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Three observational evidences for the
Big-Bang Model

1. The expansion of the Universe

Galaxies move away from each other according to Hubble’s law:
V =H, x D with H,= 72 km/s/Mpc, the Hubble parameter (or “constant”).
D o a(t) (length scale parameter)

2. The Cosmic Microwave Background radiation (CMB)

A black body radiation at 2.7 K corresponding to the redshifted spectrum
emitted when the universe became transparent

3. Primordial nucleosynthesis

Reproduces the light-elements primordial abundances over a range of nine
orders of magnitudes.



Velocity (km/sec)

Hubble’s law

V=H,x D, H=72 km/s/Mpc, h = H)/(100 km/s/Mpc)

Where V is the recession velocity of a galaxy at a distance D

[Freedman et al. (2001)]

Hubble Diagram for Cepheids (flow—corrected)
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Hubble’s law: V' = H, x D

Direct consequence of the expansion of the Universe

Mean distance between galaxies o «a(t) [scale factor]:

D(t) = y x a(t)

D
V =D(t) = x x a(t) =[x x alx a(t)/a(t)

H(1) = a(1)/a(t)




Cosmic Microwave
. -Background
radiation (CMB)

Black body radiation spectrum
at T =2.728+0.004 K
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Redshifted spectrum of the photons released when the universe became
transparent (electrons and nuclei recombination into neutral atoms)

Opacity caused by Compton scattering of photons on free electrons

As long as photoionization H+y<=>p+e- 1s effective 1.e. until =300,000
years after the Big-Bang when T dropped to =3000 K

T=3000K —= 27K



Redshift (z)

T=3000K —= 27K

Mpresent) = A(recombination) x a(present) / a(recombination)

7 = )\‘observed — Vemitted 7\- _ 7\-
)\. emitted as
emitted measured in laboratory
B a(t,)
7+ 1= O=present value
a(t = temission)




Temperature of photons-electrons decoupling

ne=n, (neutrality) ne, N, Ny, Ny, = electron, proton,
atomic, baryonic densities

n.=mn.+tn
b~ Tl T My E =13.6eV (1.6 10°K)

n 3

_ e
X€= IE_
np+nH -

Saha equation :

3 -E,
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1-X, |\ 27(hc)’
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n, ~ Q. h’x10- x (1+z)3 baryon / cm? T®



Determination of the baryonic density of the
‘ Universe - ‘

[ Standard Big Bang Nucleosynthesis
Calculated and observed “He, D, *He, ’Li primordial abundances
= 1 (or Qzh?)

Need good:

» Observational data
» Nuclear data

1 HI and Hell Lyman-a forest absorption (on the line of
sight of quasars)

J Anisotropies in the Cosmic Microwave Background radiation

BOOMERanG, CBI, DASI, MAXIMA, ARCHEOPS, WMAP,.....




Density components of the Universe

A natural reference : the critical density
3H,
3G

H,= Hubble “constant” (h=H /100 km/s/Mpc h=0.7)

Poc = =1.88 h*x 10%° g/em? or 2.9 h? x 10! M o/Mpc?

Q=p/pc
Some Q values /[Komatsu et al. 2009]
Radiation (CMB) Qr 510°
Visible matter Q ~0.003
Baryons Qy 0.0456+0.0015
Matter (Dark+Baryonic) Q, 0.274+0.013
Vacuum Q. 0.726+0.015
Total Qr =~1.0

Number of baryons per photon : 1 = ny/n, et Q4°=3.65x107



Isotopes to constrain 1 :

“He : little sensitive to 1

‘He : complex stellar production /
destruction history.

D : seems the best candidate: a
strong monotonic evolution with
N and no stellar production.

