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N
Friedmann equation ~ (00) : (g) —dEn
V,T"=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
(na)= "> =d(ins)

entropy of cosmic primordial plasma is conserved in a comoving frame

sa® = const
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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
= = — = — = 7H =
=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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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 J

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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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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Evolution of energy and entropy densities 170701004
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Examples of cosmological solutions

VaCuUm T,LLV f— Pvacnuv 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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ds? = dt? — @2Hast gx2

—Hast' — o

no cosmological horizon: f,(t) = efast [T _dt'e

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)= i a((jg

physical size: Iys = a(t) [;” ;{ﬁi) HL

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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The real Universe

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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The real Universe

Homogeneous and isotropic 3d manifolds

di? = dp? + r?(p)(d6? +sin? 0d¢?) J
Rsin(p/R), 3-sphere
r(p) = P, 3-plane
Rsinh(p/R), 3-hyperboloid
p is a geodesic distance; S=4nr?(p); A6 = TL)
2 2 2 2
dp2: dr2P: drr2 dp2: d;P - drr2
cosh®g 1+ 4 cos? 5 -5
2
;
di? = LZ +r2(d6? +sin? 6d¢?)
1—xls
R2
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The real Universe

Brightness—redshift dependence in the Universe

0s? = df? — &(t) [dy? +sinh? i (062 +sin? 0dg?) | J

coordinate distance p/R —x = [ 2 2(1) = 25 1

%(Z)_/Z az' 1
0 aHo \/Qu(z' +1)3+Qn+Qeurn (2 +1)2

QSHSQCUN =1, Qu+Qa+Qcunw =1
S(z)=4nr?(z), r(z)=apsinhy(z)
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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The real Universe

Brightness—redshift dependence: SNe la

rph
Ion(Q = 0.8,y = 0.2)

A(m— M) =5log
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The real Universe

46 T T T T T T T
441
42
%]
=} Cluster Search (SCP)
S Amanullah et al. (2010) (SCP)
'8407 Riess et al. (2007) J
= Miknaitis et al. (2007)
8 Astier et al. (2006)
C 381 Knop et al. (2003) (SCP) |
] Amanullah et al. (2008) (SCP)
w Barris et al. (2004)
(a) Perlmutter et al. (1999) (SCP)
36} Riess et al. (1998) + HZT J
Contreras et al. (2010) Holtzman et al. (2009)
Hicken et al. (2009)
Kowalski et al. (2008) (SCP)
34 R
Riess et al. (1999)
Hamuy et al. (1996)
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No Big Bang
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The real Universe

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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The real Universe

Last scattering: ye — ye

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

last scattering: T (Tr) =~ H '\ (Ty) ~ &

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

for general processes one should solve kinetic equations

an X;
at

— +3Hny = / (production — destruction)

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

Recombination: horizon

matter domination:

8 81 a\® 8
H2 nGpM(tr) GPMO ( O) S —ﬂGchMp(“ +Zr)3 .

3 3

at recombination:

today:

e = 2IR
3
| — 2 1
H,r Hom(1+zf)3/2
he(to) = b % 8 = 7 omm virs:

v

I
o /142 ~30

MJ(E)
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The real Universe

Recombination: angle

angular distance: don = ra(2) A6 e w gmee,

b dt /H ’ s000 / \ EEF:”"“

t.a(t) ra(zr) E /
doom=sigr a0 o /Ll
L/ ) S
ra(zr) = (1+2)"" a-sinhy, el
* Acoustic oscillations in
1 relativistic plasma:

Adr= Vzr+1° Qoury =27 =0. What matters is the sound

horizon:

Isr=1Inrvs= /H.,r/\/§

AG, — 1 2+/Qcurv [
r — .
Vzr+1ginh (2, /QCU,V/QM/)

Then Abr s =
[t A 18
~Jo 6 Vavitz o«
T+a5y

Dmitry Gorbunov (INR) Lecture #3, 9 August 2023 BASIS School 2023 18/38



The real Universe a
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Big Bang Nucleosynthesis

Neutrino freeze-out

T > me ete < vy, eve ev

oy ~ GZE?

