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We identify reactions which destroy "Be and 7Li during big bang nucleosynthesis (BBN) in the scenario
of BBN catalyzed by a long-lived sub-strongly-interacting massive particle (sub-SIMP or X particle). The
destruction associated with nonradiative X captures of the nuclei can be realized only if the interaction
strength between an X particle and a nucleon is properly weaker than that between two nucleons to a
degree depending on the mass of X. Binding energies of nuclei to an X particle are estimated taking the
mass and the interaction strength to nuclei of the X as input parameters. Nuclear reaction rates associated
with the X are estimated naively and adopted in calculating evolutions of nuclear abundances. We suggest
that the Li problem, which might be associated with as-yet-unrecognized particle processes operating
during BBN, can be solved if the X particle interacts with nuclei strongly enough to drive ’Be destruction
but not strongly enough to form a bound state with “He of relative angular momentum L = 1.
Justifications of this scenario by rigorous calculations of reaction rates using quantum mechanical

many-body models are highly desirable since this result involves many significant uncertainties.
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I. INTRODUCTION

The standard big bang nucleosynthesis (BBN) model
predicts primordial light element abundances which are
more or less consistent with abundances inferred from
observations of old distant astronomical objects.
Deviations from the standard BBN (SBBN) model are,
therefore, constrained if predicted abundances in theoreti-
cal models change from those in the SBBN. Constraints on
the existence of long-lived exotic particles which interact
with nuclei by strong force [1-4] or Coulomb force [5-22]
have been derived as well as those on the decay of long-
lived exotic particles into standard model particles which
have electromagnetic or hadronic interactions [23-50].

A prominent problem relating to the abundances pre-
dicted in the SBBN model and inferred from observations
is lithium problem [51,52]. Primordial lithium abundances
are inferred from measurements in metal-poor halo stars
(MPHSSs). Observed abundances are roughly constant as a
function of metallicity [51-57] at 'Li/H = (1-2) X 10719,
The theoretical prediction by the SBBN model is, however,
a factor of 2—4 higher, e.g., 'Li/H = (5.247371) x 1071
[58], when its only parameter, the baryon-to-photon ratio,
is deduced from the observation with Wilkinson
Microwave Anisotropy Probe (WMAP) of the cosmic mi-
crowave background (CMB) radiation [59]. This discrep-
ancy indicates some mechanism of ’Li reduction having
operated in some epoch from the BBN to this day. One
possible astrophysical process to reduce 'Li abundances in
stellar surfaces is the gravitational settling in the model
including a combination of the atomic and turbulent
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diffusion [60,61]. The precise trend of Li abundance as a
function of effective temperature of stars in the metal-poor
globular cluster NGC 6397 is, however, not reproduced
theoretically [62].

®Li/7Li isotopic ratios of MPHSs have also been mea-
sured spectroscopically. The ®Li abundance as high as
°Li/H ~ 6 X 107!2 was suggested [52], which is about
1000 times higher than the SBBN prediction [63].
Convective motions in the atmospheres of MPHSs could
cause systematic asymmetries in the observed line profiles
and mimic the presence of °Li [65]. A few or several
MPHSs, however, have high °Li abundances larger than
levels caused by this effect [66]. This high °Li abundance is
a problem since the standard Galactic cosmic ray nucleo-
synthesis models predict negligible amounts of SLi yields
compared to the observed level in the epoch corresponding
to the metallicity of the stars, i.e., [Fe/H] < —2 [67,68].

The possibility that the “Li and ®Li problems stem from
uncertainties in nuclear reactions used in theoretical BBN
calculation is unlikely [69] unless there remain to be
observed new resonant states contributing to "Be destruc-
tion [70,71]. The "Li reduction needs a destruction mecha-
nism of ’Be during or after BBN and before stellar
activities since the ’Li nuclei observed in MPHSs are
thought to have originated from the electron capture pro-
cess of "Be which is produced in the BBN.

Some particle models beyond the standard model in-
clude heavy (m > 1 GeV) long-lived colored particles.
The scenarios, i.e., split supersymmetry [72,73], weak
scale supersymmetry with a long-lived gluino [74-76] or
squark [77] as the next-to-lightest supersymmetric parti-
cles, and extended theories with new kinds of colored
particles [78,79], may be tested in experiments such as
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the Large Hadron Collider. The heavy colored particles
would be confined at temperatures below the deconfine-
ment temperature 7 ~ 180 MeV inside exotic heavy had-
rons, i.e., strongly-interacting massive particles (SIMPs)
which we call X particles [80]. Their thermal relic abun-
dances after the freeze-out of annihilations depend on the
annihilation cross sections, and theoretical estimates pre-
dict various values which extend over more than several
order of magnitude at the heavy mass limit [81].