’Li : main drawback: a non
monotonic evolution with n;
two m values for a given Li/H
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Baryonic density range

Thanks to deuterium, m can
be safely restricted to the
10-19to 10~ range
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iArfisotropié's of the Cosmic Microwave B!ackgrou‘nd (&MB)

At t=0.3 My, and T=3000 K :
recombination, the Universe

becomes transparent
(presently 2.725 K)

© WMAP web page
(http.://map.gsfc.nasa.gov/)



Anfsotropie‘s of the Cosmic Microwave Béckground (CMB)

»Geometry (Q2=1), 1! peak

Spatial fluctuation spectrum of CMB — »Q, (20/15 peaks)

(Inertia from baryons)

V/
Q, h?=0.02267+0.00060

N=(6.21x0.16)x10-10
[WMAP: Komatsu et al. (2009)]
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Nucleosynthesis (I)

Equilibrium p<>n : N,/N =exp(-0, /K1) ; O,, = 1.29 MeV
V,+n<>e +p V.+p<e +n

Followed by decoupling and freezeout

Equilibrium as long as the reaction rate is faster than the
expansion rate:
a(t)

L. > a0 = H(t))

Equilibrium breaks out when : )
_ T km
a \/SnGpR i = 8 )30h3

a 3
T)=4<>11
Then 7 = 1010KandNn/szO,2 (geﬁ( ) )

T4

L. ~GT5



Nucleosynthesis (1I)

Neutrons decay until 7'1s low enough for :

n+p—>D+y
becomes faster then deutertum photodisintegration

D+y = ntp (Q=-2.2MeV)
Then, 7= 3 mn, 7= 10” K and N, has decrased to N,/N, = 0.1

Nucleosynthesis starts to produce essentially “He together
with traces of D, *He, L1, ....

X(*He) = 2X(n) =~ 0.2



Neutrons mass fraction
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First steps in BBN

n<>p decoupling (A)
n free decay (A-B)
D formation (B)

n<>p equilibrium

n free decay

exact calculation

Qgh? = WMAP/ACMD
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Galactic chemical evolution

N Big-Bang
N\ H. He, Li

\

Cosmic rays

/ Compact remnants *;
(white dwarves), :
. neutron stars,
“black-holes

Interstellar gas

Matter enriched in
“heavy” elements

Abundances

>

/>2




“Metallicity™

In astrophysics:
“metals” = everything beyond helium
Metallicity:
* “metal” mass fraction (2)

* [Fe/H] = log(Fe/H) - log(Feg/Hg)
Solar metallicity
Zs=0.018
[Fe/H] =0




Determination of primordial abundances

Primordial abundances :
1) Observe a set of primitive objects born when the Universe
was young
e “4He in HII (ionized H) regions of blue compact galaxies
e JHe in H II regions of our Galaxy

D inremote cosmological clouds (i.e. at high redshift) on the line
of sight of quasars

e Li at the surface of low metallicity stars in the halo of our Galaxy

2) Extrapolate to zero metallicity : Fe/H, O/H, Si/H,.... = 0



“He observations in blue compact galaxies

0.30

“He from a sample of 86 H II regions
in 77 blue compact galaxies: 0.28/
>Yp= 0.2472+0.0012 or 0.26}

>Y,=0.2516+0.0011

0.2471

(according to atomic physics data)

. 0221
[Izotov, Thuan & Stasinska 2007] ____——4——7
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3He primordial abundance

‘He from a sample of 21 local galactic H II regions; upper limit from best
observation: | 3pje/p < (1.1£0.2)x10> [Bania et al. 2002]

[3He/H]
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SHe primordial abundance ?

New *He/H data /Bania et al. 2002] but at high metallicity : weak
constrains on primordial value /Vangioni-Flam et al. 2002].

T~ T 1 1 1
— 0.5 -
S f
& .
05 SHe/H = (1.1£0.2)x10°
-1 - PR S S IR T ST S SR N S TR S S
-4 3 -2 1 4]
[ o/H ]
o | Li ] ]

-10

log (n(Li)/n(H))




Deuterium primordial abundance

Fragile 1sotope : only destroyed after BBN

=> use highest observed value

Local interstellar medium (present) :
D/H = 107 [FUSE: Hébrard & Moos 2003, Wood et al. 2004]

Protosolar cloud (4.6 Gyr ago) :
D/H = (2.5+0.5) x 107 [Hersant et al. 2001]

Remote cosmological clouds on the line of sight of
quasars



D/H observations 1n a
cosmological cloud

Cloud at redshft of z=3.6
on the line of sight of

quasar QSO 1937-1009
Observations :

