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Standard Model: Success and Problems

Gauge fields (interactions): v, W+, Z, g
Three generations of matter: L= (¢! ), er; Q = (Zt) dp, Ug

@ Describes
» all experiments dealing with electroweak and strong interactions
@ Does not describe (PHENO) (THEORY)
» Neutrino oscillations » Dark energy (Qn)
» Dark matter (Qpuy) » Strong CP-problem
» Baryon asymmetry (Qp) » Gauge hierarchy
» Inflationary stage » Quantum gravity

Cosmology asks for new physics and limits neutrino mass
severely constrains many BSM relaxation..?
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0 General facts and key observables
e Expanding Universe: mostly useful formulas

e Summary of the Big Bang Theory
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Outline

“Natural” units in cosmology

1 Mpc = 3.1 x 10** cm
1AU=1.5x10" cm mean Earth-to-Sun distance
1ly=0.95%x10'® cm distance light travels in one year
1yr=3.16x10"s
1pc=3.3ly=3.1x10"® cm distance to object which has
a parallax angle of one arcsec

................ Distant stars

100 AU — Solar system size =%

=

Near star apparent
X motion

1.3 pc — nearest-to-Sun stars p | P
[ Colceede

1 kpc — size of dwarf galaxies | -

i 50 kpc — distance to dwarves //T I
{ 0.8 Mpc — distance to Andromeda ||}

1-3 Mpc — size of clusters IN-

15 Mpc — distance to Virgo %7

A

................. Earth's motion around Sun
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General facts and key observables

Outline

0 General facts and key observables
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General facts and key observables

Universe is expanding
Doppler redshift of light L a(t)

A 57 nea

&7 Ht)= 20

a(t)

% J
&

@ Hubble

£ @ parameter

BN
x Hubble

f Law
< \

H(t)r=v;
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General facts and key observables

Expansion: redshift z Aabs./Aem. =1+ 2

z < 1 Hubble law : z= Hyr J 20841, 1,203
I i

FEr! P !

km
Hy=h-100 —— h=0.
b OOs-Mpc’ 0.68
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General facts and key observables

Expansion: redshift z Aabs./Aem. =1+ 2

z<1 Hubble law : z = Hor J z;2,0841, Iwzz‘a,a

LA

km
Hy=h-100 ——, h=~0.
b OOs-MpC' 0.68

Hubble Diagram for Cepheids (flow—corrected)

standard candles

o
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General facts and key observables

Universe is homogeneous and isotropic

redshift

_ A
Z= detector
source

1 2" 23" RA

South cz (1000 km/s)

12434 galaxies
10 < 150 Mpc Vi=cCcz
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General facts and key observables

The Universe: age & geometry & energy density
[Hol=L"=t"

time scale: ty, = HO‘1 ~14x10°% yr age of our UniverseJ

spatial scale: Iy, = Ho‘1 ~ 4.3 x 108 Mpc size of the visible Universe

ty, is in agreement with various observations

homogeneity and isotropy in 3d.

flat, spherical or hyperbolic J

Observations: “very” flat Reurv > 10 x Iy,

order-of-magnitude estimate: GMy/ly ~ GPO/,SO /Iy ~ 1

flat Universe J
pe= %HSMEI ~ 0.53 x 10*52%\3/ — 5 protons in each 1m®
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General facts and key observables

Universe is occupied by “thermal” photons

To=2.726 K
Wavelength (cm) the spectrum
10717, 10 L9 Lt B (shape and
i ] normalization!)
10718 4 is thermal
o E 3
N [ b
E 107191 t
I E 3 —
5 i —— 2726 K blackbody } ] ny=411cm=3
o 3 E
1 F 4
é 107200 + FIRAS  COBE satellite 3
Z E * DMR COBE satellite E
> t x UBC sounding rocket 4
107211 ¢ LBL-Italy White Mt. & South Pole
E 0 Princeton ground & balloon
U 4 Cyanogen optical ]
10722 Il Il Il
1 10 100 1000
Frequency (GHz)
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General facts and key observables

Conclusions from observations

The Universe is homogeneous, isotropic, flat,

Conclusions

hot, and expanding...

