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e Big Bang Nucleosynthesis

BBN predicts the abundances of the light elements at the end of
the first three minutes, in good agreement with observations.

BBN offers the deepest reliable probe of the early Universe,
based on the well-understood Standard Model of physics.

BBN gives strong constraints on the deviations from the standard
cosmology, and on new physics beyond Standard Model.
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* |sotopes (stable)

Deuterium(D) Tritium(T)

Hydrogen o .. .3

1 proton

Helium
2 protons “

Lithium
3 protons

Lifetime of free neutron is around 880 seconds but it is stable in the bound
state.



* Composition of Earth

The composition of the Earth

(including crust, mantle and core) in terms of major chemical elements

1. Iron (Fe) - 35% Crust:
2. Oxygen (O) - 28% Oxygen, Silicon, Aluminum
3. Magnesium (Mg) - 17% Mantle:
4. Silicon (Si) - 14.3% Olivine, Pyroxenes
5. Sulfur (S) - 2.7% Core: _
6. Nickel (Ni) - 2.7% Iron, Nickel
7. Calcium (Ca) - 0.6% Possibly:
8. Aluminum (Al) - 0.4% Oxygen, Silicon, Sulfur

9. Other elements - 0.6%

@DecodedScience.com

Olivine: 3} 3 4 Pyroxenes: 3] 4
(Mg,Fe)2SiO4 (Ca,Mg,Fe)2(Si,Al)20e



Abundance (in atoms)
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Current Composition of the Sun

Element Atomic Number

Element | Number % | Mass %
H 92.0 734
c‘° He 7.8 25.0
' G 0.02 02
L]
‘ N 0.008 0.09
wE Fe
" g ) O 0.06 0.8
Na Al ‘?" Ni Ne 0.01 0.16
’ Ar Mg 0.003 0.06
ci Cr .
P Mn Si 0.004 0.09
“kn e
Fi * 5% S 0.002 0.05
Fi Cu Fe 0.003 0.14
Ge
Sc Sr
Ga op &
5 .
- YMm
Be Ny Cd . o
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Ag Cs ™ fug 1
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e The Universe and the formation of the elements

Stellar fusion
He - Fe

Big Bang

Heavier
H, He than Fe
Supernova

The present abundances observed are altered in the astrophysical
processes with increase of metals such as C, N, O and Fe.



Binding energy per nucleon (MeV)

50 100 150 200
Number of nucleons, A (mass number)
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¢ Primordial light element abundances

Examine the high-redshift, low-metallicity spectrums.

Deuterium

No known production mechanism in the astrophysical sources,
and the abundance only decreases. The observed value gives
lower limit on the primordial value, thus upper limit on 7 .

Averaging the seven most precise observations of deuterium in
quasar absorption systems gives

_ —5
D/H, = (2.82 £ 0.21) x 10

|Pettini etal, 2008]
Helium 3

The only data from the Solar system and high-metallicity H II
regions in our Galaxy. So difficult to know the primordial He3

value.



Helium 4

Observing the spectral line in metal poor extragalactic H II

region (clouds of ionized hydrogen).

Yp = 0.2565 £ 0.0060.

|[Steigman, 1208.0032]

Yy, = 0.249 + 0.009.
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[Olive, Skillman, 2004]



Lithium

From metal-poor stars (Pop II) of our Galaxy less than 107* of
Solar value. It shows ‘Spite plateau’

Li/H|p, = (1.7 £ 0.06 £ 0.44) x 10719,

|[Fields, Sarkar, PDG 2012]

j< I I I I I I 1 [ I L} I | I 1 1 ] I I I 14
- a4 Spite & Spite 1982 . "
3 — = Boesgaard & Tripicco 1986 PP —
=
-------- - i
— TR W | R e U 5 g
2 2= | S o
= Y 20 : A ® 0., = _1
2 L = - .J'
B . , §
3 - & N
i ¢ . -
L L ]
i el
1 . Le9 "t g
| @ Rebolo, Molaro & Beckman 1988 . |
& Thorburn 1993 |
0 1 | J By l 1 | | l ey l 1 |
-3 -2 -1 0

[Fe/H] Fe/H
o8 (( 7 )



Lithium 6

The recent high precision measurements shows probable Li6
plateau.

