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D.C.

S pointed out by one of us,! various nuclear species
must have originated not as the result of an equilib-
rium corresponding to a certain temperature and density,
but rather as a consequence of a continuous building-up
process arrested by a rapid expansion and cooling of the
primordial matter. According to this picture, we must
imagine the early stage of matter as a highly compressed
neutron gas (overheated neutral nuclear fluid) which
started decaying into protons and electrons when the gas
pressure fell down as the result of universal expansion. The
radiative capture of the still remaining neutrons by the
newly formed protons must have led first to the formation
of deuterium nuclei, and the subsequent neutron captures
resulted in the building up of heavier and heavier nuclei. It
must be remembered that, due to the comparatively short
time allowed for this process,! the building up of heavier
nuclei must have proceeded just above the upper fringe of
the stable elements (short-lived Fermi elements), and the
present frequency distribution of various atomic species
was attained only somewhat later as the result of adjust-
ment of their electric charges by g-decay.

Thus the observed slope of the abundance curve must
not be related to the temperature of the original neutron
gas, but rather to the time period permitted by the expan-
sion process. Also, the individual abundances of various
nuclear species must depend not so much on their intrinsic
stabilities (mass defects) as on the values of their neutron
capture cross sections. The equations governing such a
building-up process apparently can be written in the form:

dn; .
‘d"’:'=f(l)(¢.'-.m-‘_1—vm") i=12,...238, (1)
where #; and o; are the relative numbers and capture cross

sections for the nuclei of atomic weight 7, and where f(t) isa
factor characterizing the decrease of the density with time.
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We may remark at first that the building-up process was
apparently completed when the temperature of the neutron
gas was still rather high, since otherwise the observed
abundances would have been strongly affected by the
resonances in the region of the slow neutrons. According to
Hughes* the neutron capture cross sections of various
elements (for neutron energies of about 1 Mev) increase
exponentially with atomic number halfway up the periodic
system, remaining approximately constant for heavier
elements,

Using these cross sections, one finds by integrating
Egs. (1) as shown in Fig. 1 that the relative abundances of
various nuclear species decrease rapidly for the lighter
elements and remain approximately constant for the ele-
ments heavier than silver. In order to fit the calculated
curve with the observed abundances® it is necessary to
assume the integral of p,d! during the building-up period is
equal to 5X10* g sec./cm?.

On the other hand, according to the relativistic theory of
the expanding universe* the density dependence on time is
given by p=10%/f%, Since the integral of this expression
diverges at =0, it is necessary to assume that the building-
up process began at a certain time fo, satisfying the
relation:

f: (104/£)d25X 10, @

which gives us #5220 sec. and po=2.5 X 10% g sec./cm?. This
result may have two meanings: (a) for the higher densities
existing prior to that time the temperature of the neutron
gas was so high that no aggregation was taking place, (b)
the density of the universe never exceeded the value
2.5X10% g sec./em?® which can possibly be understood if we

o)
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Om’gin cf elements

1. Very light elements : primordial Universe

2.  Some light elements : spallation from cosmic rays

3. Heavy elements : stars and star explosions
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Wﬁy Jom’morofiaf sym“ﬁesis ?

1. Stellar nuclegsvnthesis : there are no neutrons...
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2. Primordial nucleosynthesis : there was plenty of neutrons !

p 4+ n < D +
® + O - @ o+

When does it happen ? How many neutrons were available ?

‘:& 2.2 MeV
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Summary cf cosmofogy

* FLmetric _ ds? = —dt* + a*(t)y;;(z*)dz"da?

* Einstein\Field equatio G uy — G TMV

* Friedmann equation

2 (@) _ 8nG
- \a/) 3

* Conservation equation

T~

p+3H(p+P)=0

(perfect fluid)



Sca(ing of radiation and cold matter

1. Cold matter

P<p p+3Hp=0= p=po/a°

2. Radiation (relativistic matter)

P=p/3  p+4Hp=0= p=py/a’

10



Friedmann ecluation in radiation era
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Individual Joarticfes

%
« Geodesic equation p“VMp =0

* Redshifting of momenta p —+ Hp =0 = D = po/a

« Energy momentum relation E? = p2 -+ m?

