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Abstract. In this work we report on the cosmological "Li problem, from a nuclear structure
point of view, that is by including resonances in the calculation of the reactions which populate
beryllium. It is found that the primordial abundance of lithium is reduced, as a consequence
of the presence of resonant channels in the relevant cross sections. We establish constraints on
the resonant energies, and make a comparison with the available observational data.

1. Introduction

BBN (for Big Bang Nucleosynthesis) is the framework which describes the formation of light
nuclei in the early Universe. The theory relies upon nuclear reactions between primordial
elements. It has only one parameter, the baryon density, which is related to the baryon-to-
photon ratio. This parameter can be determined by the analysis of the data produced by the
Wilkinson Microwave Anisotropy Probe (WMAP) satellite (1). The results are consistent with
the observed abundances of deuterium and “He, but they disagree with the observed abundance
of "Li. In the literature, this problem was analyzed using different theoretical approaches based
on astrophysical considerations (2; 3; 4). Recently, the nuclear aspect of the problem concerning
the abundance of “Li have been revisited (5; 6; 7), by considering nuclear-reaction and nuclear-
structure mechanisms which may reduce the abundance of lithium due to a depletion of the
production of beryllium.

In this work, we analyze the effect upon the production of “Li due to the inclusion of
isolated resonances in the reactions involving "Be. To perform the calculations of the primordial
abundances we use the formalism developed by (8), and to include the resonances we assume
that the cross sections are described by the Breit-Wigner formula. We analyze the effects of
the inclusion of these resonances separately, and, in particular, on the freeze-out temperature of
beryllium, the "Be abundance and the lithium primordial abundance. We set constrains on the
value of the resonant energy for each process using the available observable data.

2. Formalism
The nuclear reactions which are relevant for the present study are:

Be +d —* He +*He + p
Be+*He — v+ C
"Be+n — p+"Li (1)
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The reaction rate [ij; kl] for the process i +j — k +1 !. is written (8)
[ij;kl] = ppNa(ov) =0.93 x 1073Qph*Te Nolov) , (2)

where o is the cross section, v is the relative velocity, pp = 0.93 x 1073Q5h2Ty is the density of
baryonic matter, N4 is the Avogadro number per gram, Ty is the temperature in units of 10°K.
The use of Maxwell-Boltzmann velocity-distribution leads to the estimate

(ov) = <2W/;CT)3/2/€_%UU(E)C£3U , (3)

where p is the reduced mass.
In order to take into account the resonances in the reaction rates, we assume that the cross
section for a generic process is describe by the Breit-Wigner formula (9)

h? w1y

FE) = 4
o(B) oUE (E — E,) +12/4 )
where I'; is the partial width for the decay of the resonant state, I' is the sum over all partial
widths, w, = % and g, = 2J, + 1, J, being the spin of the resonant state and E, is the
resonance energy in the center of momentum system. The average cross section (ov) is
3/2
2mh? (W)r g /kT
= " 5
<UU> ( MkT > h € Y ( )

where v, = (%) The reaction rate is written
T

T 3/2
[ij; k1] = 9.69 x 10~ *Qph? (/j) (wy)pe HHO0SE/To (6)

where Ty is the temperature in units of 10° K. Empirical values of the widths may be obtained
from nuclear reaction data. This is a sensitive aspect of the calculations, because the actual
value of the resonances and their widths, extracted from experimental data, may restrict the
range of values where the effect upon the abundance of “Li become noticeable (10). Having
these limitations into account we shall explore the mechanism (that is the excitation and decay
of resonances) for which the population of states leading to “Li may be depleted.

2.1. Calculation of primordial abundances
The equation that governs the primordial abundance Y; of a given element i, is

Yi = J)-T)Y; (7)

fi = 4% (8)

In order to compute the primordial abundances, one must solve the system of differential
equations, considering only the dominant reaction rates (8). The semi-analytical approach

! Hereafter, we denote the reactions rates as [Bed; a apl, [Bea; v C] and [Ben; p7], respectively, where p refers
to proton, d to deuterium, a to *He, Be to "Be, 7 to the photon, C to 'C, n is the neutron and 7 stands for "Li.
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consists in calculating the abundances between fixed points or stages. One solves the equations
only for one element at each step and, for the other elements, one considers the quasi static
equilibrium solution. The freeze-out of the production of each element takes places when the
dominant destruction reaction rate equals the expansion rate of the Universe (11).

