

100 L

10 £

T T T LSRR B R A "I
T £
TE ]
TE :

B 3

B (lensing)
10 100 1000 10 100 1000
[ 4
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Temperature anisotropy

Planck TT power spectrum

7000 T : r . . : k ns(k)—1
“Z 6000 - : Planck TT spectrum 1 Pd)(k) — AS <k_)
3 ! *
— 5000 | : B
o !
QQ 4000 - ! B!
O t
/:\ 3000 F 1 Planck (2015)
< 2000 4 E
I, ns = 0.9655 £ 0.0062
) 1000 ] =1
I : TR ' a0 In 2013 it was first
R e established that ns < 1,
§ 20 S —100 as predicted by a simple
gl , . . . 00 class of inflationary
2 5 10 20 500 1000 1500 2000 2500

theories
Multipole ¢

Position of the peaks depends on the cosmological parameters, including
the spatial curvature (2,;) and amount of dark matter (Q2.) — gives
the most accurate estimate for these parameters

A7/ QRT7
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CMB polarisaton and primordial gravitational waves

A joint analysis of BICEP2/KEK and Planck (2015) gives an upper limit

Inflationary models are ‘filtered’

V(¢)

Best-fit models based on ‘plateau’
potential:

e Starobinsky model (1979)

Loray <X R+ aR?

e Higgs inflation (Bezrukov &

Sh hnikov, 2007 i
aposhnikov ) These models predict r ~ 0.003

Lorav o< (M3 +¢R) R

AT/ Q7
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Planck constraints on inflationary models (2015)

0.25

A Planck 2013
B Planck TT-+lowP
\ W Planck TT,TE,EE+lowP
B Natural inflation
\ Hilltop quartic model
\ « attractors
- "Ceve \ 4 | = - Power-law inflation
—  Low scale SB SUSY
\ —  RZinflation
\ Voo?
A — Vug?
\ — V¢’
Vox o
\ — Vx¢??
N N,=50
\ @ N.=60

Tensor-to-scalar ratio (79.002)

-
L]

=3
=
S

0.94 0.96 0.98 1.00
Primordial tilt (ng)

A0/ Q7
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Eternal inflation

Multiverse

Inflationary space-time is
geodesically incomplete in the
past

Borde, Guth, Vilenkin (2001)

TIME

Did it have a beginning?

u]
|
1
u
!
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Dark energy

e About 7 billion years ago, the universe proceeded to accelerated

expansion:
a 4G

A
__7- 3 =
p 3 (p+ p)+3

It is inflation, but on a much lower energy scale
In frames of homogeneous cosmology based on GR, one needs either

dark energy — a form of energy with p 4+ 3p < 0, or the cosmological
constant A

Alternative explanation: effect of inhomogeneities of the universe on
relatively small scales (clusters of galaxies)
Buchert, Ellis, Wiltshire, ... Criticized by Green & Wald

RY / Q7
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Main evidence for dark energy
2011 Nobel Prize in physics

Luminosity distance d; to
supernovae type la

L
- 47TdE

dL(z)=(1+z)/Oz%

H?(z) = Hg [Qm(1 + 2)® + Qa]

m-M (mag)

A(m-M) (mag)

44

42|

40|

38

36

34

T T T

oA
28
4
® High-Z SN Search Team [F- o
®Supermova Cosmoiogy Pruia;/_xif 1
T
-
- ]
o
};.»‘" — 0,203,0,:07
- ie"
s — 0,203,000 7]
2
&7 - 0,710,000 ]
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0.8}

Qp

06

0.4}

021

Physics Inflation

Energy Matter Baryogenesis

Combined constraints

Supernova Cosmology Project
Amanullah. et al., Ap.J. (2010)

o8,

No Big
iBang
Union2 SN la
Compilation
5
BAO k.
A
%
0 0.2 0.4 0.6 0.8

Qur

Dark energy:

