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o The dynamics of the expanding Universe
@ Examples of cosmological solutions
@ Particles horizon
@ Events horizon

e The present Universe
@ MDI/A transition
@ RD/MD transition
@ The age and horizon of the Universe
@ Brightness—redshift dependence

e Recombination
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The dynamics of the expanding Universe

N2
Friedman equation ~ (00): (9) =8Gp- %

a

0, T =0 — p+3§(p+p):0
the equation of state
p=p(p)

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

dp
—3d(lna) = —— =d(Ins
(ina) = == =d(ins)

entropy is conserved in a comoving frame

sa® = const
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The dynamics of the expanding Universe

Examples of cosmological solutions

Examples of cosmological solutions

-\ 2
a 8
=0 — —G
. (a) -5
dust: p=0 singular att =tg
const 2/3 const
a(t) =const - (t —t5)%/ t) =
a3 ( ) ( S) ) P( ) (t _ts)2
a 2 3 11
ts=0, Ht)=-(t)=o, p=o ~H?=_" =
s=0, HO=2=5 P=gc" ~ 61z
the Universe is too young
ty = i:093.1010yr (h=0.7)
07 3H, '
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The dynamics of the expanding Universe Particles horizon

Cosmological (particle) horizon Iy(t)

distnace covered by photons emitted att =0

the size of causal patch — the size of the visible part of the Universe )

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

t dt’
In(0) =a(tn(®) =a(t) [ al)
dust
lh(t) =3t = H%t) , lho=2.7-10%cm (h=0.7)
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The dynamics of the expanding Universe Particles horizon

Examples of cosmological solutions

radiation: p= %p singular att =tg
= O A =const:(t-t)2, p(t) = (tcfrgz
=0, H(t)::(t)zzlt ’ ”:8;::(3 2232?:(3%2
I (t) = a(t)'/ot ;('::) _ot— Htt) .
In case of termal equilibrium
P = g;ng4 S ;g;ng4

_752 T4 _ 7
P=359T", g*—ggwngQf
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The dynamics of the expanding Universe Particles horizon

2
;
*T4 x — =
p= 309 g %gwsfz;;f
a 2 8« » T2
— - - 5 H=
a 3 2 M5,
90 1
M M
Pl \l8rn3g. ' 1.66,Q.

9. = 9«(T)
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The dynamics of the expanding Universe Particles horizon

Examples of cosmological solutions

vacuum:. Tuv = pvacnuv p=-p

_ _ 4y
Sg=— 166/R,ﬁdx Sy = /\/\ﬁd

8
a=const-esst  H,= \/ gGPvac

de Sitter space: space-time of constant curvature

ds? = dt? — e?Mastgx?

a>o, no initial singularity
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The dynamics of the expanding Universe Events horizon

ds? = dt2 — e2Hastgx?

no cosmological horizon: I,(t) = eMast 1 dt’e Hust’ = oo

de Sitter (events) horizon (x =0, t):
from which distnace I(t) one can detect light emitted at t?

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

coordinate size: n(t — «) —1n(t) = ft°° aO('L
physical size: lus = a(t) ” ai dt’ = fic
observer will never be informed what happens at distances larger

las = Hgg

marginal matter: gas of straight strings
p=wp, wW=—% p=-—3%p
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The present Universe

Friedmann equaiton for the present Universe

=N\ 2
a 8
H2 = <a> 3 — G (pw + Prad + PA + Peur)

87t 1 3 2
?Gpcurv— *? ) Pc 87[G

Ge
Pc = Puo+ Prad,0 +Pro = pc = 0.53- 10*5@ , for h=07
Px

Qy ==
X Pc

(2) =% [0n(2)" 1000 (2) 20 2 (2)]
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The present Universe MD/A transition

Deceleration—accelaration transition

., 8rm Quad . A4x ag\ 3
2 _ M0 2 _ _ 0
a = Gpc< a +QAa> a a?,GpC <2§2,\ QM<a> >

Qy
z=gp/a—-1 at z > 1 dust-dominated

Zacc — ( A) *1%085
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The present Universe RD/MD transition

matter-radiation (RD/MD) transition

(8) = Zope [ (%) s (2)']

RD: a(t) O vt MD: a(t) 0t2/3
_ Sy 4 _ 4
Zeq—i_l_iN ~10 ) Teq—TO(1+Zeq)N10 K~1leV.
8eq Qrag
_ 4 \L/3
More accurately: T, = <ﬁ) Ty
2 4/3] 2
I s _ _[5.21(4 Lap
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The present Universe RD/MD transition

matter-radiation (RD/MD) transition

(8) = Zope [ (%) s (2)']

RD: a(t) O vt smooth transition MD: a(t) O t%/3
E Qy 3
aeq Qrad
. _ 1 Mg 4 \V/3
More accurately: teq = Py = 2T2 =80kyr T, = <ﬁ) T,