The differential equation that governs the primordial abundance of beryllium is

Yge = Y,Y5[6p; v Be] + Y3Ya[3a; yBe] — Y, Yge[Be; 3a
—Y,Yge[Ben; p7] — Y, Ype[Bep; 78] — YyYpe[Bed; aap]
—Y,Ype[Bea; v Cl. 9)
According to (8), the predominant destruction reaction rate is [Ben; p7] and the predominant
source term is Y3Y,[3c; yBe]. The freeze-out temperature of "Be (T;e) is calculated

by equating the expansion rate of the Universe (H = ﬁTgQ) with the dominant reaction

(destruction) rate
H:Yn[Ben§p7]+f(ET’vT9) ) (10)

where f (E,,Ty) stands for Yy[Bed; a ap|, and Y,[Bea; vC]|. The neutron abundance can be
determined by solving the quasi-static equation Y,, =0

Yyldd; n 3]+ Yi[dt; naf
Yolnp; vd] + Ys[3n; pt] + [n] |

Y, =Y, (11)

In the last equation, ¢ stands for tritium. Considering Y, =0

[dd; n3]+ [dd; pt]
[np; vd] + Y3[3n; pt] + [n]

Y, =Y} (12)
! Yp

Then, the quasi-static equation for "Be, we can compute the beryllium primordial abundance
at the freeze-out temperature (8)

Y3Y, |3 a; vBe
O (13
Ya[Ben; p7] + f (Er, T5)
The differential equation which governs the primordial abundance of lithium is
Y7 = Y, Yg[6n;v7) + Y, Yee[Ben; p7] + VYot as v 7] — Y, Y7(Tp; aa] .
The quasi-static equation Y7 = 0 is solved by considering the dominant production and
destruction terms
Yo — Y, Yge[Ben; p7] + YiYo[t o 7 7] 7 (14)

Y, [t p; cal]

where Yg, is the value obtained by evaluating Eq.(13) at the freeze-out temperature of beryllium.
The abundance of tritium is determined by solving the equation Y; = 0, and the expression for
Y, is given in Eq. (12). In order to calculate the final lithium abundance, we evaluate this

expression at the freeze-out temperature of lithium (T&i) which is the solution of
Y,l7p; aa] = H . (15)

As one can see, the inclusion of an isolated resonance in either [Bed; aap|, [Bea; vC] or
[Ben; p7] does not affect the freeze-out temperature of lithium. However, its abundance is
reduced due to the change in the beryllium primordial abundance resulting from the change in
the freeze-out temperature of it.
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3. Results

To compute the light nuclei abundances we have adopted the WMAP value of the baryon density
(Qth)W Ap = 0.0224 4 0.0008 (1; 12; 13), the primordial abundances of proton, deuterium,
3He and *He are

Y, = 0.749 ,
Y, = 236x107°
Ys = 6.76x107° |
Y, = 0.24915 , (16)

respectively. Thus, the freeze-out temperature of lithium (see Eq. (15)) is estimated at the value
T = 0.1849 . (17)

As an example, we show in Figure 1 the normalized freeze-out temperature of beryllium
((T 336) / T;e) as a function of the resonant energy, for different values of the parameter a.
Tes

The freeze-out temperatures have been calculated with, (TgBe) , and without, T(?e, including a
res

resonance in the spectrum of “Be. The temperature is lower than the standard one for resonant
energies lower than 0.25 MeV, for all the values of the parameter a. The effect of the variation
of a is noticeable. The freeze-out temperature decreases if a increases. It means that a resonant
state with a large width, in the entrance channel of the reaction, will cause a significant reduction
of the freeze-out temperature and the effect will be dominant at lower energies. Similarly, the
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Figure 1. Ratio (T é?,e) JT&¢ of the freeze-out temperature of beryllium as a function of the
Tes

resonant energy F,., for different values of the parameter a, considering an isolated resonance in
the reaction "Be + d —* He +* He + p

results for the primordial abundance of lithium with, (Y7),.,, and without, Y7, including a
resonance in the spectrum of "Be are shown in Figure 2, as a function of the resonant energy,
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and for different values of the parameter a. The effect is quite noticeable. It is seen that the
value of Y7 can be reduced almost to one half of the standard value depending on the values of
E, and a. These results are in agreement with the results obtained by (5) and by (7).
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Figure 2. Ratio between the abundance of lithium with ((Y7),.,) and without including a
resonant state (Y7) in the beryllium spectrum, as a function of the resonant energy FE,, for
different values of the parameter a, in the reaction "Be + d —* He +* He + p