*D/H ratio at high redshift
from the depth/width of
absorption lines

*Baryonic density (€2,) from
the census of the « Lyman-a.
Forest » lines

Normalized Flux

[Burles & Tytler 1998]
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D/H

D/H ob'se_:rv’ations n césmolo'gi_cai clouds

10 i 1 I I 1 I 1 I 1 1 l 1 1 I I I 1 1 1 1 I 1 I 1 I I | I I 1
i (2.8440.26)% 105 (1-0)
I [Fields &Sarkar 2008]
+ //
+ + + ' IProtosolar
a Mean -
+ (20)
s Local ISM
10 1 1 | I L1 1 1 l 1 1 | l L1 1 1 I 1 1 | — I 1 1 1 ~ 10-5
-3.5 -3 -2.5 -2 -1.5 -1 05
[X/H]= log,( (X/H) / (Xe/ He) ) [O/H] (or [Si/H])

Burles & Tytler 1998a,b; O’Meara et al. 2001; D’Odorico et al. 2001; Pettini &
Bowen 2001; Kirkman et al. 2003, Crighton et al. 2004, Pettini et al. 2008



Galactic evolution of F7% Be and B abundances
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Observation of lithium abundances in low mefallicity stars

Spite plateau: Li/H versus metallicity (time):
Li/H =1.12 10-1° /Spite & Spite, 1952]
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© Ryan et al. (2000) B Asplund et al. (2005)
A Ryan et al. (1999)

oLy
° -‘:" ,f;-i. t.**:. {
_m$ o +‘+*¢‘ﬂ+ b ﬂ\

10 ./

NGC 6397

[ Ado pted (20)

Bonifacio et al. (2002)
- (Ryan et al. 2000)

A Thevenin et al. (2001)

c e e b v e b ey e b ey by
-35 -3 -2.5 -2 -15 -1 -05

[Fe/H]
0.9<>1.9 x 10-1°(20) /Ryan et al. (2000)],

~2.34 x 10-1% Meléndez & Ramirez (2004)]
=~1.3<22.3 x 1019 Charbonnel & Primas (2005)],
1.1<>1.5 x 10°1° /Asplund et al. (2006)]

*Low dispersion
6] i observations

=> In principle, low Li
destruction = 0.1 dex (?)

=Reliable primordial
abundance (?)
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Nissen et al. (1999), Cayrel, et al. (1999);

| Aoki et al. (2004); Asplund et al. (2006)
: . . .
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The 12 reactions of standard BBN

Origin of reaction rates

Theoretical:

'n<>p : with T =885.7+0.8 s
[PDG 2004] (t,=878.5+0.7
+0.3 [Serebrov et al. 20035,
Mathews, Kajino & Shima
2004]), otherwise small

uncertainty /Brown &
Sawyer (2001)]

*'H(n,y)’H : Two nucleons
effective field theory /Chen
& Savage (1999)]

Experimental :

*New compilation
[Descouvemont, Adahchour,
Angulo, Coc & Vangioni-
Flam (2004)]

Descouvemont et al. (2004)

Theory

(dmn) (pyy)

(d,y)

(ay)




Thermonuclear reaction rates

> Cross section :

Cross section (0) =
Number of reactions / time O units : barn (b)
Beam intensity x Number of target nuclei = 1024 cm?

» Thermonuclear reaction rate :
¢@(v) = Maxwell-
Boltzmann distribution

NA <OV> = NAJ;OO O’(V)VQD(V)CZV N, = Avogadro’s

number



Nuclear network eqUatiOns

Set of coupled , stiff, non-

linear differential equations -5 %S‘i Bl (pT’Y’ -
. e e a,p
solved numerically ’ —
24| 25| 26A|
Evolution of abundances :  [ayg| [eomg| [|emg|  [2smg (rp)  (B*V)
W) oy (00) 1 Nigy Nayg, (070)
=INHIN24 24 ' 4 22 2 |
dt Mg Mg(p.7) He"'**Mg Mg(a,p) } production
-- N2581/\2581(p+ ) -~ NZ()SI/\Z()SI(,), p) + .
— Ny Nos 41 (00) 25 — Nay.Nos a1 (00) 25 |
H Al< ) Al(p,y) — “V4He Al< ) Al(a,p) } destruction
- N25A1/\-25A1(;5+u) - N25Al/\25A1('y,p) -
Rate of energy production : E 1+ 5 Uk ijk

ijk



Mass fraction

Primordial nucieosynth‘esis with Nig =1 et 10

BBN n,,=1 BBN n,,=10
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‘ - n<>p weak reaction rate