neutrino interaction rate

i 1 , 8z _, T
YT loonv) T GETS 3309 T Mz

AN
Tv.f~< *> ~2-+3MeV
’ GEMp,
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Big Bang Nucleosynthesis

Neutron decoupling p+e<+— n+ve
typical energy scales

Tz2Am=13MeV, T 2> me=0.5MeV

neutron interaction rate

1 1
T, = =
nep ran Ch GIZ__ T5

v

neutron decoupling Cnop(T) ~ H(T) = T2 /M,
(CoM5,G2)
7 7 1 Mg
g.=2+L1-4+%.2.N, t= =M~

2H(T,) — 272 ~1s
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Big Bang Nucleosynthesis

Neutron density at decoupling
Ny — mnT 3/2 Hn;_’"n + o
n=0n o e Un+ Wy = Up+ Ue
Mn
N

__Mp-mp  pn—Hp
T T

for relativistic et and e~

Ng- — Ng+ n n _
Ho T~ flor _ P ~ng=-L=6x10""1°

2
Na0— — Nat+ ~ T — = ___© — _
or ~fler mHe T T3 T3 ny
Nnp _mn—mp _am 1wy
— = Th =e ™ x—=-e
Np
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Big Bang Nucleosynthesis

p+n— D+y Saha equation
3/2 3/2  _

o MpT tin—mn o (mpT Hp—mp
n”_2<27r> e T np_2<27r> e 7
Chemical equilibrium for nuclei: Ua=Up-Z+Un-(A-2)
n mpT 3/2eHDfrmD
D o )

Temperature of BBN Tys: Np ~ Np
Ap =2.23 MeV tns =~ 3 min
3/2 A
np/Np(Tns) ~ Ne (2‘:“3> e ~ 1 Ts ~ 50 keV
[o}
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Big Bang Nucleosynthesis

Helium abundance (NO chemical equilibrium)

Neutrons remain mostly in helium

’
Nape(Tns) = Enn(TNS) :

neutron-to-proton ratio Th ~ 880 s

nn(Tns) N 1 s w1

~—=—-€ .- hx~— ,
np( TNS) 5 7
Maye - n4He(TN3) 2
Yo = Xopyo = = ~ 25%
P e mp (p(Tus) + M(Tvs)) — 22(Tis) g~

%
ANyer <1, |2 <001
Th
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Big Bang Nucleosynthesis

Main nuclear reactions

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

Q T(a,y)’Li, ®He(,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=50keV)=10"2s""

to obtain nonequilibrium concentrations
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Big Bang Nucleosynthesis

Neutron burning p+n— D+y

@ T = Tys = 65 keV

3
-~ _20 cm
(GV)p(n77)D~6-1O T

for the rate (neutron disappearence when meets proton)

~1

Cp(nyp = Np-(0V)p(nyp =18 2 V)p(ny)p=0.31s
forng=6.15-10""and T = Tyg
So, neutrons disappear very rapidly

Fp(m,)D > H(Tns) =4 1073
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Big Bang Nucleosynthesis

Deuterium burning D(D,n)3He, D(D,p)T

Coloumb barier: tunneling To=T/(10°K) = T/(86 keV)

3
cm — _ T-1/3
<GV>DD :3-1071578 -Tg 2/3-9 4.26-Tq .

deuterium stops burning when T = Tns(Tg =0.75)

Fpp=np(T)-(ov)pp(T)~ H(T).

Then relic deuterium abundance is estimated as

np 1 np

— = : =0.3-107*

for ns =6.15-10710
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Big Bang Nucleosynthesis

Baryon density Q,h?
027 0.005 0.01 0.02 0.03

: E LR I S \y 777777 —3

g 7 E

026 F “He % 3

0.25 7 *472

Y  —

Po2a E Z E

0.23 — % ,,,,,,,,, é

E % E

1073E Z 1

7

:g; ]

1074 \m O =

§ % E

= 3HeH|p u e ]
105
1079 |

5
"LiMp

2 L
10-10 |
1
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Baryon-to-photon ratio 1 x 1010
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Measurement of ng =
at T ~1MeV

Lack of Lithium. ..
Yy =0.2581+0.025,

ng/ny

Exotics needed?