If the annihilation cross section is not different from a
typical value for strong interaction, i.e., o ~ @(GeV~!)?,
however, the final abundance of X particles can be derived
under the assumption that their abundances are fixed when
the annihilation rate becomes smaller than the Hubble
expansion rate of the universe [80]. The relic abundance
can then be written

Ny N lsgi/z m1/2

2
s T 8 O'Tg/ mpy

: D

where Ny is the number density of the X particle, s =
27%g., T3 /45 is the entropy density with g, ~ 10 the total
number of effective massless degrees of freedom in terms
of entropy [82] just below the QCD phase transition, g, is
the total number of effective massless degrees of freedom
in terms of number [82], m is the mass (m > 1 GeV) of
the heavy long-lived colored particles, o is the annihilation
cross section of the X particle, T is the temperature of the
universe at which the X particles are formed, and myp is the
Planck mass. The number abundance of the X’s with
respect to that of baryons is then

L \1/2 1/2 T -3/2
&~o.5><1o—8<g ) (’") ( 5 )
n, 10.75) \Tev) \180MeV
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where n;, is the number density of baryons, and
m, ~ 140 MeV is the mass of pion. The thermal relic
abundance is inversely proportional to the annihilation
cross section which depends on the particle theory. In
addition, there might be a nonthermal production of
long-lived colored particles which is not directly related
to the thermal production. The final abundance of the X is,
therefore, uncertain. So we consider the X abundance as a
free parameter in this paper.

Observational constraints on hypothetical SIMPs have
been studied [83—85]. Effects of exotic neutral stable had-
rons on BBN were studied in Ref. [1]. The authors assumed
that the strong force between a nucleon and an exotic
hadron (X) is similar to that between a nucleon N and a
A hyperon. In addition, new hadrons are assumed to be
captured in a bound state of “He plus X after BBN. Based
upon an analytic estimation, they suggested that beryllium

has the largest number fraction Ay /A of bound states with
the hadrons among the light elements produced in BBN,
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where the A and Ay are a nuclide A and a bound state of A
with a hadron X. Mohapatra and Teplitz [3] estimated the
cross section of X capture by *He and suggested that a large
fraction of free X particles would not become bound into
light nuclides and remain free contrary to the previous
suggestion [1]. In deriving the result of those two studies,
it has been assumed that exotic hadrons interact with
normal nuclei by typical strengths of strong interaction
and implicitly assumed that its mass is about that of A
hyperon, i.e., my ~ 1.116 GeV [86].

Effects on BBN of long-lived exotic hadrons of m >
1 GeV have been studied recently [4]. The authors have
assumed that the interaction strength between an X particle
and a nucleon is similar to that between nucleons. Rates of
many reactions associated with the X particle were esti-
mated, and a network calculation of the nucleosynthesis
including effects of the X was performed. The constraint on
the decay lifetime of such X particles, i.e., 7x =< 200 s was
derived from a comparison of calculated abundances with
observational abundance constraints of light elements.

Two interesting predictions of the model [4] are signa-
tures of the X particles on primordial abundances which
should be seen in future astronomical observations: 1) °Be
and B can be produced in amounts more than predicted in
the SBBN. Future observations of Be and B abundances in
MPHSs may show primordial constant values originating
from the BBN catalyzed by the X particle. 2) The isotopic
ratio '°B/!'B tends to be very high. This is different from
predictions of other models for boron production, i.e., the
cosmic ray nucleosynthesis (\°B/!'B ~ 0.4 [87-89]) or the
supernova neutrino process ('B/!"'B < 1 [90,91]). They
concluded that the °Li or "Li problems is not solved under
their assumption.

Since interactions between long-lived exotic hadrons X
and a nucleon are not known as well as their masses, we are
investigating effects of such particles in various cases of
interaction strengths and masses. We found on the way a
new possibility that reactions associated with the X particle
reduce 'Be abundance and that the "Li problem is solved.

In this paper, we report details of the destruction mecha-
nism of "Be in the presence of the X particle. We carry out
a network calculation of BBN in the presence of a long-
lived SIMP X° of a zero charge taking the mass and the
strength of interaction with a nucleon as characterizing
parameters. In Sec. II, assumptions on the X° particle,
estimations for binding energies between nuclei and an
X% and rates of important reactions are described.
Effects of the X° decay inside X nuclei are not considered
in our model. They should be addressed in the future. In
Sec. III, the destruction processes of 'Be and ’Li are
identified. With results of the network calculations of
BBN, we delineate the parameter region in which the
"Be and "Li destructions possibly operate. If the X° particle
interacts with nuclei strongly enough to drive "Be destruc-
tion but not strongly enough to form a bound state with *He
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of relative angular momentum L = 1, then it might solve
the "Li problem of standard BBN. In Sec IV, conclusions of
this work are summarized and this model for "Li reduction
is compared with other models.