— -l
Mop= T, X

n
Ef(phase space)x(e distribution)x(v, distribution) dE
+ small corrections

[Dicus et al. (1982), Brown & Sawyer (2001)]

T - g - " € I 1/2
Mopapery = ![ )( 1) d — i=Cf€(s—q) (s —1)/ de

1+ exp(- )]{1 + exp[(e q)z ]} T-—0 T, 1

(qEan/me’ m., 8EEe/me’ ZEmJTy’ ZVEI’}’IJTV)

n+et —=p+v,’ n+v,—>p+e ’ p+e” —=n+v,’ p+v,—>n+e*’ p+e” —>n+v,

» . =885.7x0.8 s /[PDG 2008]
et =878.5+0.7 £0.3 [Serebrov et al. 2005]



'H(n,y)D : theory versus experiments

Rate calculated from Effective Field theory with (theoretical)
uncertainties of 4% [Chen & Savage (1999)] or 1% [Rupak (2000)]
compared to experiments [Arenhovel & Sanzone (1991) review]

BBN energy ~ 25 keV
Additional check with g
polarized beam £/ and
M Imeasurements

[Tornow et al. (2000)]

... and new (>1991) cross

section measurements
[Suzuki et al. (1995),
Tomyo et al. (2003)]
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‘Reactions with charged particles

Penetrability factor

» Below the Coulomb barrier!
»Very weak cross sections : £ 5 e
o(E) N N N whenE N T e Distance

Coulomb and et centrifugal

penetrability : R

})L - 2 p G2 2 101'2 E

FL (T]:p)'l' L(Tlap) \ =

[y
=]
E)

S
TTTTTTTTTTTTT T

[
, @

F, G = Coulomb functions

e
[ — B ]
— e
Y

n = Sommerfeld parameter

[
(=]
'
—
=}

e
=)

s
6

[
(=]

(=]
[
n
)
i
(7]

Z,Z,e’ R +J2uE
n= p== K

hv A




Astrophysical S-factor : S(E)

WKB Approximation : P,_, x exp(-2ntn) " = ZZ,e’
hv
Astrophysical S-factor:
S(E)=0(E)-E-exp(2nn)=0(E): E-exp| - %

Corrects for the O(E) ~ i
effect where A, < E-” is the
de Broglie wavelength

Corrects for the effect
of penetrability (L=0)

Gamow energy : E.=YQ2nraZ,Z,)*uc? =(0.989-Z,7,4”)* [MeV]

= Much weaker variation of S(E) with energy as compared to o(E)



Astrophysical S-factor : S(E)

~
=
—
~
=
~

Variation of cross section o(E) /

9 orders of magnitude
between 25 and 340 keV

Variation of the
astrophyscal S-factor

=]

S(E) :50% —— 5 |

eV.b)
own &YW

S(E) M

=Extrapolation to low energy

3IﬂIe(sHe,Zp)"He

Krauss et al. (1987)

0.15 0.2 0.25 03 035
E_ (MeV)



10 rates deduced from e'xpefimental data

Compilations and evaluations for BBN thermonuclear rates

» Smith, Kawano & Malaney 1999 (with uncertainties)

» NACRE, Angulo et al. 1999 (7/10, tabulated rates and uncertainties)
» Nollett & Burles 2000 (no rates provided)

» Cyburt, Fields & Olive 2003 (revaluation of NACRE)

» Serpico et al. 2004 (rates and uncertainties provided)
» Descouvemont, Adahchour, Angulo, Coc & Vangioni-Flam 2004 [DAACV]
e « R-Matrix » formalism: S-factors fits of data constrained by theory

e Provide also reaction rate uncertainties

» Cyburt 2004 (rates provided, not the uncertainties)




New anal'ysis of "Li(p.o)o. + CA62
- FI67
: BBN rates_ _ ; SP71
3 ‘g RO86
[DAACV] Descouvemont, | = 017 ﬁ e - EN92
Adahchour, Angulo, Coc | ® i o ' LAO_2
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0.01 . — Stotal
/ 0.01 0.1 1 100 Sth(-sigma)
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Comparison between observed