The available data of lithium may be used to to obtain the best-value of the resonant energy
for different values of the parameter a, by implementing a y?-test. The results of the analysis
are presented in Table 1. There is a good fit for all values of the parameter a considered,

Table 1. Best-fit and 1o errors of the resonant energy of an isolated resonance in reaction
"Be + d —* He +* He + p, for different values of the parameter a (the parameter remains fixed
in the statistical test).

a | E.+0 [MeV] | x?/(N—-1)
0.15 | 0.06675:01 1.00
0.20 | 0.08075:016 1.00
0.25 | 0.09175:016 1.00
0.30 | 0.09975:017 1.00
0.35 | 0.10579:018 1.00
0.40 | 0.111%50:3 1.00
0.45 | 0.116%50:3 1.00
0.50 | 0.12075:019 1.00

since x?/(N — 1) = 1 (N is the number of observational data, N = 11). The best-fit value of
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the resonant energy increases its value for larger values of the parameter a. These results for
the resonant energy are dependent on the observable data set used in the statistical analysis,
however, the favored value of the resonant energy is lower than 0.2 MeV.

4. Conclusion

In this work we have computed the primordial abundances of light elements using a semi-
analytical approach and considering the inclusion of isolated resonances in the reactions leading
to beryllium. We have found that there exists a reduction of the primordial abundance of
lithium due to a depletion of the beryllium abundance, produced by resonances in the reactions,
particularly in “Be + d —* He +* He + p and "Be +% He — v 4! C. However, if the resonance
is present in the reaction "Be + n — p +7 Li, the amount of primordial lithium is not modified
substantially, a result which is also in agreement with the results of Refs. (5; 7). We have
performed a statistical analysis in order to obtain the best-fit value of the resonant energy, and
found that, for the reaction "Be + d —* He +* He + p, the best-fit value of E, lies between
50 to 150 keV (given a partial width in the range of 10 to 60 keV ). The resonant energy for
"Be +* He — ~ +!! C is higher, between 250 to 350 keV (given partial width in the range of 30
to 164 keV ).

5. Acknowledgments

Support for this work was provided by the PIP 0740 of the National Research Council
(CONICET) of Argentina, and by the ANPCYT of Argentina. The authors are members of
the Scientific Research Career of the CONICET. Discussions with Prof. R. J. Liotta (KTH,
Stockholm) are gratefully acknowledged.

References
1] Larson D et al. 2011 Astrophys. J. S. 192 16

[
[2] Richard O, Michaud G and Richer J 2005 Astrophys. J. 619 538-548
[3] Meléndez J et al. 2010 A & A 515 L3
[4] Lind K et al. 2010 IAU Symposium (IAU Symposium vol 268) ed C Charbonnel, M Tosi,
F Primas, & C Chiappini pp 263-268
[5] Broggini C, Canton L, Fiorentini G and Villante F L 2012 JCAP 6 30
[6] Kirsebom O S and Davids B 2011 Phys. Rev. C 84 058801
[7] Cyburt R H and Pospelov M 2012 International Journal of Modern Physics E 21 50004
[8] Esmailzadeh R, Starknam G D and Dimopoulos S 1991 Astrophys. J. 378 504-518
[9] Fowler W A, Caughlan G R and Zimmerman B A 1975 Ann. Rev. Astron. Astroph 13 69
[10] O'Malley P D et al. 2011 Physical Review C 84 (R) 042801
[11] Bernstein J, Brown L S and Feinberg G 1989 Reviews of Modern Physics 61 25-39
[12] Spergel D N et al. 2003 Astrophys. J. Suppl. Ser. 148 175-194
[13] Spergel D N et al. 2007 Astrophys. J. Suppl. Ser. 170 377-408