@ interval between events gets modified

AS? = AP — 22 (1) AX?

in GR expansion is described by the Friedmann equation

a 2

P energy
(5) =H (t) G densny
energy

pdensny Pradiation + Pmatter + - -

@ in the past the matter density was higher, our Universe was
“hotter” filled with electromagnetic plasma

Pmatter > 1/33(07 Pradiation > 1/a4(t); Pcurvature > 1/32(2‘)

certainly known up to T~ 1MeV ~ 100K
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General facts and key observables

Determination of a(t) reveals the composition of the
present Universe

AS? =P AL - & (1) AX? — ds? = gy axHdx”

Light propagation changes. ..
How do we check it?

by measuring distance L to an object!
@ Measuring angular size 6 of an object of known size d

— single-type galaxies
~45 kM
; C s

0=—
L I y
@ Measuring angular size 6(t) corresponding to physical size d(t) with known evolution

— BAO in galaxy distribution
— lensing of CMB anisotropy

o(1) = (t)

— “standard candles”
F

J= 42

In the expanding Universe all these laws get modified
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General facts and key observables

Results of distance measurements

6 (mas)

50 100 150

Comoving Separation (h- Mpe)
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2.0

General facts and key observables

Astrophysical and cosmological data are in agreement

Dmitry Gorbunov (INR)

() -ro-

energy
P density

Pradiation 1/34(t) o<

3H2

871G = Pgensity

radiation:

Baryons (H, He):

Neutrino:

5 Ge
() = pc = 0.53x 10 50?

3 energy
Y G density

rdinary dark
= Pradiation +pmaner +Pmatter TPA

Pmatter o< 1 /as(t)

pp = const

\"
3

Qy==05x10"*
QB:PB—oos
QV:%<0.01

W

Dark matter:
Dark energy:

QDM—PDM =027
Q/\*p"*068
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General facts and key observables

Dark Matter Properties

— dust-like pressureless component, p =0
— clumping substance, gets confined in structures

If particles (or compact macroscopic objects):
@ stable on cosmological time-scale

@ celectrically neutral

© decoupled from visible matter

© nonrelativistic long before RD/MD-transition, VRD/MD S 103
free streaming prevents formation of small-scale structures
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General facts and key observables

Key observable: matter perturbations

@ cwMBis isotropic, but “up to corrections, of course...”

o Earth movement with respect to CMB

ATdipole 3
—dipole 1o

e More complex anisotropy!

AT —4 -5
AT 10410

@ There were matter inhomogenities Ap/p~AT/T at
the stage of recombination (e+p — y+ H*)

@ Jeans instability in the system of gravitating particles at
rest = Ap/p /* = galaxies (CDM halos)

0 1

Wavelength A [ Mpc]
1000 100
10 T ™ T T

1000

100

Gurrent power spectrum (i) [(n ! ¥pe)]

) g
4Lyman Alpha Forest

1 L L
0.001

001 o1
Wavenumber k [h/Mpe]

|
Y 200 T(K) 4200
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General facts and key observables

Dark Energy: nonclumping substence

2.0

@ estimates of Matter contribution confined
in galaxies and clusters
pc —pw # 0 but the Universe is flat, so
Peurv =0

@ corrections to the Hubble law : red shift —
brightness curves for standard candles
(SN la)

@ The age of the Universe

@ CMB anisotropy, large scale structures
(galaxy clusters formation), etc

pr = 0.68p¢ )

pr~ 105 GeV/ecm® ~ (10115 GeV)* J
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General facts and key observables

Dark Energy: all evidences are from cosmology

Working hypothesis is cosmological constant A =~ (2.5 x 1073 eV)4 :
p=w(t)p,w=const=—-1,p=A

Sp=—A / d*x /—detgyy

both parts contribute

1 .
Sgrav = 167G / d4x\/ —detguv R,

' 1
Smatter = / d*x \/—detguy (é leaﬂpapq) - V(¢)>

natural values

2 19 4 4 4
Agray ~1/G w<1o GeV) . Amatter ~ V (9vac) ~ (100GeV)*, (100MeV)* ...

Why A is small? Why A~p ? Why pg ~ ppu ~ pa today?
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General facts and key observables

a
pggﬁs% Pradiation +pr(rjll;i(jt‘tr(]e?ry +prdnaa?t(er +PA
pradiation &< 1/34(t) o< T4(t) ) pmatter &< 1/33(t)
pa = const

o\ 2
a 87r ener
(5) =+ 0= eri

Why do we think it is most probably new particle physics
(new gravity if any is not enough) ?

DM at various spatial scales, BAU requires baryon number violation
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General facts and key observables

Friedmann equation for the present Universe

N 2
a 8r
H2 = <a> 7G(pM ‘|‘prad+p/\ +pcurv)
8r % 3
- - _ E*Hz
3 Gpcurv aza Po 87TG 0
GeV
Pc = Puo+Prado+Pro = pPc=0.53-10"° P
Px,0
Qy =2
X e
) B G [ (22)° 20 (2) 0
2 — 3 Pc M 3 rad a A
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General facts and key observables

27K TODAY 14 by
accelerated expansion
44K matter domination 7.7 by
0.26eV recombination 370ty e+p—H+y
086V ma.tt.er domm.at/o.n 50ty
radiation domination
OkV NFF T AT R T RAAT LA AL T [ Omin 3t + *He - TLi+y
\ primordial nucleosynthesis / 2H1+2H s n+3He
PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD transition 10 us confinement«: free quarks
<
100 GeV Electroweak phase transition 0.1 ns\\

baryogenesis = [T~ -=
N

hot Universe
b b B0 bR R R

, dark matter production
reheating ~ -7

inflation ——7
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Expanding Universe: mostly useful formulas