0.10 — -

0.05 + . #+ + Li6/Li7 = 0.046 + 0.022
000 ﬁj% ,,,,,, %:# 777777 % %%% %% |Asplund, 2006]

°Li/"Li

—0.05 %% -
| . . . . | . . . . | . . . . | . . . . |

-3.0 —2.0 2.0 —1.0 —-1.0

[Fe/H]

However caution must be exercised since convective motion in
the stars may generates similar results. [Fields, Sarkar, PDG 2012]



Big Bang Nucleosynthesis




e Big Bang Nucleosynthesis

BBN predicts the abundances of the light elements at the end of
the first three minutes, in good agreement with observations.

BBN offers the deepest reliable probe of the early Universe,
based on the well-understood Standard Model of physics.

BBN gives strong constraints on the deviations from the standard
cosmology, and on new physics beyond Standard Model.



Big Bang Nucleosynthesis nuclear reactions A
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Initial values
are set from the
thermal equilibrium.

Final values are
frozen in the

expanding Universe.




Big Bang Nucleosynthesis :
evolution of the abundances in the first three minutes

log(mass fraction)

2
log(t [sec])

Initial condition Nuclear reaction Frozen




T >1MeV (t<1 sec)

n<rpt+e —+1,

Local Thermal Equilibrium

of protons and neutrons

N+ Ve 4> pP+e
p—l—DeanLeJr

l

T ~ 1 MeV (t ~ 1 sec)

Weak freeze-out

N (mp—my)/T L

P 6

Decay of free neutrons

T, =~ 880 sec

7\ 3/2
n:g<”;7> = (m=p)/T

n+p<< D+~

Deuterium bottleneck

T ~ 0.07 MeV (t ~ 3min)
n/p~1/7

most neutrons to He4d
small D, He3 Li7

my, —my >~ 1.29 MeV



Initial condition| : Nuclear statistical equilibrium

We consider now the temperature much larger than 1 MeV
and below 100 MeV.

In kinetic equilibrium, the number density of light nuclear

species follow 3/2
2T

In chemical equilibrium, with reactions much faster than
expansion

Nucleus(A,Z) < Ap+ (A—2Z)n

then the chemical potentials are related by

pa = Zpy + (A—Z)pn



For proton number density,

3/2
my, 1 hy — M
np:gp( 2;) exp(pT p)

For neutron number density,

mnT 3/2 Hn — My,
=0\ ) P\

For nucleus (mass number A, proton number Z) number density,

maT\>"? Ha — ma
na =4ga Tor exXp T

In the chemical equilibrium, pus=Zp, + (A - 2)u,

34,2
PAN _ 7z Az 27 ~A _
exp ( ) = ng'n, <mNT> 27 %exp|(Zmp + (A — Z)my,) /T



For nucleus (mass number A, proton number Z) number density,

3(A—1)/2
2T B
_ 3/26—A Z, A—Z A
na=gaA /29 <m T) n,n, = exp (T )

with using my =m, =m, ma = Ampn

In the equilibrium, the number density is determined by those of
proton and neutron at a given temperature.

Ba=Zmy,+ (A—2Z)my, —ma

Binding energy of nuclei

Bopy =2.22 MeV
Bsp; =26.92 MeV

Bs gy, =27.72 MeV

By, =28.3MeV




Total nucleon density, NN = Ny + Ny + Z(A’HA)?;

The mass fraction is defined by

AnA
Xp=—— E =
A - and ' X; =1

The mass fraction of species A(Z) in nuclear thermal equilibrium

_ _ _ _ _ _ B
XAZQA[C(3)A 1-(1 A)/2/2(3A 5)/2]A5/2(T/mN)3(A 1)/277A 1XpZX;;‘ Zexp (TA)

n= "N =267 x1073(Qph?)
Ty

Remains constant below MeV until now.