- and calculated abundances L Qgh’
0.26 T T T T T T
Limits (1-0) obtained by Monte-Carlo § - ' e .
from Descouvemont et al. (2004) g E >
reaction rate uncertainties. g o2 — >
> 023 =
Concordance (?) BBN, spectroscopy . | T
and CMB = 1 LN ! -
=) ]
. [WMAP: Spergel et al. Z D -
(2003,2006)] £ s
* ‘He /Olive & Skillman (2004)]
* D [Fields &Sarkar (2008)] =
=

*3He /[Bania et al. (2002)]

*’Li [Ryan et al. (1999,2000)] :
difference of a factor of 2-3 between
calculated (BBN+CMB) and observed ' —
(Spite plateau) primordial lithium
[Coc et al. (2006), Cyburt, Fields & Olive (2008)] nx10"




The 12 reactions of standard BBN

Descouvemont et al. (2004)

Theory

(d,y)

@n) (s (@)




Sensitivity to thermonuclear reaction rates

AY

&ln(Y )

Y |dIn(N,{(ov))

X

AN ,(ov)

N=MNwmap

N,(ov)

At WMAP baryonic density

dIn(Y) /dIn(N ,<ov>) E,(AE./2)
Reaction “He D 3He 7Li (MeV @ 1GK)
T, (N<>p) 0.73 0.42 0.15 0.40
"H(n,y)’H -0.20 1.33 0.025
?H(p,y)°He -0.32 0.37 0.57 0.11(0.11)
?H(d,n)’He -0.54 0.21 0.69 0.12(0.12)
?H(d,p)°H -0.46 -0.26 0.12(0.12)
0.13(0.12)
0.23(0.17)
SHe(n,p)*H -0.17 -0.27
SHe(d,p)*He -0.75 -0.75 0.21(0.15)
*He(a,y)'Be 0.97 0.37(0.21)
0.24(0.17)
"Be(n,p)’Li -0.71




Influence of 'H(n,y)D reaction rate

Mass fraction

‘He/H, DH

"Li/H

0.26

(at WMAP/ACDM baryonic density)

Q,h’=0.0224
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And06 / Che99

‘The 'H(n,y)2H reaction

Sensitivity = 1.33
E ~ 25 keV

New precise n(p,y)d EFT cross section ar

rate calculation /Ando et al. 2006]
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‘The 1H(n,\()zH reaction n+p—>d+y

=
g 03 ¢
% 0.2 E
53 -
01 —
—_ 0 E (RN R NRY| L1 1 1111l
T 03
é |
New measurement of the M1 S 02
contribution /Ryezaveva et al. 2006] »
. . . 01 —
by inelastic electron scattering off D -
—_ 0 '_I'I 1 1 11111l | L1 11111l
E‘ —
+ 08 [
A —
E 06 —
= =
> 04 |
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;I | lIlIlIIl 1 1 11111l |
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The 3He(oc,y)'7Be reaction ‘

Sensitivity = 0.97
E,(AE,/2) =0.37(0.21) MeV

Systematic uncertainties : prompt
VErsus activation measurements

New precise measurements
(in particular at LUNA) :

» Prompt /[Brown et al. 2007,

Confortola et al. 2007, Costantini et

al. 2008]

» Activation [Nara Singh et al.
2005, Brown et al. 2007, Confortola
et al. 2007, Gyiirky et al. 2007]

» Recoil /Di Leva et al. 2009]

Reanalysis of *He(a.,y)’Be rate /[Cyburt
& Davids 2008]: S(0) = 0.580+0.043
keV.b (13% higher than in DAACV04)

6.0E-04 17t
5.0E-04 N1} 3He(a,g)7Be
[DAACYV]
4.0E-04 - i
5 B}
>
é 3.0E-04 ~
a —
2.0E-04 ~
+ PAG3 = NAB9
KR82*1.4 0S84
1.0B-04 - « HIg8 —theor
—mins)  —max(2s)
0.0E+00 . T . T .
0 05 1 eendfeyy 2 25
0.7 l I
Prompt Activity
0.6 . ¢ Brown et al. $ Brown et al. —
/E\ i Confortola et al. § Confortola et al. -
©
9 0.5 { Gyurky et al. -
>
\g/ } Nara Singh et al-
~ 04 -
=
3
0 \\\\ ——————
0.3 - o P — ]
[Cyburt & Davids 2008]
0'2 1 | 1 1 | 1 1 1 1 | 1 1 1 1
0 0.5 1 1.5