For massless particles

E=p E+HE=0 &FEFE=—

13



Set of Joarticfes

homogeneity

« Distribution function f(t’zi,p“)

» Liouville equation L[f]

isotropy

= Cf]

If C=0 (and relativistic) : ansatz f(t7 E) — g(E/T(t))

LIf) =0

) -

f(t, E)

L[f] — atf ‘|‘]58pf
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Fluid c[escr@’ption vs kinetic tﬁeory

b /f
o /f 4@

P /f p47fp

Isotropy in phase space

g is spin degrees of freedom (2s+1)
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These integrals on L[f] = C[{]

* Number density evolution :

4mpd
n+3Hn =7, jz/C’[f] z;l;)gp

d(na?)

=0
dt

Particular case of number density dilution : n+3Hn =0 =

* Energy density evolution :

: : : 4w Epd
p+3Hp+P) =i, 0= [CInTSET

Particular case of relativistic species without interactions ,0 —+ 4H P = 0
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Statistical ecluifiﬁrium distributions

- Early universe relativistic particles : 7Y, € 4 Vg y Vg,

Bose-Einstein Fermi-Dirac
1 1
9(E) = eE/T _ 1 g(E) = e(E—p)/T 1 1
1. Relativistic regime T>>m 2. Non-relativistic regime T<<m
. 3/2
_ ﬁ 2¢(3)  if bosons n=g <mT> o(n—m)/T
o2 |3¢(3)/2 if fermions om
B g_T47r_4 1 if bosons p = (m + 3T/2)n
P~ o915 7/8 | if fermions
P=p/3 17

Statistical equilibrium enforced by strong collision term !



QED reactions :

Momentum exchange :

\
V+ejEHW—I-ejE“ JJJ

* Annihilations

Collisions

v+y et et ,

/
gm—

lbei —I_BH(,OG:I: _I_P:t) :qei
10.’7 —|_4H(IO’Y) — qu

Y
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Temperature evolution, method 1

Ay + gex =0

Pet + py +3H(per + Pox)+4Hp, =0

1. Using that thermodynamic quantities are functions of temperature only
p="Tdp(T)/dT

B dlna

2. Trading time for scale factor with : H 7

AT 3[pes(T) + Pos(T)] + 4p, (T)

dna T (T) + o, (T)]

19



T (K)
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reheating
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al

1.3

1.2

photons

neutrinos

21




Reheating, method 2 (entropy conservation)

* Continuity equation

d(pa®) = —Pda® + 6qa’
* Thermodynamic identity

d(pa®) = Td(sa®) — Pd(a®) + pd(na®)

* Entropy evolution

Td(sa®) = —pd(na®) + 6qa’

* If no heating, and negligible chemical potential,
then, rhs is 0 and we get entropy conservation :

sa® = Cte

T ﬁermoafynamics 101

dU = —PdV + 0Q)

dU = TdS — PAV + udN

22



fntrojoy comjoumtion

* (ibbs free energy

G=U+PV-TS

* Entropy

S

U+ PV —uN

T

dG

T ﬁermoa[ynamics 102

= —SdT + VAP 4 pdN G = u(T,P)N
. p+ P —un
B T

* Ifnegligible chemical potential and relativistic

S

_4p
3T

23



:|: .
Entropy dof _9 _|_% Xsp2mi< 7
o2 Early Yearly = 2 |fermions
AT 3 — 9
Spl = g——1’ Today g0 =
45 Y -
photon helicities
T}?l _ (gearly) 1/3 Qearly _ (E) 1/3 Qearly T
Tearly 90 ag 4 ao 11 1/3
P - (%) - (Z) ~ 1.40102
TO Qearly 77 today
ety T 4 -
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Beyond the instantaneous decoupling approximation

—

» Overlap between decoupling and e* annihilations

—> smaller T}, and increased T, 1 —

1.40
1.35]
e
6 / a S 120
e 1.15-
.“ ) 'o ~‘
e .’ 0 . 1.10f
3 ’ s
“_‘__.—' 2 .
' b 1.05'
' '
. )
Q. "' t

7 4 4/3
PR = Pv + Py = P~ 14+ —Neg 11 Neff:30440

definition
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Outline :

)
2)
3)

4)

Cosmology and plasma reheating
Weak interactions
Nuclear reactions

Observational constraints
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« Early Universe (T = 1MeV):

Photons: ¥ v
y - ~10
o+ - - = = n=—n~6x10
Leptons: €7, €7, Ve, Vy, Vi, Ve, Vi, Ve ! n,
Baryons: n, p baryon-to-photon ratio

When computing time, scale factor, and plasma temperature, we can ignore baryons

But we must look into baryon abundance for the nucleosynthesis.