Initial condition| : equilibrium

Protons and neutrons are balanced
by the weak interactions. Thus
the chemical potentials satisfy

Pn T o = fp T e

Therefore in chemical equilibrium,

@:&:exp __Q_I_:ue_:ul/
n, X, T T
~ exp _—9

T

by weak interaction

n«<p+e —+1,
N+ Ve <>pP+e
p—l—DeHn—l—eJr

7 3/2
n = g(rn;—ﬂ-) e_(m—ﬂ)/T

Q =m, —m, = 1.293 MeV

with charge neutrality

& ~J ne p— np ~Y 7] ~Y 10_9
T Ny N~

n ming small

and assuming sma ™ <1

T



T = 10 MeV| : still in the thermal equilibrium

X, =X, =0.5,
Xo~6x10712 X3~2x%x107% X, ~2x 10734

T = 1 MeV|: weak interaction frozen
Np 1.293 MeV 1
— —exp |— ~ —
Mp freeze—out v 0.8 MeV 6

The light nuclei are still in the nuclear statistal equilibrium,

Xn~1/7, X, ~6/7
Xo~10712 X3~10"2 X, ~ 10728



T = 0.3 MeV to 0.1 MeV

(t=1 to 3 minutes)

The free neutrons still decays and produce protons.

T, = 880.1 & 1.1 sec
N, 1

Yy ___

Mp |pepimMev
At around this temperature, the D, H3 and He3 abundances

grows and they quickly bound into most stable light element
He4. All the free neutrons are bound into He4. The resulting
mass fraction of H4 is

4 4 9 2x I 1
X, = X T/ _ "p | T~0.1MeV _ 2
nN Ny, + Ny, 1 4+ Do 1

"p | T~0.1 MeV




How He4 are produced?

1. Direct production of 4-particle scattering:
the probability is too small

p+p+n+n— “He

2. First produce Deuterium and then T or He3
to combine He4

D+D — He3+n I'+D — Hed+n
p+n—-D4+~v — —>
D+D—T+0p He3+D — Hed +p

He4 cannot be produced until enough Deuteriums are produced.

Deuterium bottleneck




There is no stable nuclei for A=5, 8

Production of Li6, Li7 and Be7

Hed +T — Li7 + v
Hed + He3 — Be7 + v
Hed+ D — Li6 +

Be7 captures electron and decays to Li7.

Be7T+ e — Iai7+ v,



First calculated by Gamow, Alpher and Herman (1940)
Computer code by Wagoner (1969, 1973)

Updated by Kawano (1992) and etc...

Public code

FASTBBN Lisi,Sarkar, Villante (1990)
PArthENoPE  Pisanti et al (2008)

Public code and review papers for BBN at

http://www-thphys.physics.ox.ac.uk/people/SubirSarkar/bbn.html




Numerical calculation of BBN

Nuclear reactions
N Z;) + Nj(% Z;) o No(M Zi) + Ni(M 20)

Solve Boltzmann equation

dt < T\ NN Dk Ty Rl

with initial equilibrium conditions and input parameters.

The nuclear reaction rates are given from experiments and
nuclear models.



Nuclear reaction rate

Table 2.

|[Kawano, 1992]

