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Outline

® Introduction to Big Bang model
® Cosmological Lithium Problem
® Study of several relevant reactions

® Summary
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Standard BBN Model

Hypothesis

® Isotropic and homogeneous
® No convection, no diffusion, no unknown physics

® Pure nucleosynthesis in radiation-dominated expansion

Prediction
® Main products: D, *He, “He, "Li

® Cosmic Microwave background (CMB) can be obseved today



Evidence to

support BBN

Baryon to Photon Ratio 1 tg A2
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Baryon Density ﬂhhE

Consistency between predicted
abundance of D, ‘He, 3He and
their abundance observed today




Is BBN theory perfect?



"Li problem

(JNew reaction rates
(JNew observational data

d4He, D and 3He match well
7Li ~3 times discrepancy

Rire. Provg. Wias. T4 300 1 £l § ol s 01 PR

Nuclear astrophysics: the unfinished
quest for the origin of the elements
Jardi José' and Christian Miadis"*

(i) Why do predictions of helioseismology disagree with
those of the standard solar model?

(11) Whal is the solution (o the lithivm problem in Big Bang
nucleosynthesis?

(mi) What do the observed hght-nuchde and s-process
abundances tell us about convection and dredge-up n
massive stars and AGB stars?

(iv) What are the production sites of the y-ray emitting
radioisotopes “* Al “Ti and ®'Fe?

(v) What s the ongin of about 30 rare and neutron-deficient
nuclides beyond the iron peak (p-nuclides)?

(41 What cavses core=collapse supernovae 1o explode?
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How to address it

| Observational
/|l determination

/I BBN |
" prediction ?
% N




Potential solution

1 Astrophysics:
((1))Lithium depletion exists in halo star
((2)Inappropriate target

1 Non-standard Model :
(1) Beyond standard model of particle physics

(2) Changing Fundamental Constants
(3) Nonstandard cosmologies

 Nuclear physics:
(1) Uncertainties of nuclear reactions rates



Reaction rate

® Astrophysical reaction rate
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Facility: A 320 kV Highly-charged Heavy Ions Platform
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2. Contributions from Chinese
Nuclear physics committee



CIAE:

a bunch of
reactions
associated with
Lithium yield
done by Prof. Z.H.
Li (dashed arrow)

5Li(n, y)’Li
’Li(n, v)SLi
8Li(n,y)°Li
°Li(p, y)’Be
SHe(p, y)’Li
SHe(p, n)SLi
SHe(d, n)’Li
8Li(p, y)’Be
8Li(p, d)’Li
8Li(p, t)°Li
8Li(d, p)°Li
8Li(d,n)’Be
Z.H.li,..5.Q. HOU et

al ., SCIENCE CHINA 54
s67 (2011)
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SLi(n, v) °Li
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Impact of 8Li(n, y )°Li reaction on Big Bang

Temperature dependence of the reaction rates
Nucleosynthesis. s.a.Hou etal. CPL27 082601 (2010)

for 8Li(n, y )°Li. z.H.Lietal. PRC 71 052801(R) (2005)
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Conclusion: the measured S factors decreases below 200 keV, which contradicts
with all theoretical predictions. A new excited state around 5.8 MeV (1/2* or 3/27,
['=50 keV) in 7Be is predicted. This work demonstrates the simply extrapolation of
experiment data to low energy region is unreliable. No impact on 7Li production



’Be(at,y)HC
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Also no impact on “Li yeild
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’Be(n,o)*He

Cross section (barn)
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Confirmed by international colleague
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This conclusion is confirmed by three

completely different experimental methods
S.Q. Hou et al. PRC 91 055802 (2015)

M. Barbagallo et al. PRL 117 152701 (2016)
T. Kawabata et al. PRL 118 052701 (2017)
L. Lamia et al. APJ 850 175 (2017)

C. Pitrou et al. Phys. Rep. 754 1 (2018)

Ultimate impact: leadstoa 1.2% increase
in the final 7Li production. Hence, present
rate even worsens the “Li problem.
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REVIEWS OF MODERN PHYSICS

Recent Accepted Authors Referees Search Press About

Big bang nucleosynthesis: Present status

Richard H. Cyburt, Brian D. Fields, Keith A. Olive, and Tsung-Han Yeh
Rewv. Mod. Phys. 88, 015004 — Published 23 February 2016

While precise predictions from SBBN are feasible, they rely
on well-measured cross sections and a well-measured neutron
lifetime. Indeed, even prior to the WMAP era, theoretical
predictions for D, *He, and *He were reasonably accurate;
however, uncertainties in nuclear cross sections leading to "Be
and “Li were relatively large. Several modern analyses of
nuclear rates for BBN were based on the NACRE compilation
(Angulo er al., 1999) and recent BBN calculations [some
using rate calculations with less ambiguous definitions of rate
uncertainties (Cyburt, 2004; Descouvemont er al., 2004;
Serpico er al., 2004)] by several groups are in good agreement
(Nollett and Burles, 2000; Vangioni-Flam, Coc, and Casse,
2000; Burles, Nollett, and Tumer, 2001 ; Cyburt, Fields, and
Olive, 2001, 2003; Coc et al., 2002, 2004, 2012 ; Cuoco et al.,
2004; Descouvemont er al., 2004; Serpico er al., 2004,
Cyburt, 2004). Recent remeasurements of the *He(ea, y)"Be
cross section (Singh er al., 2004; Brown er al., 2007;
Confortola er al.. 2007: Gyiirky er al.. 2007) (@id improve