How many protons and neutrons are available ?

27



Statistical Joﬁysics oversim}oﬁ’ﬁ’ecf

Social experience

1) Give 100 EUR to N persons

2) Let them exchange freely

50 -
3) Look at the results I

40 -

30 -

Number

Nombre personnes

20 -

10

0 100

200
Argent

Money

300

400
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Number of people
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Weak interactions

n Hg— p+ e S — —
n<—pt+te s 14
_|_ —

n+e' <— p1+En n Z)BornF -

» If enough interactions, then statistical equilibrium

E Baryons are non-relativistic : E~m

“*BT| m, = 938.2MeV

Protons

Neutrons

my, = my, + 1.3 MeV

n, = e

— nple_(mn —my)/T




zs

FEvolution of neutron fmction X, =
Ty, + Ny

neutron fraction




genemfexpression (ZfW@Olﬁ rates

Nn + 3SHN,
ny, + 3Hn,

_nnrn—)p + onp—)n

_nprp—>n + nnrn—m

Weak interaction Matrix element

7

nl = [ Wia*pi(en)'6* (p, - 5, +aup, +acp,) M fu(Bn)[L - fo(Bp)fulas B (o)

momentum conservation

d3p iSOtrOPYMpz dp v; = 1 ifinitial particle
3.1 _ _
4°p] = 2E(2m)3  2E(2m3) «; = —1 if final particle

g(—FE)=1-g(E)

Fermi-Dirac property




Interaction Hamiltonian

JH

G
HI — 7}; ng/Jpna K

ev D’Y'u(l o ’75)9

J;Ln — udfyy'u(l _ gA75)n

/

CKM angle

|

Axial current coupling




Matrix element

|M|?
27G, =crrMrr + crRrMRr + cLrRM LR
14+ga)?
erp = \ 4A) Mrr = (p, P,)(pp p.)
_ 2
CRR = (1 49A) MRRr = (]—)n Be)(gp py)
CLR = 9344_1 MLr = mpmn(gy pe)




BORN ajo}oroximation method

A:mfn_mp.

E,—Ep=A+0Q1+ Q2+ Q3

Nucleon recoil corrections

5Q, = _Pn-q

my

2

5Q2 = — 4

my

NS 1 ~2A
50p = PP (L 1Y Ipal

2 My My 2my;

4=Pp—Pn = @by +aepe




BORN a}o}oroximation : ‘Dirac exyansion

d3prd®p.d®p,
24(2m)8

nnI‘=/

$(En — Ep+ aeEe +a,E,)

2
lMl fn(En)fV(avEV)fe(aeEe)

nEpEeEu

/ Born orde

$(E,—E,+a.E.+a,E,))

Finite nucleon mass corrections

5'(5) (Z 6@-) + 28(2)(0Qu)

A+a.F.+ a,FE,

| Y =
Born order Corrections
T 2
MLL 31— Pn ) Pe 4+ & . 041/|Pu|
H’LE’L nn Ee Eu mNEz/
2
Mprr N Pn . Pe n Pv _ ae|pe|
HZ'EZ' mnN Ee E,, mNEe
2 .
Mrr |({|d Pal"\ ({ _Pe Py
H,,,EZ m%v EeEu




BORN a}ojoroximation

Loy = K / " Pdplx(B) + x(~E)]

Product of Fermi-Dirac distributions

X(E) = E}g,(E,)g(—E)
Neutrino energy

EF,=F—-A
Preconstant

_ AGEV4 (1 + 3g%)

i (20)3




Neutron lifetime strikes again !