DEDUCED RATES AND UNCERTAINTIES OF 12 MAJOR BBN REACTIONS
Reaction Nuclear Reaction Rate (em®s~mole™1) lo Uncertainty
1. neutron 7 888.5 seconds 3.7 sec
7. plny)d | 4.742% 107 %
x(1. = 85072/ 2+ 490Ty— 09627/
+8.47x 107372280 x 104737 %)
3. | d(p,7)%He |2.65x10°Ty *Pexp(—3.720/117) 10
(14112707 4 1.99T2/3+1.56 Ty +.16272/° + 324T73/%)
4. | d(dn)®He |3.95x108T; 7 exp(—4.259/T07°) 10
x (L+.098Ta "+ 76523+ 525T5+9.61x 10-3723 4 01677/
5. d(dp)t | 4.17x108Ty Pexp(—4.258/T7%) 10
x (1.+.098T3 4+ 51872+ 3557 — 01077/~ 01875/%)
5. t{dn)*He | 1.063x 10117 7 exp[—4.559/ 707~ (T5/.0754)%] 8
x (1.4.09275/° - 375T2/% — 2427, +33 8277/ +55.42777%)
+8.047 x 1037y *Pexp(—0.4857/73)
7. t(a,7)7Li | 3.032x 10°T; **exp(—8.090/7277) To>10:
X (1405167 2 +.02207° +8.28 x 10T 8.1
~3.28x 1073 _3.01x10-47%/3) Ty<10 :
+5.109 x 10575 ° Ty ¥ exp(~8.068/TL/%) 29.—5.9T ~7.2Tes+4.0To *— 56TE,
Top = To/(1.+.1378T3) Tos = Ta+.0419
8. SHe(n,p)t | 7.21%108(1.—.5087%' *+.228T5) 10
9. | 3He(d,p)He |35.021x 10Ty *exp[—7.144/ T~ (T /.270)?] 8
(1.4.058T5 7+ 6035/ +.245T, +6. 97T/ 4+7.1975/%)
+5.212x 10875/ 2exp(—1.762/Ty)
10. |3He(or,y)"Be | 4.817x 108T5 */exp(—14.964/T3 ) To>10:
x(1.4.0325T5/ % —1.04x 10-372% - 2.37x 10~4T 9.7
—8.11x 107/ -4 69%x 10~ 5T/3) Te<10 :
+5.938 x 10573/ OT; ¥ 2exp(—12.859/T1(%) 27.—15.T{ *+4.0Tpy—. 25T/ * - 02T,
Toe = Tg/(1.+.1071T9) Tay = Ty+.783
11. | "Li(p,@)*He | 1.096x10°Ty */“exp(—8.472/T3"") 8
—4.830x 103T5! ° Ty ¥ 2exp(—8.472/T1/%)
+1.06x 101075 ¥ Zexp(~30.442/T3)
+1.56% 105T; */Pexp[—8.472/TL/*— (T3 /1.696)%]
x (1.4.049T3 > —2 50723+ 860Tp +3.5273/°+3.0875/%)
+1.55% L08Ty * 2exp(—4.478/Ty)
Toe = [To/(1. + .759T5)]
12. | "Be(n,p)'Li |2.675%10° 9
x(1.—.56073 % +.179T, — 028373/ 2 +2.21 x 10-3T2 —6.85x 10-5T2)
+9.391x 10375t * Ty %2 4+ 4.467x 107 Ty exp(—0.07486 /T)
Tos = [To/(1. 4 13.08T%)]




Big Bang Nucleosynthesis :
evolution of the abundances in the first three minutes

log(mass fraction)

2
log(t [sec])

Initial condition Nuclear reaction Frozen




Most dominant elements are
75% Hydrogen (‘H) : Ip
25% Helium4 (“He) : 2p+2n
* the number ratio of proton : neutron ~ 7:1

Small amount of the light elements are

n _ n —10
D, T : —~107 i o o~ 10

Ny Np

These light elements cannot be produced in the stellar evolution.
They was created in the early hot Universe.



Test of Standard Big Bang Cosmology




e Determination of Baryon density
One free parameter is the baryon-to-photon ratio, 7] .

Since the photon number density is fixed, baryon number is
determined from this parameter. Then in the thermal equilibrium,
all abundance of the nuclei are given as initial conditions.

For a larger value of 7], the abundances of D, T, He3 build up
slightly earlier and He4 synthesis starts earlier, when neutron-to-
proton ratio is larger. Thus He4 fraction is higher.

The abundance of D, He3 is more sensitive to 7]}, with
decreasing as 7] increases.

Li7 has trough at a value around 7=~ 3x 107" This is due to

two different production processes dominate depending on the
value of 7]



e Determination of Baryon density

Baryon density Qph?
0.005 0.01 0.02

3 4 5 6 7 8 910
Baryon-to-photon ratio n x 1010

Box: 2sigma stat, 2sigma stat+ syst

The comparison between the observed
light element abundances and the
theoretical calculation shows that

the baryon-to-photon ratio

Nio = @ X 1010

Ty
must be

5.1 <nip < 6.5 (95%CL)
It corresponds to Baryon energy density
0.019 < Qph* < 0.024 (95%CL)

cf) Qh,, ~0.0024

lum

It 1s consistent with independent
determination from CMB anisotropy.

no = 6.23 £ 0.17



¢ [ithium problems

SBBN predicts more Li7 by a factor at least 2.4 and by at least 4.2 sigma.
CMB value of baryon abundance increases the discrepancy to as much as
5.3 sigma.