Hampers the development of
large-scale structure

Affects the dynamics of galaxy
clusters

Affects the picture of CMB
anisotropy and distribution of
galaxies

A/ Q7
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Theoretical issues

e Scales (in units i = ¢ = 1):

A

~ 817G

A=~ (28 Gpc)™2  pa ~ (25 x1073eV)"

Comparable to the neutrino mass squared difference

Am2,; = (8 x 1073eV)?

sol —

e Coincidence:
pA ~ pm today

Perhaps, dark energy is a dynamical substance (described,
e.g., by a scalar field) — it is evolving

RV
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Matter

Problem of structure formation

For baryonic component,
Spb/pp~OT/T ~107°
at z..c ~ 1100
Law of perturbation growth:
Sp/poxac (14+2)7t
Today we would have
Spb/pp ~ 1072 — surely

insufficient for formation of
observable structure

Way out: dark matter with
0p/p > dpp/pp at Zec =~ 1100
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Classification of dark matter

“Cold” “Warm” “Hot”

R / Q7
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Evidence of dark matter

Galactic rotation curves

observed V2 N G/\/I(r)
r r2
expected
from
- __ luminous disk v = GM(r)
T r

Total mass in a
R (kpe) galaxy is 6—7 times
its “visible” mass

10

M33 rotation curve
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Gravitational lens




Matter

Galaxy cluster as a gravitational lens

Q7
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Dark-matter halo in a galaxy cluster

by observation of hot intergalactic gas
and gravitational lensing

Total mass of a
cluster exceeds by
order of magnitude
its “visible” mass
(in gas and stars)

AD / Q7
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Bullet cluster

at a distance of 3.8 million light years

AT/ QT
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Active neutrino cannot compose (all of) dark matter

e For each neutrino specie, T, ~ 1.95 K and n,, ~ 56 cm~3. Thus,
>, my, ~ 11 eV is required, which contradicts experiments on
[B-decay, which give m,, < 2 eV and neutrino oscillations

VAm?, =5x10"2eV, \/Am2, =8 x 107 3eV

e Phase density is limited for neutrinos being fermions =- for
galaxies and clusters, mpy; 2 20 eV and 0.4 keV, respectively

e “Free-streaming”: for m, ~ 3 eV, the current velocities
v, =~ 3500 km/s = most of the observed gravitationally bound
objects would not be able to form

Standard Model requires extension'

AAd / Q7



Matter

Possible nature of dark matter

Dark objects made of usual matter, such as planets, comets or
faded stars, can comprise only an insignificant part of
undetected matter, which, in particular, follows from theory
and observations of CMB and BBN.

Primordial black holes (difficult to form)

Weakly or superweakly interacting particles that are yet to be
discovered (sterile neutrinos, superpartners, ...)

Scalar fields (remnants of the inflaton, axions, ...)

Perhaps, the laws of gravity are modified on large scales? This
is not excluded in principle, but a satisfactory theory of this
sort is still missing.
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Right-handed (sterile) neutrino

as a natural extension of SM

——  —v— @ Potentially describes:

Left Left Left
Right Right Right e Neutrino masses and oscillations
Left Left Left L.
e Origin of baryon asymmetry
Right Right Right
Left Left Left vMSM model:
_ : , (Asaka & Shaposhnikov, 2005)
Right Right Right
Left Left Left e Dark matter
Right Right Right

_ M. _ _
L=Lsm+) (Nniv“aﬂNn - Ny N,,) > fanLaNnp© +hec.
n an
Or «Fr «=» «E» E DAL
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Detection of dark matter

e By signals of decay, e.g.,
N—-v+y

The photon in the rest frame of N has definite energy
(approximately equal to myc? /2, which can be manifest as a
radiation line from dark-matter halos

e By signals of annihilation — see the talk by Torsten
Bringmann

e By direct detection in underground laboratories

A7 / RT7
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Unidentified emission line at E ~ 3.5 keV