II. MODEL

A strongly-interacting massive particle (SIMP) X of spin
zero and charge zero is assumed to exist during the epoch
of BBN. Its mass is one parameter since it is not known a
priori at the moment. Two types of nuclear potentials
between an X° and a nucleon (XN) are considered in this
study. One is the Gaussian type given by

v(r) = vo8exp[—(r/ro)?] 3)

where vy = —72.15 MeV and ry = 1.484 fm [92], and the
interaction strength is varied by changing &, the second
parameter. When the & equals unity then the binding
energy of deuteron, i.e., 2.224 MeV is obtained.

The potential between an X and a nuclide A (XA) is
given by

V() = [ v(0)p()dr, @)

where r is the radius from an X to the center of mass of A,
r’ is the distance between the center of mass of A and a
nucleon inside the nuclide A, x = r + r’ is the distance
between the X and the nucleon, and p(r') is the nucleon
density of the nucleus which is generally distorted by
potential of an X° from the density of normal nucleus.
Under the assumption of spherical symmetry in nucleon
density, i.e., p(r), the potential is written in the form of

2 oo
V(r) = 7T‘U08® / dr'r' p(r')
r Jo

o

0 o
Another potential is a well given by

vo(r) = v, 8, (for 0 =r<ry), (6)
and vy (roy =r) =0. Parameters are fixed to be
vow = —20.06 MeV and ry,, = 2.5 fm. In order to make
a comparison between the two potential cases easy, inte-
grals, i.e., I = [v(r)dr for both cases are made equal
when 0 = 6, = 1. This integral is a characteristic quantity
which is related to binding energies. The requirement of
equal integral values and an assumption of ry, = 2.5 fm
[95] leads to

3 3
Vow = Vg f(r%‘)) — —20.06 MeV. 7

The XA potential is given by
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where H(x) is the Heaviside step function.

As a crude assumption, the nucleon density p(r) is
approximately given by the undistorted one for normal
nucleus. The folding technique to derive XA potential
from the XN potential [Eq. (4)] then does not exactly yield
the XA potential in any mathematically-rigorous method of
calculation. In order to derive precise results of nuclear
structures or energy levels, all nucleons as well as an X°
and all interactions among them need to be taken into
account with many-body quantum mechanical calcula-
tions. Since such calculations are unrealistically difficult,
three or four-body models for an X particle and nuclear
clusters composing the nucleus should be utilized as were
done in the case of hypernuclei [96]. The assumption taken
here only provides some reasonable estimate of what an
effective X-nucleus reaction might look like with all the
nuclear degrees of freedom frozen out. The folding proce-
dure, however, might produce a more useful approximation
than in the nuclear case since the X° does not participate in
the Pauli principle among nucleons.

The nucleon density of nuclei with mass number A = 2
1s assumed to be Gaussian, i.e,

p(r) = p(0)exp[—(r/b)*], ()]

where p(0) = A7 3273 is the nucleon density at r = 0
and satisfies the normalization [ p(r)dr = A, with A the
mass number. The parameter for the width of density,
i.e., b, is related to the root mean square (RMS) nuclear
matter radius, which should be determined from experi-
ments, i.e., b = 4/2/3rRMS,

The XA potential in the case of the Gaussian XN poten-
tial, i.e., Eq. (5), is then simply written as

_ v05Ar8 _ r?
V(r) = R+ )P exp ) (10)

A. Nuclear binding energies

The BBN catalyzed by the X particle is significantly
sensitive to binding energies of nuclei to an X° particle
(X nuclei). The binding to X particles changes the relative
energies of initial and final states and may even change the
sign of the Q value. [4]. Binding energies and eigenstate
wave functions of X nuclei are computed taking into
account the nuclear interaction only. The Coulomb inter-
action between nuclei and the X° particle is not included
since we assume that the X° has a zero charge. The
potential is supposed to be spherically symmetric. We
solve the two-body Shrodinger equation by a variational
calculation using the Gaussian expansion method [97], and
obtain binding energies.
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TABLE I. Binding energies of X particles to nuclei
Egina (MeV)
nuclide rRMS (fm)* References 6 =01 &6=0.2
Iny
"Hy e e e
H, 1.971 = 0.005 [98] 0.367
SHy 1.657 = 0.097° [99] 0.688 4.39
SHey 1.775 + 0.034° [99] 0.569 3.85
‘Hey 1.59 = 0.04 [100] 2.73 9.81
SHey 2.52 +0.03° [100] 1.95 6.39
®He, 2.52 =0.03 [100] 3.14 9.02
SLiy 2.35 + 0.03¢ [100] 2.33 7.48
OLiy 2.35+0.03 [100] 3.70 10.5
TLiy 2.35+0.03 [100] 5.14 13.6
®Bey 2.33 +0.02° [100] 3.77 10.7
"Bey 2.33 £0.02 [100] 5.23 13.8
8Bey 2.33 +0.02° [100] 6.74 17.0
‘Bey 2.38 = 0.01 [100] 792 19.4
By 2.45 +0.10" [101] 7.45 18.2
“Hey 1.59 = 0.04 [100] . 2.28
8Be} 2.33 +0.02° [100] 3.02 11.1