Relative Energy (MeV)




The *He(a,y)’Be reaction End detector

Wien filter 48

ERNA recoil separator
(Bochum, Gernany)

Gas Target §o

) Systcm Quadrupole

Purification Doublet
Wien filter

60° dipole
magnet

0.65 - pevm—
E O [20] o [21]
, _ MO B (AEy/2)=0.37(021) MeV |"™"
Recoil (+ prompt) /Di Leva et 055 F Actvation
al. 2009] with ERNA E The o
o Y[ o [21] @ this work
S(O) =(0.57+0.04 keVb % 0.45 E_ Recoils
0.40 5—
S(0) = 0.56:0.02+0.02 keV.b 035 -

Adelberger et al. 2010 latest evaluation .o

of solar fusion cross sections

o

500 1000 1500
Ecm(keV)
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The H(d,n)’He reaction

Sensitivity = 0.61
E,(AE,/2) =0.12(0.12) MeV

New precise measurements of
’H(d,n)*He (and “H(d,p)*H) reaction
at TUNL /Leonard et al. 2006]

Excellent agreement with DAACV
2004 fit within Gamow window

» No change in central Li/H value
» Reduced uncertainty
» R-matrix fit reliability

S-factor (keV.b)
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' AstrOphysical aspécts

Extracting Li/H abundances from observed atomic spectra (See Ryan et al. 2000)
» Extrapolation to zero metallicity
» 1D versus 3D atmosphere model
» Surface gravity
» Non Local Thermodynamical Equillibrium
» Stellar depletion /Richard, Michau & Richer, 2005, Korn et al. 2006]
e Diffusion and turbulent mixing depletes Li surface abundance
» Effective temperature scale [Hosford et al. 2008]

 Improved temperature scale (ALi/Li= 6 10* AT, :
Li/H = (1.14£0.07)x10'° (reduced uncertainty)



The Li prbblem' update ' ‘

,
=
(8

0.26 T T T 1] T T

New *He(a,y)’Be and n(p,g)d g - | -

. 1> 025 — 4He —
rates : £ : /
* Li/H = (5.24+0.67)x 1010 [Cyburt, 2 F "
Fields & Olive 2008] >

* Li/H = (5.14£0.50) x10-'9 /Coc &
Vangioni 2010/

‘He/H, D/H
_|_L|_|_|,|| IIIIII[IH —IIII

New abundance determinations :
e Li/H = (1.14%0.07)x 1010 /Hosford 5
et al. 2008], .....

7L difference of a factor of =5
rather than =3!




Monte-Carlo BBN versus observations

Using log-normal distribution (see
Iliadis et al., to be submitted to NPA)

for the reaction rates from DAACY,
Ando et al. 2006, Leonard et al. 2000,
and Cyburt & Davids 2008.

log("'Li/H)

BBN calculations Observations
Cyburt etal. | Coc & Vangioni
2008 2010
0.2486+0.0002 | 0.2476+0.0004 | 0.232-0.258 x100°
2.49+0.17 2.68+0.15 2.84+0.26 x10-5
1.00£0.07 1.051£0.04 (0.9-1.3) x10-5
"Li/H 5.24*071 o, 5.14+0.50 1.14+0.07 x10-10




Other nuclear reaction rates

Descouvemont et al. (2004)

Theory
New rate/data

* About 100 other reactions
involved in SBBN from H to B

*Among them =40 remain whose
uncertainty on rate 1s not available

* Systematic check by varying the
rates by factors of 10, 100, 1000.

An interesting case : -
the "Be(d,p)2a reaction

LiH

1 <—x30
1 <x100
1 <—x300

| <x1000

-10
10 |




S[p0+p1] (E) (MeV b)

Reaction rate /CF88/ from an estimate /Parker, 1972]
based on partial experimental data /Kavanagh, 1960]

No data at BBN energies! Only Be g.s. and 1% level

10

| EXperim'entall data on 7Be(d,p)2oc reaction |

"Be(d.p)20.