(discrepancy between theory and observation (Cyburt, Fields,



Summary

BBN 1s the most successful theory to explain the origin
of universe

Cosmological lithium problem 1s a longstanding
problem in BBN

It seems hopeless from perspective of nuclear physics

Hope to be explored further from other perspective
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Hubble’s Law and Its

M e an |n GALAXY MOTION: ARTIST'S CONCEPTION
Edwin Hubble (1929): S " ;'_..;'
measured galaxy motions, distances s O 4 y 3 ==
galaxies moving away from us L=, . ? 3 k
farther=)> faster o, u i
thatis, ¢ = H r o TR
ap o sy B AL
— @ = YOO ARE HE]
Interpretation: What does it meap?
Egoist Einstein
view: view
We are at Universe is

expanding!

center of Universe
No center!
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Reactions involved in BBN

((1 )) n—p

(2) H (n,y)*H
(3) *He(n,p)’H
(4) "Be(n,p) "Li
(5) "Li(p,o)“He
(6) 2H (p,y)*He
(7) *H(ay)'Li
(8) 3He(a,y)’Be
(9) 2H(d,n)’He
(10) 2H(d,p)*H
(11) 3H(d,n)*He
(12)3He(d,p)*He
(13) "Be(d,p)24He
(14) "Li(d,n)24He
(15)°H (p,y) “He
(16) °Li(p,o) 3He
(17) "Be(n,o) *He

(18) 2H(a,y)®Li Most important
(19) SH—He Secondary

8(1); 2%2__))26411:? unimportant
(22) SLi(n,y)’Li
(23) *H(n;y)*H
(24) °Li(p,y) 'Be
(25) ¢Li(n,0)3H
(26) 3He(n,y) “He
(27) He(*He,2p)‘He
(28) "Li(n,y)8Li
(29) Be(p,a)®Li
(30) 24He(n,y)’Be
(31) 8Li(p,n)24He
(32) °Be(p,d)24He
(33) 3Li(n,y) °Li
(34) °Li(p,a)®He




® Astrophysical S factor
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K 1946-1950, (Gamow, a. B 7): Origin of chemical elements \

e 1949, Fermiand Turkevich: nuclei of A >7 do not form in

significant quantity
* 1964, Peebles, Hoyle & Tayler: Y,~0.25

e 1967, Wagoner, Fowler & Hoyle: perform BBN network calculation for

1906-2005 1904-1968

R.A. Alpher, H. Bethe and G. Gamow
“The Origin of Chemical Elements,” Physical Review, 73, Issue 7, (1948), 803-804.



Timeline summary

Erergy(v) __Jtime ___Jevem

1 MeV

0.5 MeV
70 keV

0.77 eV
0.31eV
0.26 eV
0.2 meV

Fi

10s

3 minutes
70" 000 yr
300" 000 yr
380" 000 yr
14 Gyr

neutrino freeze-out

e*/e” annihilation, I %47,

BBN, light elements formed

onset of matter domination
recombination

photon decoupling, origin of CMB
today



Processes and Sites

Red Giant Stars
p-process  s-process

110

50
]
.
u r-process

1':. -

X-ray prncess 80

Bursts

(-
DI'GCE'SS -]
Novae -
20 '
r- "
Hot CNO 5 m stable nuclide
Cycle 10 2 rIJ drip line
20
T peo 1© Inhomogeneous Smith & Rehm, Annu. Rev.
Z N—> Big Bang Nucl. Part. Sci. 51(2001)91

Understanding Origins means understanding processes that
transmute nucle1r and the sites where these processes occur.
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journal homepage: www.elsevier.com/locate/physrep

Precision big bang nucleosynthesis with improved Helium-4
predictions

Cyril Pitrou®"*, Alain Coc®, Jean-Philippe Uzan *", Elisabeth Vangioni ™"

At the CMB deduced density, 7 Li is produced through the formation of 7 Be via the *He{e, ¥ )7 Be reaction as * Be will decay
much later to ?Li. The destruction of 7 Be occurs through the "Be{n.p)’ Li{ p.ee /*He channel which is limited by the scarcity
of late time neutron abundance, The most influential reaction rates on’Li nucleosynthesis are (e.g. Table 1 in Coc and
Vangioni, 2010) "H(n. ¥ PH (indirectly by affecting the neutron abundance) and *He(w, )" Be, but large deviations from
their nominal cross sections are strongly constraimed by expeniments. Even though, there has not been new expenmental
data, since it 1s the major source of uncertainty on the Li production, the *He{e, }-"]?HE reaction rate has also been recently
re-evaluated using Bayesian methods (Gomesz Ihesta et al,, 2017) to scale the theoretical 5-factor of Neff (2011). It was
known that tIlE?EE{n,a']"HE reaction could not help solve the Lithium problem, but its rate was highly uncertain and affected
the "Li praduction at the few percent level. Until recently, the only published rate came from an evaluarion by Wagoner
{ 1969) based on very scarce data. We used either this rate or the one obtained by TALYS (Goriely et al., 2008) in previous
publications (Coc er al, 2012, 2014). AN : ] - EXPE 1




Major Facility: HIRFL

Heavy lon Research Facility in Lanzhou (HIRFL)
National Laboratory of Heavy lon Accelerator in Lanzhou

Providing stable beams and RIBs with energies from MeV/u to GeV/u.



