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Distribution of galaxies in
a wedge of the universe
centered on our home
galaxy

Cosmic microwave background spectrum (from COBE)
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distance measurement by parallax
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Recent determinations of Hubble constant Hg
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Ho = 68 - 72 km/s/Mpc

Cosmic time

. . scale factor
Space-time intervals

in expanding flat space: ds?

—c2dt? + a®(t) [da® + dy?* + d2?]

—c2dt? + a*(t) [dr? + r* (df* + sin® 6 dp?) ]




General spaces with constant curvature
(Friedmann-Lemaitre

d 2
ds* = —c2dt* + a*(t) ; Tk 5+ r? (d6” + sin® 0 dp?)
— RT
flat: k=0
spherical: k=+1
hyperbolic: k=-1

redshift - scale factor:
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with  H(t) =

t

Hubble parameter = relative expansion rate

- (at various times throughout
a . / the history of the universe)
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Cosmic dynamics

Einstein equations (GR):

) a\?> StGe ke _ _
H” = ) T 32 T2 (Friedmann equation)
d(ea®) da® _
o7 +p E =0 (local energy conservation)
(4B _ v
CI. E = —pE

where € = energy density
:| of cosmic constituents

P = pressure

in addition: need equation of state &(p) —— (&,D,a)

N.B.: from now on use units in which ¢ =1

Important examples

1. Radiation (relativistic particle gas):

g
p=3 = era® = constant.

2. Non-relativistic matter (dust):

p=0 = gpa’ = constant.

3. Cosmological constant (vacuum energy):

p=— = gy = constant.

more generally: p=we = ea®™¥) = constant



Time evolution of scale factor

in a flat universe: k=0 — a(t) ~ /B
radiation dominated regime (RD) a,(t) ~ Vi
matter dominated regime (MD) a(t) ~ 27

vacuum-energy dominated regime (VD)  a,(t) ~ ™

Is there an end to expansion?
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a(t) = S7@E 8nGey [ap\ 3w a=ax
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Critical density

_3H? 3 a?
 81G 8rG a?’

k - O = Ec
With present value Hg:

g0 = 5.2GeV/m?

Friedman egn.:

8:3H?+ 3k _8C<1+ k)

8tG ' 8mGa2

4 3
€r0 (C;_O) + &mo <%> + €40-



Reparametrization

The present values of the various contribution to the energy
density can be represented as fractions of this critical density:

Q=70 @, =0 @, =20 o =_k/(a3H3)

= 9 —_— 9 Y

€cO €cO €cO

— the Friedman eqgn. takes the form

€ H? an\ 4 an\3 a2
() () ar ()
€c0 Hg a a a

In particular

Qp + Q2m + Q20 + 2, = 1.

SN la: standard candles

SN 2001el
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Supernova Cosmology Project
Perimutter et al. (1998)
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Then with = = a/ay

xdx

to

Standard cosmology (Planck, 2018):

Q,=5x107"°

Hy =70 km/s/Mpc
1 1

VvV dr

Q,, = 0.308

1 1
T H, /0 VO + Qi + Quat + Qpa?

— 1

= 1.38 x 10" yr
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Q, = 0.692 Q=0
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Horizon
Light cones (¢ =1):
ds* =dt* —a*dr* =0 = dt = a(t)dr
In atime t a photon travels a maximal co-ordinate distance
t At a(t) da a(t) da
o[-
o a(t) 0 aa o a*H

The physical distance covered by this photon is

a(t) a
dt) = a(tyr(t) =aft) [ a

o a*H

z(t) [0 dx
HO 0 \/Qr + me + Qv$4

3.3
0

at present time to: dgu(to) ~ 7 = 4.6 x 101%yr

Cross-over in the energy density

The energy density of matter and vacuum energy was equal:
em = &y, at scale factor when

