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Astrophysical and cosmological data are in agreement
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Outline

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

AS? =P AL - (1) AX? — ds? = gy ax dx”

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

d ’ ~45 kM
0=7

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

— BAO in galaxy distribution
— lensing of CMB anisotropy

“standard candles”
F

~ arl2

In the expanding Universe all these laws get modified
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Outline

Results of distance measurements
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Outline

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 [0y AL = effen=ix -k~ K

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

A(t) = a(t)Ax = 27:355)  T—a(t)an = 2na§(t)
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Outline

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)(o—t) — a(t) =ao[1 — Ho(to — ;)]

Z(t)=Ho(to—ti) = Hor, z<1
km

Hy=nh-1
0 00s-Mpc’

h~0.68

similar reddening for other relativistic particles (small H, H, etc.)

P=2am is true for massive particles as well
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Outline

Gas of free particles in the expanding Universe

homogeneous gas dN = f(p,t)d*Xad®p
in comoving coordinates:

d®x = const, d°k =const, f(k)=const
f(k)d®xd®k = const
comoving volume equals physical volume

d*xd’k = d®(ax)a® (';) = d*Xad®p

f(p, 1) = f(k) = fla(t) - p] -

t=t: i) — fe.0=1(50p)
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Outline

Massless bosons (photons) fermionSJ
N ply _ 1 1
fl(p) = fPl < Tl = (27'[)3 elPl/Ti _ 1

f(p,t) = fa <a;t;)7!_:3|> = <Tl:(|f)>

a
Terr(t) = —

a(t)

decouplingat T > m: neutrinos, hot(warm) dark matter
H TR 2 2
decoupling at T < m: f(p) = (2;)3 exp (— ’"Ti‘"> exp (—%)

1 m — Uefr p
(2n)® =P ( Tert > =P ( 2mTef

2
[ a , m— e (t) — m—p;
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Outline

Einstein equations

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

T = diag(p. —p)

ds? = di* — & (t)y;dx’adx! |

1 1
SEH:—%/d“x =GR : Ruv—50uR=81GT,,

N 2
a 8w »
(00): <a> —30 -2
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Outline

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~ pmatter 7 Why ps ~ ppm ~ pa today?
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Outline

Friedmann equation for the present Universe

N
a 8n
H? = <a> 7G(pM + Prad + PA+ Peurv)
8r » 3
3 Gpcurv aga Pc 871G 0

GeV
Pc = Pw,0 + Prad,0 +PA0 = pc =0.52-10" > omd for h=0.7

Px.0
Qy =2
X Pc

(g>2 _ B?EGPC |:QM (%0)3—|-Qrad (aa()) + Qn + Qeurv (E:) }
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Outline

Brightness—redshift dependence in the Universe

s

coordinate distance p/R —x = [ 2 2(1) = 29 1
z d7 1
x(2) = / H, 3 2
0 Mo \/Qu(Z' +1)3 +Qn + Qeun (2 +1)

agHchurV: 1 5 QM+QA+QCUFV: 1
S(z)=4nr?(z), r(z)=apsinhy(2)
detector: Ny < S7', 0 = w;/(1+2), diy=(1+2)dt;
hence the brightness (energy flux measured by a detector) is

L L
J= = , hon=(1+2)-r(2)
(1+2)2S(z) — 4nrl, P
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Outline

Brightness—redshift dependence: SNe la
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No Big Bang
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Cepheid: m-M (mag)
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Outline

Type Ia Supernovae —> redshift(z)
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flat — ACDM
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Outline
Constraints on Hy
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Outline

Last scattering: ye — ye

81 a? 1
— — ~0.67-10"2* cm? =—
Or = 3 g ) Ty GT'ne(T)

last scattering: T (Tr) = H 1 (Tp) ~ &

T,=026eV, z=1100, t =370000 yr

for general processes one should solve kinetic equations
dny,

ot / (production — destruction)

o - cd (ngB) — B
Boltzmann equation in a comoving volume: § (na®) =a° [ ...
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Outline

Recombination: p+e — H+ v, Trec = 0.25eV

Large Scale Structure CMB anisotropy
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Outline

Sound waves in photon-electron plasma

@ Subhorizon Inhomogeneities of photons §py/py oscillate with constant amplitude
at RD and with decreasing amplitude at MD, thus we can measure Trp/yp/ Trec

@ Phase of oscillations decoupled after recombination depends on the
wave-length, recombination time and sound speed

b vsdt
0py/py o< cos <k/0 as(t) ) = cos(Klsound)

8T(6,0) =) amYim(6.9), (@mam) = C1=272,/(I(1+1))
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Outline

CMB measurements  lrec, 2pm, 28, Q0, Agp, Ns, Zrej

Angular scale
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Flat ACDM — Growth Tension
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Universe content from astrophysics
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Outline

Universe content from cosmology

Standard candles Angular distance
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Outline

Friedmann equation for the present Universe

N
a 8r
H? = <a> fG(pM + Prad + PA + Peurv)

8n > 3
- - _ = 7/_/2
3 Gpcurv 32 ) Po 87TG 0

0- 5GeV

Pc = Pum,0+ Prad,o +Pr0 = pPc=0.53-1 omd

Px,0
Qy =2
X="
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27K TODAY 14 by
accelerated expansion
44K matter domination 7.7 by
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PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
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<
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N

hot Universe
b b B0 bR R R

, dark matter production
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Outline

Examples of cosmological solutions

o\ 2
a 871
dust: p=0 singular at t =t
_ const B Y _ const m
= 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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Outline
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

() = altn(t)=a(t) | i
dust
Iy(t) =3t = Hft) , IHo=26x10%%cm (h=0.7)
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Outline

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=30=% P=gz6" ~3zrGP
tdt 1
In case of thermal equilibrium T =const/a
2 2
T T _ 7 T
2

-
30
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Outline

Examples of cosmological solutions

vacuum: Tuv = PpvacNuv p=- ‘

_ _ 4y
Se=—1s" G/R,ﬁdx Sh= /\/«ﬁd

8
a=const-efs! | Hg =4/ ?ﬂGpvac

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

ds? = dt? — @2Hast gx2

no cosmological horizon: f,(t) = efest [T dte Hast' — oo
de Sitter (events) horizon (x =0, {):

from which distance /(t) one can detect light emitted at ¢?

in conformal coordinates: ds? =0 — |dx| = dn

coordinate size: n(t — o) —n(t)= i acgj

physical size: lys = a(t) f{° ;’iﬁ s

observer will never be informed what happens at distances larger than
los = H,d Our future? with Hyg = 0.8 x Hy
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Standard cosmological model  ds? = di? — a?(t)dx?

a

T,=2735K, = Q,~107°

Ny~3, Ymy,<02eV = Q_.0,Qo~107°7?
Qp=45% = ng=ng/ny=6x10"10

Hy =67km/s/Mpc = py =5GeV/m3

Qp=68% — flat space

adiabatic, gaussian matter perturbations

(SPmasf ()"

with As =3 x 1072 and ng = 0.97
no tensor perturbations, r = Ay /Ag < 0.05
reionization at z=ag/a=10
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