A. Boyarsky, O. Ruchayskiy, D. lakubovskyi, J. Franse,
Phys. Rev. Lett. 113, 251301 (2014)

0.36 T T T T T T T

z 0% Wolime a aer ] .
R Can be the line of
zs . .
3o sterile neutrino of
% 0.28 |-
RN mass ~ 7 keV
? 0.24 |-
2 0.2 | ) | ) | ) | L Status of the line

110°° = =

ey } ™ line ot 38 kev e currently debated
g o0t % % } % — (chemical origin,
E 410°° |~ T .
oo } i % o % % i mstrumer\tal
£ one® -------doofomzo-to- Rt Ty SRS %% - systematics etc)

-200°3 - ; ol -

e P TR G B R B

3.0 3.2 3.4 3.6 3.8 4.0

Energy [keV]

E. Bulbul et al, Astrophysical Journal 789, 13 (2014)
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Matter

Problem on galactic scales

“Missing satellite” problem: they are abundant in computer simulations,
and are scarcely visible in the neighborhoods of big galaxies (such as
Milky Way or Andromeda)

M=3x10%M, M=3x102M,
Kravtsov, Advances in Astronomy 2010, 281913 (2010)

Possible solutions: warm dark matter or peculiarities of galaxy formation

70 / K



Matter
Regularities on galactic scales

Tully—Fisher relation

My (Me)

10%10%10710%10%0%90101?

M, (Mg)
10%10%10710%10% 0% 0t 101?

10! 10° 10! 10°
v (km s7Y) v (km s7Y)

My, = Av#, A = 50 Mg km* /s*

What is the reason of this dependence with power 4 7?
What determines the constant A 7



Matter

MOND

MOdified Newtonian Dynamics (Milgrom, 1983):

. (&8 _ ¢z
(=) =F
mgy (£)

For instance, pu(x) = x/v1+ x?
The theory describes:

e Galactic rotation curves (asymptotically “flat”)
e Tully=Fisher relation:

2\?  GmM
2(5) = = v = aom
ao r r

a0~ 1.2 x 1078 cm/s? ~ cHp/2m

Is this a coincidence?'

77 / Q
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Galactic rotation curves in MOND

The acceleration parameter ag is universal ! I

100 150 200

v(km/s)
v(km/s)

50

[}

0 5 10 15 20 25

However, to account for dark matter in clusters, twice as large
value of ag is required

77 / Q7
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Open issues in the theory of dark matter

e The nature of dark-matter particles and their detection:

e Scattering off usual particles in laboratory
e Observation of decay and/or annihilation

e Discovery of a suitable particle at a collider

e Why does MOND fit observations so well? What determines
the scale of the fitting parameter ag = 1.2 x 1078 cm/s??

74 / Q7
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Baryogenesis

Origin of baryon asymmetry
beyond the physical horizon !

e Visible part of universe contains scarce amount of antimatter

e Should one explain this asymmetry?

Yes, if one assumes inflation

np — Nz
n=-—2""b~6x10"10
Ny

e The Sakharov conditions of
successful baryogenesis:

1. B not conserved
2. C and CP broken

3. Processes 1 and 2 are not in
thermodynamic equilibrium

E L { AN
-150 -100 -50 0 50 100 150

He

0 events

SignxRigidity GV

Mie _11.10%a 95%C' L

NHe
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Baryogenesis

Standard Model (SM)
of particle physics
e Quantum anomalies break B and L, preserving B — L:

. . 3g? =
g = Ol = 77 [tr(]:l ]:l“’)

167T2 FIL” FHV)

Su(2), ( U(l)y]

e These processes are effective at T € (102,10'?) GeV resulting in
the equilibrium condition

2
B+ S—TL =0 (in the Standard Model)

Together with the condition B — L = 0, this implies B=L =10

In SM, breaking of thermal equilibrium and non-conservation of B are
insufficiently strong for successful baryogenesis

SM requires extension I

77 / Q7
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Baryogenesis in Great Unification theories

q p— et
P 2
q -1 %gutr .5
70 o~ MA mp
GUT
q q

These processes should violate B and B — L
(otherwise electroweak anomalies will destroy B)

The bound on the proton lifetime 7, 2 10%2 yr gives
Mcur = 10 GeV

New physics implied at E ~ Mgy

Is it possible to generate B at lower energies? Yes!

