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"KOZMICKI SAT"

radiation matter-radiation equality
domination T~1eV 2~3530
D, “He nucleosynthesis matter
T~60keV z~107 | domination
N 3mn 10%r

CMB
380,000yr —— 1.0 26eV z=1100

% 9Gyr
13.76yr -

l expansion acceleration
today T~3.5 10-%eV 2~0.5
T~2.35 10-%V z=0



TERMODINAMIKA
RANOG SVEMIRA
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PRVOTNA NUKLEOSINTEZA

1948: 6.6amow, R.Alpher "The origin of Chemical Elements"
Expanding universe : deuterium and helium nuclei are formed t
nuclear reactions inside the primordial plasma of p,ne,y whe
temperature and densities are adequate, leading to ligh elemer
abundances as measured.

measured primordial abundances
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Fig. 35 Mass abundances of the nuclei *He, *He, D and "Li relative to ' H, as functions of the
baryon to photon ratio 7. The curves are the predicted primordial nucleosynthesis abundances;

the shaded regions are excluded by observations. Reproduced by Pi)ermission of S. Sarkar [10]
Rep. Prog. in Phos. 59 (96) 1443



USPOREDBA PRVOTNE I
STELARNE NUKLEOSINTEZE

o Timescale
» Stellar Nucleosynthesis (SN): billions of years
» Primordial Nucleosynthesis (PN). minutes

® Temperature evolution n
» SN: slow increase over time {\ :
» PN: rapid cooling -

® Density

» SN: 100 g/cm?
» PN: 10-° g/em? (like airl)

no stable nuclei

® Photon to baryon ratio
» SN: less than 1 photon per baryon

» PN: billions of photons per baryon The lack of stable elements with
masses 5 and 8 make it hard for

primordial nucleosynthesis to
synthesise elements beyond Helium
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UVJETI U RANOM SVEMIRU

T 21 MeV
2 /. 7
p=5%(2+%+IN,)T*

n=mnp/ny,~ 10710

F-Equilibrium maintained by
weak interactions




3 KORAKA NUKLEOSINTEZE

Log(rate)
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"BROJANJE NEUTRINA"

Light element abundances are sensitive
to expansion history during BBN

HZ mGprel

= observed values constrain relativistic
energy density

prel = pEM +Nv.eﬂ~ va

Pre-CMB:
“He as probe, other elements give #

With y from CMB:

« All abundances can be used

« “4He still sharpest probe

* D competitive if measured to 3%
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Likelihood
="
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This constrains sterile neutrinos (and

other hypothetical particles) which do

not couple to the Z0 ... complementary
to laboratory bounds e.g from LEP



Step 1: n, p in thermal equilibrium via reactions

VN e p Vep <> €'n
but easier to produce p than n (mass difference), hence

; - exp(_/ﬁm/r) Am = mn — mp = 1293M6V

We have
L., p = GFET‘F’ H = \/ . (7‘)6},\,,7'2

effective number of spin states of relativistic particles :

SM: vev = g+(IMeV) = 2+3.5+7/4 N,
End of equilibrium ("freeze-out"):

.,=HBT, ~(a(T.)6,/6)° ~08MeV

hence: 7 _g5
P step 1: T> 0.8 MeV (1<1s)
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Step 2: n—pev and first phase of D formation
np < Dy

Deuterium binding energy: Ay, =2.23Mel

deuterium formation < photodissociation : n,p,y,D in
thermal equilibrium

end of equilibrium: no longer enough photons with E > A,
= T-60keV (for n= (ny-ng)/n~5.10-19)

then:
At =1(60kev)—1(0.8Mel/) = 3mn
[”J -~ 0.2exp(-At/17,)=0.1
Plo

r =885.7+0.85 (PD& 2008)
step 2: 0.8 MeV>T>60keV



" JN
Step 3: nucleosynthesis

np—>Dy Dp>Hy °HDO-SHep ...

Production of D, followed by 3H and “He

heavier nuclei: unstable (A=5,8) or too difficult to produce
(“Li,’Be: large Coulomb barriers)

end of photosynthesis at T~30keV (densities are too weak
due to expansion)

hence:

Y,="He/H =~ 2(:;/’0;; =~0.25 depends primarily on 1,
B 0

other abundances: depend on initial conditions (baryon-to-photon
ratio, ) and on nuclear reaction rates

Note: nearly all neutrons end up bound in “He

step 3: 60 keV>T>30keV; end of nucleosynthesis ~3mn



EVOLUCIJA OBILJA

tgan~3mn @ abundances frozen
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BEZ RACUNALA

d.X x 5 J(f) b : i
— J(t) — T(+) X —  x= =2 . butgeneral solution is:
dt sou(rcg (sin)k F( . )
t t t
X(t) = exp (—/ dt’ F(t')) [.\'(ti) + [ dt’ J(t') exp (—/ dt” F(t"))‘
ty ty ty
I |£ - E <« ---thenabundances approach equilibrium values
J T
J(tg)

Freeze-out occurs when: T~H = X(t — o0) = X®(t) = r

10° B

10° F

H

107" ;
. 7 : ---------- .- s
. Nem3 o analytic
Q, = 0.01b" . solution
10¥ lI —_— I I O.II — ' I 0.01

T (MeV)



TERMICKA POVIJEST

Photons emitted at t (e.g. CMB), received today:
A @ _E0) _T@

1 4 7= observed _ —
/Iem/ﬁed a(f) E y(fO) 76

Temperature was hotter in the past, expansion implies
cooling down

CMB: T/ =2 725K =T;=~2.3510 el
(k=8.617 10%elV k)
CMB anisotropy measurements:
Z2mson 1100=>T 5 (F) 1esiy ) <0.26€ 1V =3,000K

matter-radiation equality:
p-(t.)=p,(t.)=>a/a(t, )=T,,~leV z=3530



CMB KAO "BARYOMETAR"

AT, provide independent
measure of Q_h’

Acoustic oscillations in
(coupled photon-baryon fluids
Imprint features at < 1% in
angular power spectrum

Peak positions and heights
sensitive to cosmological
parameters e.g.

Ratio of 2nd peak/1st peak

= baryon density 0 10 1000
Spherical Harmonic on Sky

(Temperature Fluctuat ion)”

BBN vs CMB determinations of baryon density — fundamental
test of cosmology and thermal history at z ~ 103 - 1070