3
Em =Epy & Qm(@> =,
a

a Q,,\ 3 10
x:_:(9m> =076 —— t=11x10"yr

or z = 0.3, at which time &, =2 x 107%¢,

Cross-over matter and radiation:
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Thermal evolution of the universe

radiation / relativistic gas

£
p=35 — ea' = constant
Stefan-Boltzmann law: in equilibrium & = oT*
ar 1
. , 1 da = a2
— - inRDregime ax Vtox =
T T 1

N FE
non-relativistic gas:

3
pa® =nkgT and ea®=nm+ 3 nkgT

dr 1

. . 2/3 — -

——  in MD regime a o t*? o Nia Ja X T B
dr 1
at s

MD regime cools faster than RD regime

Decoupling

- Radiation/matter establishes thermal equilibrium by interactions

- interactions can cease if expansion of the universe makes free
streaming length larger than horizon distance dx(to)

— freeze-out

photons: at time of freeze-out thermal Planck distribution

S8rvidy
nr(v)dv = SR 1

after freeze-out
ra

a »ad —s v =V =—
a

ANE: 127,/
oo [a 8mv'“dv . , al

=np (V) dV quasi-thermal equilibrium



CMB

present temperature: T =2725K

. 20(3) [ kT’
photon density Ny = ig) ( ;;C > > 041 x 10°m~®
2 4
. ™ (kBT) 3
energy density T (ho)? —  0.260 MeV m~

Q, =046 x 107*

Cosmic microwave background spectrum (from COBE)

| e | decoupling:

kBTdec =0.27eV — Tdec ~ 3100K

Intensity [MJy/sr]
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Neutrinos

At energies kgT > 0.8 MeV neutrinos interacted with electrons
and baryons via pair creation or elastic scattering, e.g.:

1/—|—17<—>e_—|—e+<—>fy—|—fy, n—|—1/<—>p+-|—e_
— thermal equilibrium with baryons, electrons and photons.

Decoupling happens when the interaction rate of neutrinos is
smaller than the expansion rate of the universe

|8
|_1/=0'1/|V|n< H = %TQ

Condition satisfied at kgT' = 0.8 MeV when

a _
Ty doe = L€ = 0.2 x 1079, t, gec ~ 1 sec.

ag




Cosmic neutrino background

- Cosmic v-background unobserved;
- After decoupling a thermal background of relativistic neutrinos
is expected with an effective temperature at late times
T, =0.717T,.

If v's still relativistic now (my, < 0.17 meV), this temperature is
T,0 = 1.95 K. For 3 stable relativistic v-species

3 (1>
ny=3x>x(=] xny — 0.33x10°m3,
4~ \Ty

4
7 (T,
ev=3x_-x|—~2] xey — 0.17MeV m~3,

8 \T,

— y ~ 0.30 x 10~ 4.

v(massless

Massive neutrinos

Neutrinos are relativistic up to temperatures kT, ~ myc2
At this time the photon temperature is

2
T, =1.40T, = 1.40 **,
kp
The corresponding scale factor is
T. kpT.
2 =220 — 971 2B0
ag Ty mycC
After that neutrinos are non-relativistic and
2 2
kT
kgT,o = (i> kgT, = 0.5 (B—’§> muyc?
ap mycC

B 0.029 meV? B [1 meV

: ] x 0.34K
m,c

m,c?



Primordial nucleosynthesis

With the known baryon-to-photon ratio ng spontaneous synthe-
sis of light nuclei: D, 3He, 4He, from free nucleons was possible
at photon and baryon temperatures between 100 and 10 keV.

4He is by far the most stable of the light nuclei
= practically all neutrons (> 99%) end up in a-particles.

Then the mass of 4He as a fraction of total baryon mass is

Y (“He) = 4ng _ 2nn  _ 2(np/np)

Observed: Y(#He) =0.24 = np/np =0.13.

Initial condition determined by thermal equilibrium

(@) — o~ Am?/kpTo — o
0

np
at kpTy = 0.8 MeV.

Neutron life time + = 886 sec

— — | = 107 &
1

np npo + npo(l — e_At/T) : LM \\\

= 0.13 for At = 328 sec.

— kgTy ~ 0.09 MeV.

Very sensitive to npg. n