79/ Q7
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Leptogenesis

_ M, — _
L=Lem+) <Nni~y“aMNn - T"N,,CN,,> — Y fanLaNyp© +hec.

an

First, lepton asymmetry L is generated due to CP-breaking interactions:

T(N—lp) #T (N —1p)

After that

B—L=—L b 28
B+bL—0} ~ B= L b=2""(in SM)

70 / Q7



Baryogenesis

Summary
The ACDM model + inflation is a fairly successful model of the universe

Principal questions:

e Dark matter

Many candidates
How to explain correlation of DM and baryonic matter in

galaxies (described by MOND)?

e Dark energy

What determines its value?
Does it evolve?

e |nitial conditions

Baryon asymmetry?

Inflation?
Beginning of the universe?

QN / Q7
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Entropy conservation

For adiabatic evolution: Temperature of relic neutrinos
sa3 = const v, ei -
For a clo3se.d rela.tlwstlc system, Gn =24 - x4, goui=2
s x gs T°, implying
11 a3 a3
gs(T) T3a> = const D==ShT1, =327
4 aout aout
If g5 changes from g, to gout, then 4 \1/3
T, = (ﬁ) T,=19K

3
T3 _ 8inin T3
out — 3 in
8out9out
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Cosmography

requires standard candles and rods

e Luminosity distance d;(z)

= KLdf’ di(z) = (1 + z)agrosin[h] < olro /Oz HCZ’/))

e Angular-diameter distance da(z)

_ D _ di(2) v
79—dA, dA(Z)_(1+Z)2
Can have maximum at some z! '

e Source counts [n(z) is the source number density]

AN(z) = %AQAZ

QT / Q7
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Example: Einstein—De Sitter model
Spatially flat universe filled with matter

H(2) = 20 p(e) = (14 2)°

(1+2) /Z dx 2 ( 1 )
d = = — 1 e
=" G2 m\ T s

Cd(z) 2 (1 1
dA(Z)_(1+z)2_Fo<1+z_(1+z)3/2)

da(z) has maximum at z = 5/4

Beyond this redshift, the farther is the object, the /arger it looks on the sky

Exercise: Perform the same analysis for a more realistic ACDM model
(to be described below)

QA / Q7
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Gravidynamics of nonrelativistic fluid

dp
o Continuity equation Er + Ve(pu) =0
e Euler equation % + (uV,)u + Viep +V,0=0
e Poisson equation V2¢ = 4rGp
e Equation of state p=p(p,S)

(S is entropy per baryon)

Adiabaticity condition: S = const

QAr / Q7



Basics

Physics Inflation Energy Matter Baryogenesis

Homogeneous isotropic solution
and its perturbation

p=o(t), u=H(t)r
Continuity equation:

04+3Ho=0 = pxa’

Euler and Poisson equations — Friedmann equation:

a 3

Introduce small perturbations dp, du

For a dimensionless quantity § = dp/p, one obtains the linear equation
(in comoving coordinates x : r = ax)

. . 2
5+ 2HS — V25 — 47Gos =0, 2= 9p
a ap

QF / Q7
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Gravitational instability
In Fourier representation:
. . k2
Ok + 2H0y + (c§—2 - 47rcg> 5k=0
a
Perturbations with wavelengths smaller than the Jeans length,
2ma wc2
A< A= —= s,
7Tk | Go

oscillate, while those with A > A, grow according to the law

dxa

Large-scale structure in the universe forms from the initial perturbations
0 < 1 as they grow to become § ~ 1 and then < 1

Initial power spectrum P(k) = (|6x|?) is part of the standard cosmology

Q7 / Q7
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