Outline

@ Expanding Universe: mostly useful formulas
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Expanding Universe: mostly useful formulas

FLRW metric Juv

ds? = guydx*dx” = df? — & (t)dP* = dt* — & (t)y;ax'dx’ ,

Special frame: different parts look similar

Also this is comoving frame: world lines of particles at rest are
geodesics,
dut

= M uut =0

¥j = j J
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Expanding Universe: mostly useful formulas

Photons in the expanding Universe

/d4x\/ guv FusFvp

dt = adn conformally flat metric

ds? = d* — 2 (t)§adx'dx) — ds® = &2(n)[dn? — §;dx’dx’]

S=-3 [Py AL = effen=ix -k~ K

Ax=2n/k, An=2n/k

A(t) = a(t)Ax = 27:355)  T—a(t)an = 2nag(t)
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Expanding Universe: mostly useful formulas

Redshift and the Hubble law Ay = ),,-% = Ai(1+z(t))
P(t) =55+ (=305
for not very distant objects 1pc~3ly
a(t) =ao—a(to)(to—t;) — a(t)=ao[1 —Ho(to —t)] J

Z(t)=Ho(to—ti) = Hor, z<1
km

Hy=nh-1
0 00s-Mpc’

h~0.68

k

similar reddening for other relativistic particles (small H, H, etc.)
P=2am is true for massive particles as well
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Expanding Universe: mostly useful formulas

Einstein equations

Tuv: macroscopic description S [ d4xy=gTuvdg"v
Tuv = (Pp+p)uuly — Guvp ideal liquid with p(t) and p(t)
in the comoving frame u® =1, u=0 (almost) always works

T = diag(p. —p)

ds? = dt? — &(t)ydx'ax,  flat y;=;

1 1
SEH:—%/d“x =GR : Ruv—50uR=81GT,,

N 2
a 8w »
(00): <a> ~30 -2
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Expanding Universe: mostly useful formulas

Expansion: an Adiabatic Process

. .a
VuTH=0 — p+3-(p+p)=0

the equation of state
p=p(p)

many-component liquid, other equations
in case of thermal equilibrium

dp
—3d(Ina) = =d(Ins
(ina)= =5 =d(ns)

entropy of cosmic primordial plasma is conserved in a comoving frame

sa® = const
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Expanding Universe: mostly useful formulas

Examples of cosmological solutions

o\ 2
a 871
dust: p=0 singular at t =t
_ const 3 Y _ const m
=5 a(t)y=-const-(t—1t;)=°, p(t)= (—1)2
3 ,p 1 1

a 2
=0, H)=2(=3;. P=ga 671G 12

the Universe is too young
2

10 _
3Ho =09x10"yr (h=0.7)

fo=
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Expanding Universe: mostly useful formulas

Cosmological (particle) horizon /y(t)

distance covered by photons emitted at t =0

the size of causally-connected region — the size of the visible part of

the Universe

in conformal coordinates: ds? =0 — |dx| = dn
coordinate size of the horizon equals n(t) = [ dn

(0 = atin()=a(0) [
dust

_ _ 2 _ 28 _
/H(t)_sz‘_H(t), Iho=2.6x10%cm (h=0.7)
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Expanding Universe: mostly useful formulas

Examples of cosmological solutions

radiation: p=1%p singular at t = ts
const 1/2 const
p= 7 a(t):const-(t—ts) / ) p(t): (t*ts)z N
a 1 3 3 1
— H(H = Z(t) = — — Y H2_ —
=0, HD=300=% P=gz6" ~3zrGP
tdt 1
In case of thermal equilibrium T =const/a
2 2
_ T T _ 7 T
2

T
30
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Expanding Universe: mostly useful formulas

Examples of cosmological solutions

vacuum: Tuv = pvacuy p=-

Se=—1s" G/erx SA——/\/«ﬁd”'

8r
a=const-efs! | Hg =4/ ?Gpvac

de Sitter space: space-time of constant curvature
ds? = dt? — e?Has! gx? J
a>o, no initial singularity
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Expanding Universe: mostly useful formulas

ds? = dt? — @2Hast gx2

no cosmological horizon: ky(t) = eMest [!_ dt'e Hast’ = oo
de Sitter (events) horizon (x =0, {):
from which distance /(t) one can detect light emitted at t? J

in conformal coordinates: ds? =0 — |dx| = dn
coordinate size: n(t — o) —n(t) = [ ;Zii
physical size: Iys = a(t) [ a‘(’g) o

observer will never be informed what happens at distances larger than
los = H,d Our future? with Hyg = 0.8 x HOJ
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Expanding Universe: mostly useful formulas