“Root mean square (RMS) nuclear matter radius.

"Derived by (rRMS)2 = (rRMS)2 — (gBMS)2 with oRMS = 0.875 =+
0.007 fm using a RMS proton matter radius determined in
experiment as a RMS charge radius.

“Taken from ®He radius.

Taken from °Li radius.

“Taken from ’Be radius.

"Taken from 8B radius.

The two-body Shrodinger equation for a spherically-
symmetric system is

h2
(—7v2+ V(r)—E)z,b(r) ~0, (11)
2u

where 7 is Planck’s constant, w is the reduced mass, V(r) is
the central potential at r, E is the energy, and ¢ (r) is the
wave function at r. If the mass of the X° particle, i.e., myy, is
much heavier than the light nuclides, u is approximately
given by the mass of the nuclide.

The adopted RMS nuclear matter radii and their refer-
ences are listed in columns 2 and 3 in Table I. Binding
energies of ground state X nuclei are calculated with the
interaction strength o (8,,) and the mass my taken as
parameters. The obtained binding energies are used for
the estimation of Q values of various reactions as described
below. Similarly, we calculate binding energies of nuclear
excited states of “Hey and ®Be} with relative angular
momentum of L = 1 by solving Eq. (11) for the L =1
states.

Figure 1 shows the contours of binding energies of
ground state X nuclei from mass number A =1 to 9 in
the case of the Gaussian type XN potential. The contours
correspond to binding energy (BE) of BE = 0.1 MeV.
This value of energy is chosen since weakly bound X

Interaction Strength &

X Mass my (GeV)

FIG. 1 (color online). Contours of binding energies between
nuclei and an X° corresponding to 0.1 MeV for the case of the
Gaussian XN potential. Numbers attached to the contours in-
dicate mass numbers of nuclei.

nuclei of BE < 0(0.1 MeV) tend to be photodisintegrated
by background radiations during BBN epoch. Such weakly
bound nuclei can not attain their large abundances without
suffering from destruction processes. In a parameter region
located at right upper side from a contour, the X nucleus
can form during BBN epoch, and thus possibly affects
BBN.

Figure 2 shows similar contours of binding energies of
BE = 0.1 MeV in the case of the well type XN potential.
The shapes of contours in both potential cases are very
similar and change slightly.

We adopt the Gaussian XN potential in calculating
reaction rates and performing a network calculation of

Interaction Strength ¢

0.01 L M| L MR S|

X Mass my (GeV)

FIG. 2 (color online). Contours of binding energies between
nuclei and an X° corresponding to 0.1 MeV for the case of the
square well XN potential. Numbers attached to the contours
indicate mass numbers of nuclei.
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X-catalyzed BBN. After we introduce a mechanism of "Be
destruction (this section) and show a result of the nucleo-
synthesis for the Gaussian XN potential (Secs. III A and
I11 B), we delineate parameter regions for the "Be destruc-
tion of not only the Gaussian but also the well XN poten-
tials in Sec. III C.

B. Reaction rates

Thermonuclear reaction rates (ov) are roughly written
(e.g., [102,103]) as

(8/m)'/2 o0
(o) = g fo Eo(E)exp(—E/kyT)dE, (12)

where o is the cross section, v is the relative velocity, w is
the reduced mass of the system, kg is the Boltzmann
constant, 7" is the temperature, and E is the kinetic energy
in the center of mass system. Since there is a relation, i.e.,
E = nv?/2, the equation is identical to

2/77.1/2

V) = T

f " o(E)yvexp(—E/kyT)E'2dE. (13)
0

Reactions of a neutral particle and charged nuclei occur
without the effect of Coulomb repulsion. If the quantity,
i.e., o(E)v, is approximately given by a + bE as a linear
function of E, then the reaction rate is simply given by

Ny(ov) = NA<a + %kaT) (14)

where the Avogadro’s number N, = 6.022 X 10** was
multiplied to both sides of the equation. When the product,
o(E)v, does not change drastically around some fixed
point of E, the integral in Eq. (13) receives a contribution
from an energy region below E ~ kgT. Information from
cross sections in higher energies is, therefore, not involved
in the integral.