D/H| 287i021)><10_
1103.1261
T T T A T T
oF . B
! — o H'He
——- o'H, +'He
c= He'He
3 = oy H He
=
Zost q
Py
v/-
'
v/.
00k . ol L
0.0 ) 20 3.0 4.0 5.0

similar results from other recent
studies including structure formation
1001.4440, 1001.5218, 1202.2889
Nv.eff < 4.2 @ 95%CL

Ny eff < 4.0 from D/H 1205.3785
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Mass fraction

*He/H, D/H

"LirH

Big Bang Nucleosynthesis

2

Qb

0.26

0.24

%

Dmitry Gorbunov (INR)

Lecture #3 ,

1707.01004 Measurement of ng = ng/ny

at T ~1MeV

“
10

D/H

B
10

Lack of Lithium. ...

'
¢‘--¢:

Y

45

4 35

3 25 2 15 -1

[O/H]

(@m

(@
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Sxs
nZz-

Big Bang Nucleosynthesis

Primordial Element Abundance
0161 . 1 Observations:

@ Lack of Lithium. ..
Exotics needed?

0.08
@ Measurement of ng = ng/ny
at T ~1MeV consistent
W 000 with present and recombination
values

—no “decaying relics”

@ measurement of the Universe
-0.08 expansion rate

HZ ~ Prelativistic
in particular:
— neutrino number N, ~ 3

—no “dark radiation”

—-0.16

2.i6 2.i9 2.l22 2.l25 2.l28 2.31
10_2% Baryon asymmetry must be produced

before BBN !!
1706.01705
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Big Bang Nucleosynthesis
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Big Bang Nucleosynthesis

Mode evolution

@ Amplitude remains constant, while superhorizon, e.g. k/a< H

@ Subhorizon Inhomogeneities of DM start to grow at MD-stage, 6pcpu/pcpm o a from
T~0.8eV
Smaller objects (first stars, dwarf galaxies) are first to form

@ Subhorizon Inhomogeneities of baryons join those of DM only after recombination,
SPCDM/pCDM o< afrom Tree =~ 0.25eV

@ at recombination §pg/pg~ 8T/T ~10~* and would grow only by a factor Trec/ T ~ 103
without DM

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

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

I v dt
8py/py o< cos (k /0 ;( t)> = c0s(Klsouna)

8T(6,9) =Y amYim(6.9), (@mam) = Cr=2r2,/(I(1+1))
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Big Bang Nucleosynthesis

Mode evolution at various stages

|61 ]

°<t2/3

o t_2/3

fr b lace |t
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Big Bang Nucleosynthesis

On formulas. ..
@ short waves, Kneq > 1 R =3pp/4py
Q log(0.2kNeq)
P . 2 SLCDM g Meq
8y =0 | ~324-(1+ Re) P52 (1 -+ 23q) PO 20T

6 n
-2 k =
+ (1+RB)1/4COS( ./o dnus>] ,

@ long waves, k1 < 1

12
oy = _Fcb(i) = const
@ intermediate waves ...

n
3y0cm) =41 + Ra(m] o, n) + 40 (0)-Alk.m)cos (K [ usdf )
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Big Bang Nucleosynthesis

On top of that: propagation in expanding Universe
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Big Bang Nucleosynthesis

On formulas. ..

From linear approximation to the geodesic equation. ..
for scalar perturbations

677:,- (n,mo) :%5?/(1‘”) +(®(nr) —®(n0))

[ (@ —wydn
Nnr
+nv(n,) —nv(mno).

for tensor perturbations

(" Mo) / dnnihi™'n;,
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Big Bang Nucleosynthesis

CMB measurements (Planck) 6,Qppy, g, T, A%, Ns

Angular scale
90°  18° 1 0.2° 0.1° 0.07°

2 10 50 500 1000 1500 2000 2500
Multipole moment, ¢
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Big Bang Nucleosynthesis

Standard cosmological model  ds? = di? — a?(t)dx?

5\ 2 3 4
8\ _ 2 _4p 2 Y
(5) =H"=Hj {QA+(QDM+QB+Qv.m;ﬁO)( a) +(Qy+9v,mzo)< 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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