Microscopic processes in the expanding Universe

A competition between scattering, decays, etc and expansion

for general processes one should solve kinetic equations

an X
at

+3Hny, = Z(production — destruction)

Boltzmann equation in a comoving volume: & (na®) =a° [ ...

production:

G(A+ B— X+ C)nAnB, F(D — E+X)nD : MD/ED, etc
desrtuction:

G(A—|—X — C+ B)nAnX, I'(X — F+ G)nx . Mx/Ex, etc

Fast direct and inverse processes, ' = H, are in equilibrium,
Y()=0 and thermalize particles
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Expanding Universe: mostly useful formulas

BBN: Main nuclear reactions

@ p(n,y)D — deuterium production, BBN starts.
@ D(p,7)3He, D(D,n)3He, D(D,p)T, 3He(n, p)T — intermediate stage.
© T(D,n)*He, 3He(D,p)*He — production of “He.

Q T(w,7y)'Li, He(a,y)"Be, "Be(n, p)’Li — production of the heaviest
baryonic relics.

@ ’Li(p, ®)*He — "Li burning.

One has to compare reaction rates to the expansion rate
H(Tns=80keV) =4x 1073 s
to obtain nonequilibrium concentrations

Dmitry Gorbunov (INR) Basics of Cosmology DIAS Summer 2016 35/40



Expanding Universe: mostly useful formulas

Baryon density Q,h?
0.005 0.01 02 0.03
027 ¢ — . N
026 E “He % E
E % E|
025 E ”‘475
Y s
Poas E Z E
023 & =
10-3E
104
105
1079 -
5
LiMHlp
2 L
ol > % :
1 2 3 4 5 6 7 8910
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Baryon-to-photon ratio 1 x 1010

Basics of Cosmology

Primordial Element Abundance
Observations:

@ Lack of Lithium. ..
Exotics needed?

@ Measurement of ng = ng/ny

at T ~1MeV consistent
with present and recombination
values

—no “decaying relics”
measurement of the Universe
expansion rate

HZ ~ Prelativistic
in particular:
— neutrino number N, ~ 3
—no “dark radiation”

Baryon asymmetry must be produced
before BBN !!

DIAS Summer 2016 36/40



Expanding Universe: mostly useful formulas

Baryogenesis

Sakharov conditions of successful baryogenesis

@ B-violation (AB#0) XY--- = X'Y'...B
@ C- & CP-violation (AC#0,ACP#0)XY--- > X'V ...B
@ processes above are out of equilibrium XY ..B=XY...

At 100 GeV< T <102 GeV nonperturbative processes (EW-sphalerons) violate B, Ly, so that
only three charges are conserved out of four, e.g.

B—L, Le—Ly, Le—L,
and B=ax(B-L),L=(a—1)x(B-L)

Leptogenesis: Baryogenesis from lepton asymmetry of the Universe . ..

Why Qg ~ Qpy ? antropic principle?
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Summary of the Big Bang Theory

Outline

e Summary of the Big Bang Theory
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Summary of the Big Bang Theory

Big Bang within GR and SM: facts and numbers

Universe is homogeneous, isotropic, flat and expanding
present Universe age is 14 by, visible size is 4.5 Gpc
present Universe density is like 5 protons/m?®

Baryons (5%), Dark Matter (27%), Dark Energy (68%)
Universe was hot at least from T ~ 1 MeV

Expansion is an adiabatic process

Homogeneous 3-d Universe has no “center”

Big Bang was global rather than local phenomenon

Cosmology asks for New Physics
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Summary of the Big Bang Theory

Big Bang within GR and SM: problems

Dark Matter
Baryogenesis
Horizon, Enthropy, Flatness, ... problems

/HO/IH,r(tO) ~ m ~ 30

Singularity at the beginning

Heavy relics

Initial fluctuations 8T/T ~8p/p ~ 1074, scale-invariant
Dark Energy 0£NK MR, My, Nyop. etc?
Coincidence problems: Qg ~ Qpm ~ Qa ,

ng=ng/ny~ (8T/T)?,
Tg ~ (mn—mp) y

ACDM tensions: lack of dwarfs? cusps? ...
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Simple tasks to be solved Jia ]

@ Refine the estimate of the age of our Universe

1 9
to_ﬁo_14><10 years

@ When (zace, tace, Ty — ?) did deceleration-acceleration transition
happen?

© When (zgq, teq, Ty — ?) did matter-radiation transition (Equality)
happen?
Hint: neutrino contribution to radiation energy density is 70% of photon contribution

© Find the time of Electroweak phase transition, T ~ 100 GeV
The early Universe to be tested at LHC . ..
Hint: all SM particles contribute to energy density as about 50 photon species
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