1 \/A2—m?2
— =Ty (T'=0) = K/ p*Edp
0

Tn

K = 1/(Tn)\0m2)

Ao ~ 1.75474

Instead of using the measured values of V4 and g, we use neutron lifetime

Tn = 8784 £0.0s




BORN a}oproximation rates vs Hubble rate

109 169.5 1610 10;0.5 1611 10;15
T (K)



fquifiﬁm’um abundances

N, +3Hn, =
np +3Hn, =

_nn]-—‘n—>p + nprp—>n

_nprp—>n + nnFn—>p

=]

pP—N

=

D—1N

— €

~“A/T




f\/afuatm tﬁe reeze-out temperature
g i

 Proton and neutron fractions :

Ny + Ty Ty + Ny

Neutron fraction evolution

Xp = Xprp—wn, — ann—>p

* Tight-coupling (aka large interaction) expansion

I'psn 1
X — p; — KXn ) A — Fp—)n - Fn—)p

mo/—1d\"T
x(m) — e p—n
m=Y (Ta) 5

k=0

42



0.5]
0.4f
0.33
0.2}

0.1f

] Exact
] S
1 —== XV
: X2

0.0l

0.01

005 010 050 1
t(s)

Gives freeze-out at T ~ 0.8 MeV
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‘Evo [ution (Z]L, neutrons

N N N
10" K 10" K 10° K
5 3 ‘
04 % % True -
I c _
8 i % i') """ Stat. eq
-"8 0.3j g 8 (t— tp) i
g I . @ 0.16 x exp|— TF]
S 0.2 ]
= I
)
<01 ]
0.0 | | .- - :
0.01 1 100 10*

t(s)

*  When deuterium synthesis starts, we have around
X =0.16
t F = 10s

tnuc —1
Xn(TNue) = ijexp (— F)

Tn



Outline :

)
2)
3)

4)

Cosmology and plasma reheating
Weak interactions
Nuclear reactions

Observational constraints
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Deuterium syntﬁesis

P + mn <

100 - > ]
i =
i 17 B
|
1= o1t .
-
& 10 .
@ -
X s T=10MeV *
= = T =1MeV
10+ -
= T = 0.1 MeV
10—10\\\ L L Lo L L Ll
0.01 0.10 1 10 100 1000



100 -

— T =10 MeV

2 MeV

T =1 MeV

“ot0 1 % 100 1000
E(MeV)

Fraction above 2.2 MeV is ~ exp(—2.2 MeV /T)
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Cl-[anc[-waving argument :

BD — 2.2 MeV

Photons are super numerous

Synthesis should start when

—Bp/T
(I D/ ~ ny

77 — e_BD /Tnuc

2.2M
T - eV
21

~ (.1 MeV
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CReyresentation Protons vs Neutrons

Nombre de neutrons
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e Cae 3
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Nuclear network

(B-)
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Small network

d+p <> *He +~
d+d<« 3He +n
d+d<*H+p

H+p <> *He +
SH+d < *He +n

°H + “He < "Li+~

*He + “He <> "'Be + v

"Be+n <« Li+p
"Li+ p <> *He + *He

51



Evolution cf abundances

dn; :
dT: + 3Hn; = J; = Source from nuclear reactions
dr ly diluted
rr + 3Hn, =0, Baryons are only dilute
X, =n, /nb » Removes dilution

e Two-body reactions of the type 1+7 4 k+1

X; = Zrkl—mlele — i X X
ikl




‘Rates

Uikl = np(00)ij ki

Average of cross-section over
Maxwell-Boltzmann distribution




Setting initial conditions

At nuclear statistical equilibrium (NSE), the densities of nuclei satisfy

SUA )

nNSE _ giT itp ( Nn ) ( W) eBi/T

. 2A; mg/z mg/z i §

Number protons Number neutrons Binding energy

Bi = Zimp + (Az — Z,;)mn — my;

Hints of demo : m. T 3/2
* Non-relativistic number density  n,; = g; ( 22 ) e(,uz'—mi)/ T
7

* Chemical equilibrium  p; = Z;p,, + (Ai — Z;) pin




meravement of ﬁancﬂwaving

NpTin oBp/T

Saha equilibrium for deuterium ng ~

o (mbT)S/Q
Wh : 3
en produced substantially Ng = Ny = np ~ 77T

e Bo/Taue ~ py(Tyie/mp)?/? ~ 6 x 10710 x 107°

Bp/Taue = 35 T, = 0.065 MeV

nuc



Yp = 4Xpe

2GK 1.2GK 1GK  0.9GK 0.8GK

0.257

0.20}
0.15}
0.10F > 3 3 -
3 % E E -
e R S 1
! N o Q]
0.05F & 7 7
i Q O O 7
< 5 S
5 (9] g .
0.00.I s a1 . "

0 50 100 150 200 250 300
t(s)