If L16 plateau reflects a primordial Li6, then 1000 times larger than
expected from SBBN.

Where these mismatch come from?

Systematic errors in the observed abundances?
Uncertainties in stellar astrophysics?
Uncertainties in nuclear inputs?

New physics: decay of heavy particles around BBN epoch?



¢ Additional relativistic degrees of freedom

After electron-positron annihilation, with three neutrino species,

gx = 3.36
determines the expansion rate,
2
G T 4
2 ~N o _— — *T
H” ~ 5P PR 309

With additional relativistic degrees of freedom,

Hocgi/2T2

makes the freeze-out of the weak interaction earlier, then the neutron-to-
proton ratio increases. Thus, the He4 mass fraction increases.

Particle physics beyond Standard Model is usually constrained from this
additional energy budget and thus from He4 abundance.



The energy density of the relativistic neutrinos

7 4 4/3
py(a) — 3 <ﬁ) Negip~(a) >~ 0.2271 Negrp~(a),

For 3 species of neutrinos in the Standard Model

Neff — 3.046 [Mangano et al, 2005]

slight increase from 3 due to the residual heating of the neutrino fluid
from the electron-positron annihilation.

The additional contribution to the 3 flavors of neutrino 1s parametrized by

ANeg = Negg — Nog'

The computed He4 abundance scales as

AY, ~ 0.013ANg



Nett at BBN epoch

[Mangano et al, 2011]
""""" RAARRAARE RARRAARRAN RARAREAAAN RARRARRARY
i IR o i Datasets o [N " | L(Neg < Nig")
—— 0 e wp+°H+"He 4.05| 2.56 0.20
= HaHe _ wp+ Hiow + He 4.08| 2.57 0.19
2 e oy ™ e H+*He 3.91| 0.80 0.67
é ................................. : CMB 5 iy
Sos- | wy +Y, +“H+"He|| 4.08| 2.71 0.15
T T TABLE I: Constraints on Neg corresponding to different
P datasets used: i) first row: Eq. (6), Eqgs. (1;3), Eq. (4); ii) sec-
R { ond row: Eq. (6), Egs. (1;3), Eq. (5); iii) third row: Egs. (1;3)
o.%(-)-f-3 et et L L e and Eq. (4); fourth row: as the first one, with the additional

N CMB measurement of Y, of Eq. (7). The last column shows
the likelihood that N.g is smaller than the standard value

3.046 [19].

FIG. 1: Marginalized 1-D likelihood functions £ versus Neg
using the different combinations of data as in Table I. Solid
(red) and dashed (purple) curves are obtained using CMB
measurement of wp, with the dotted (black) one also adds
CMB information on Y. In all cases the quite sharp cut-off
at Neg ~ 4 is due to *He abundance upper limit.




® Test of non-standard physics

The limit on }V_ can be translated to limit on other types of particles that
affect the expansion rate of the Universe during BBN. Dark Radiation

Any changes in the strong, weak, electromagnetic couplings, or gravitational
coupling constants can change the expansion rate or the interaction rate, and
thus can be constrained from BBN.

For heavy particles which decay during BBN, the mass and lifetime are
constrained. Gravitino, axino Charged massive particles, etc.

Large annihilation cross section of dark matter is constrained by BBN.



Big Bang Nucleosynthesis

BBN marks the boundary between the established and speculative in Big
Bang cosmology. The Standard Model provides a description to the weak

scale, however there i1s no observable relics from this epoch have been
identified.

The concordance of the light element abundances, D, He4 and also with
CMB is profound and remains as non-trivial success. BBN makes one of
the pillars of the standard Big Bang cosmology.

BBN is used to test non-standard cosmology and particle physics.