7
pv=3-2- 5%1- Prad = Pyt Pv =

4/3] 52
Pl G
4 \ 11 30
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The present Universe The age and horizon of the Universe

The age of the Universe

(3) =re[o ()" a1

Q 1/3 3 2/3
Qu+Qr=1, a(t) =4ag <QM> [Sinh <2\/ Q/\Hot>:|
A

tp = ———Arsinhy/ == =1.38-10 r
0= 3/ Ho Va, y

Qu=0.24, Q\=0.76, h=0.73
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The present Universe The age and horizon of the Universe

The size of the Horizon: visible part of the Universe

bodt 2
| :a/ a2 18-148Gpc
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The present Universe Brightness—redshift dependence

Brightness—redshift dependence in the Universe

ds? = dt> —a2(t) |d® + sinh? z (d67 +-sin”6d¢?) | ’

coordinate distance y = fto a‘é: z(t) = % —
z dz’ 1
x(z) = /
0 aHo \/Qu(z’' +1)3 +Qn + Qeurv (2’ +1)2

a(Z)Hchurv =1, Qu+Q%+Qcuv=1
S(z)=4nr?(z), r(z)=apsinhy(z)

detector: N, O0S™!, o=0w/(1+2), dtg=(1+2z)dt

hence, for the brightness (the flux as mesaured by a detector) one has

L L
T (1+2)%S(2) 4mr,’ m=1+2)1C)
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The present Universe Brightness—redshift dependence

Degeneracies in Brightness—redshift dependence

Hor(z)
0. 8¢ Qu=0.3, Qy=0.7
QM :O-O, Q/\ZO.55
0. 6¢ Qu=0.6, Q) =0.85
0.4
0.2t
Ot

0.01 0.02 0.05 0.1 0.2 0.5 1
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The present Universe Brightness—redshift dependence

Brightness—redshift dependence: SN la

A(m-M) (mag)

A(m-M) (mag)

-0.5

Ioh
A(m—M)=5log——>
(m—M)=5log o Coure = 1)

1.0

0.5F=

& H
Ground Discovered |
HST Discovered: <

e =1.0)
ﬁg"‘il}()\\i—_\lo\u\'\on -z, (s

ay dust

0.5 /‘\j\ghl g

0.0

Empty (Q=0)
- - - Q,=0.27,Q,=0.73
“replenishing” gray Dust

vl

0.0 0.5 1.0 15
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The present Universe

Cosmological parameters from SN la

Brightness—redshift dependence

3

1Zz2
4

~ agHo

x(z (Qu —29Q0)

+C1(Qu —2Qn) - 23+ C2(2Q — Q) - 23

0%
o>
o -
e ]
PCYZ-7 500 _0%
cee® o5 -

. Expands to Infinity

-1

x
Recollapses Q,20

0.0
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Recombination

Temperature of the recombination

meT \ /2
ne:ge< zen) ele=me)/T = ge =2,

T\3/2
Np =0p (mzpn ) elle=M)/T gy =2,

3/2
Ny =0On (mHT) elinmn)/T , Ou=4

21

Tt Np(Tr) 2 Nu(Tr)

baryon number conservation
I"ID<F”H:nE5 ) nB(T):anY(T)7
chemical equilibrium
pre—H+y:  Up+le=pn

electroneutrality
np = ne
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Recombination

Temperature of the recombination

n n
xpzni’, XHEFH’ Ay =mp+me—my =13.6eV

B B

Saha equation

20(3)  (2aT\*?_, au
Xp+7n3 <me> XpeT =1

20(3)  [2aT\*?_, &
XH: 2 nB(me> xpeT

recombination: X, ~1, Xy~ 1

A
Tr = s ~0.38eV

N T 3/2 1
'”(4@(3) (TH> "B)
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Recombination

Last scattering: ye — ye

87 o? 24 1
222 L0671 =

=3 mg 70710 © T orne(T)

3/2
n2—n2— (Me T\ ZC( ) T3pee2n/T
e P\ 2n m?
last scattering: Ty(Ts) = HY(Ty) ~

Ay 22 (MeTr\¥?  28(3) s
T7f =In orty - < o ) Ne 2 Ty

T; =0.27eV, z=1100, t =2.7-10°yr

tf

for general processes one should solve kinetic equations

dt +3an _/(productlon destruction)

v
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Recombination
27K

TODAY
46K

14 Gyr
accelerating expansion
matter dominated expansion

5.5 Gyr
0.27 eV

recombination 0.3 Myr
matter dominated expansion
0.7 eV

80 kyr
radiation dominated expansion ¥

SOKGV\MMMMMMMM/W”
Big Bang Nucleosynthesis
Imey M A b A A hhh

1s
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD phase transition 10 us
A ~
100 GeV Electroweak phase transition 0.1ns N
-
baryogenesis ~

hot Universe |
YA A A AT

preheating

A

i
"~ dark matter generation
-

inflation ——7
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