1€ E TEMPERATURE
; ' W 3x10°°K IxIO® ° K 3x10°® °K
i g ) : I
oto0f 7T \ A
E Voetter e oo &= T ——————————
: v > 10k NEUTRONS N ]
_" m PO T S 0 . D O 4 e S P 0 > e o
[ A = ;“ He*
0.010; o w o, i\
F o I n (Z) 'eT "’ ‘\ I
- Ill 2H g NUCLEAR ,v' l‘
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E 4 X s ‘3_ _
] He § 1o
o
i <q
10_4 3 W 4
F 104 (C ol
1 > ( ) DEUTERIUM
|..
5[ |
Y -s|
10 10 t&l 1© : f

Obtained with public BBN code:

PRIMAT

Other codes are :

PArthENoPE AlterBBN

TIME (SECONDS)

Peebles 1966

o7



1070k
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Cosmology and plasma reheating
Weak interactions
Nuclear reactions

Observational constraints
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THE HELIUM AND HEAVY-ELEMENT CONTENT
OF GASEOUS NEBULAE AND THE SUN

D. E. OSTERBROCK*

Institute for Advanced Study 1961
Princeton, New Jersey
AND
J. B. RoGERsON, JRr.
Princeton University Observatory

The helium abundance Y =0.32 existing since such an early
epoch could be at least in part the original abundance of helium
from the time the universe formed, for the build-up of elements
to helium can be understood without difficulty on the explosive
formation picture.*
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HYDROGEN ABUNDANCE X

Peebles 1964

.0
.8
LOWER LIMIT ON X
ORION NEBULA
o
ABUNDANCE OF HYDROGEN,
4_ FROM HIGH DENSITY PHASE
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(| Lepton Number|< Nucleon Number)
2r
(0] 1 1 1
Ol A I°K 10
TEMPERATURE, EXTRAPOLATED TO 2x1022 gm/cm3
1 1 1 1
.0l A I°K 10
TEMPERATURE , EXTRAPOLATED TO 7x10 > gm/cm3

HELIUM ABUNDANCE BY MASS

Peebles 1966
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-29 3 *
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1 1 |
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i 1 1 1 1
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(P=7x10"3" gm/cm3
| 1 1 | i
BO°K 1°K 3°K I0O°K  30°K
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0
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N w
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sl —""" “He o

Wagoner, Fowler, Hoyle 1973

ho(g cm™)
10 10? 10> 10° 10"
T T T

10 I0™ 5
P, (T=27°K)(g cm™)

Baryon abundance completely unknown !
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Yp = 0.2453 £ 0.0034 Averetal 2021

50

2.7 ]
3:2 E Deuterium (ratio of deuterium/hydrogen D/H)

58 6. 6.2 6.4 -
1010,7 /

D/H (x 10%)

3He/H (x 10°)
S

(9]

D/H = (2.527 & 0.030) x 10~° Cooke et al. 2018

5 He-3
20]
& 10| ,
=
X 5 ! .
- \t'K
T Lithium problem !
3 2 f

—_—
T

2 3 4 5 678910
1010,7
Baryons abundance

—



Wagoner, Fowler, Hoyle 1973

ho(g cm™)

10 1) 10? 10> 10 10!
T T T T

‘He

|
<32 3 30 | 29

'd O -3
p, (T=27°K)(g cm™)

1
1628

oy, ~ 4 x 107 g/cm?



D/H (x 10°)

N
[

N
N
S

22—

5.8

5.9

6.0

1010,7

Pitrou et al. 2018

Cooke et al.

3

6.2 6. 6.4
Improved nuclear rates

2.8

2.7}

.

N
®»
/

/

D/H (x 10°)
N
\.cn\ T T

N
~
S

N
w
RS

5.8 5.9

Slightly better constraints

from CMB

This work (2020) |

Cooke et al.




Quasar absorption lines

=

310°

2107

] | | | LI | | | LI | | | | | LI
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Main reactions for D destruction
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Effect of Neg on beta decay — r7 dIn’l’
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De/penofence on number of neutrino s/pecies
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Conclusion

* BBN was paramount in establishing the big bang model
* It has now reached a precision era

* There is amazing consistency with CMB

* Future progress relies on improving nuclear rates

* Lithium problem is probably of astrophysical origin

* BBN is a powerful theory killer via N
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Lithium measurement
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Finite nucleon mass corrections
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Radiative corrections
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Chemical yotentiaf (yf neutrinos c[is/p[aces freeze-out abundance
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