Data from Kavanagh (1960)

L
o e o ....‘. . . .
L
° ° e
° e b
T=05GK
D — ‘
L]
T=10GK
%
Gamow peak ¢
| — 1 l 1 1 1 I 1 1 1 l 1 | — I 1 1 1 l Ll 1 I 1 1 1 I 1
02 0.4 0.6 0.3 1 12 L4

E,, (MeV)

Be(d,p)’Be*—2a.
16631892 5. 6.
"Be+d-p
(16.68 MeV)

///

11.35 4

( 3.06 7 240




‘ / : The 7Be(d,p)2_oc ’experim'e_:nt’ % ‘

Centre de Recherche du Cyclotron, Louvain-la-Neuve

Beam : 0.2-1. 107 pps of "Be at 5.8 MeV,
degraded to 1.8 MeV (0.4 MeV c.m.)

200 pgicm? Be, recoiS = \
_Cfitarget ['ﬂ(ﬂ{/{(((/{(((“T%’ i Target : 200 nug/cm? CD, poliethylene
= Il wk\\/\ |

Detectors : two (LEDA) multistrips (8x
16) Si detectors (300 and 500 um)




7Be(d,p)2oc‘ c_roés-section |

Integrated (AE=0.23 MeV) cross section [Angulo et al. , ApJL (2005) ]

7
Be(d.p)2a
—_— w
=} -
> -
¥ - Adapted from Kavanagh (1960) and Parker (1972)
= -
- 0 -
b =
= -
&
4 B .
/] . —
40 N o®
- Y “
L e .
L ] . °,
- % e
30 |- ° .00 L . ®
- LY
B T=08GK . *% .
- < ~
L < e B
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- pe o
- o
- 7. 9
10 - Be+d— B(all levels)
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0-11111111111111111111111111111
0 0.2 0.4 0.6 03 1 1.2 L4
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»>°B ground state and first excited level contribution (comparison with Kavanagh)
> All °B level contribution

> No cross section enhancement



"Li/Hx 1010

A new resonance in ‘Be(d,p)2a. ?7??

dHypothetical resonance at £, =200+£100 keV with I'=40 keV [Cyburt &
Pospelov 2009]

»corresponding to a °B level analog of the 16.7 MeV 5/2+ one in “Be

» extreme I, value at “Wigner limit” with very large interaction radius

» within limits given by Louvain-la-Neuve experiment




°Li nucleosynthesis

At WMAP baryonic density

10 10>

_—  Descouvemont et al. (2004)
NACRE (Angulo et al. 1999)

__ Newrate/data (2010)

Others (Theory)

10 10
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10 (+2) from experiments and 2 from theory

12 main reactions for “He, D, *He, "Li (+2 for °Li ) nucleosynthesis:

Temperature (K)



Li/H

The °Li problem vs nuclear physics
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The “H(a,y)°Li rate in NACRE

S(E) (eV b)
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Coulomb dissociation of °Li

’H(a.,y)°Li < °Li Coulomb dissociation

a,

Virtual Photons ®




Cdulo’mb dissociation of °Li at GSI

MWPC-N

Target
(200 mg/cm? Pb)

150 AMeV  SSD |absorber

KaoS spectrometer
AE Detector P MWPC-M




counts

Coulomb dissociation of 6Li at GSI

U From S. 7Typel’s calculations :
» At 150 A MeV (GSI), the nuclear breack-up contribution is important
» At 26 A MeV [Kiener al. 1991], the nuclear breack-up contribution is dominant
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[Hammache et al. 2010]
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Isotopes produced during BBN

Absence of

stable A=5 and
8 nucle1 limits
nucleosynthesis

(o)

(n,00)

(d,n)
/N

_(tn)
7

- 2(d,p)
N

le

(n,p)




log(N(Be,B)/N(H))

[eftovers from BBN
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Beryllium and Boron are not
produced in observable quantities
during (standard) BBN.
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EXtension of the n'etwlork

RN AT AYE St Y Yy
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» Inhomogeneous BBN (??7?7?)
» CNO seeds for first stars (?)



Origin of CMB,' SBBN and Li observations discrepanéies

O Nuclear physics : Most probably no but important!
» To quantify the amount of needed depletion

O Stellar depletion : Possibly ?
» Persistence of a plateau ? °Li ?

O Standard BBN inadequate : ?

» Modified gravity
» Variation of fundamental constants
» Catalysis by charged heavy relics

» Heavy particle decay
> ..

L When looking back in time, Standard BBN is the last milestone of
know physics