Reactions triggered by two charged particles are, on the
other hand, affected by the Coulomb force. The astrophys-
ical S factor is defined as

5)

S(E) = a(E)Eexp(W),

hv

where Z, and Z, are the charge numbers of interacting
particles. The S factor might be well described by a linear
function of E, i.e., S(E) = S(Ey) + a(E — Ey) = S(0) +
aE, where E, = 0.122(2122)2/3A1/3T§/3 MeV is the most
effective energy in the integral in Eq. (12). We defined
A= /(1 amu) and Ty = T/(10° K). The reaction rate
can then be written [15] in the form of
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Z,Z,\1/3
N (ov) = 7.82 X 106(¥)
)73

X <S(O))T_2/3 exp[ — 425(2%2%’4)1/3]

keVb/ " * T3
(a/b) 2/3
XA+ —————_[122(Z272A)'*T,
{ [S(0)/(keVb)] s ’
+ 71.8T9]} cm’ s 'mol ™!, (16)

where the Avogadro’s number N, was multiplied, and
1b = 107?* cm? was used.

We estimate rates of several important reactions in this
study. For both reactions by a neutral plus a charged
particle and those by two charged particles, calculated rates
are used to derive linear fitting functions to be adopted at
the energy range relevant to BBN, i.e., Ty < 1.

We here assume that the mass of the X particle, i.e., my
is 100 GeV. Calculations of nucleosynthesis are performed
assuming the Gaussian XN nuclear potential as set up in
Sec. IT A. We show results of the BBN catalyzed by the X°
particle for two cases of different strengths of XN interac-
tion, i.e., 6 = 0.1 (Case 1) and 0.2 (Case 2) in what
follows.

In this scenario of BBN catalyzed by the X° particle, the
"Be can be destroyed at its X capture (Sec. IIB 1). The
efficiency of this destruction, however, depends upon
the fraction of the X° particle escaping from the capture
by “He (Sec. II B 2). Since other reactions of X nuclei can
lead to productions of heavy nuclei, rates for such reactions
are also estimated. Using reaction rates estimated as de-
scribed in Secs. IIB 1-IIB4 in our nuclear reaction net-
work (Sec. IIB5), we perform a calculation of the
catalyzed BBN.

The adopted reaction rates N,{ov), per second per
(mole cm™3), are shown in Tables II and III. Reaction Q
values are derived taking account of the calculated binding
energies of the X nuclei for Cases 1 and 2 (columns 4 and 5
in Table I). We use the notation, i.e., 1(2,3)4 for a reaction
1 + 2 — 3 + 4. Reaction rates related with the X° particle
are estimated as follows.

1. Nonradiative reactions

X("Be, *He)*He,.—This reaction is most important in
this scenario. Its reaction rate is rather large since no
radiation is involved in the reaction. It operates through
the nonresonant process unless there are resonant states
lying near the energy level of initial scattering state. We
then adopt the nonresonant component of rate [105] for the
normal nuclear reaction, i.e., °Li(n, @)*H as a rough ap-
proximation. The nonresonant component of the rate for
this reaction can be extracted most easily of all (n, @)
reactions on light nuclides. This is because heavy nuclides
have large densities of resonance so that they tend to have
many resonant components for nuclear reactions [106].
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TABLE II. Reaction rates for (my, §) = (100 GeV, 0.1).
Reaction Reaction rate (cm’ s~ ! mole™!) Energy (MeV)* Reverse coefficient®  Qy°
X(°Li, d)*Hey 3.8 X 10° 4919 14.556
SLiy(p,3 Hea)X 3.6 X 10107, %/ exp(—8.81/T)) 35.421
®Bey(, e* v, )0Liy 1.9(s71) 44.225
X(*He, y)*He, 2.3 X 102 + 2.6 X 103T, 7.472 31.659
“Hey(d, y)°Liy 1.0 X 10*Ty >3 exp(—8.45/T*)(1 + 6.9T2 + 2.0T,) 0.15-0.25 2717 28.331
X("Li, 1)*He, 2.9 X 10° 6.748 3.034
X("Be, *He)*Hey 2.9 X 10° 6.748 13.252
“Hey(a, y)®Bey 7.8 X 10°T, * exp(—16.79/T3/*)(1 — 0.397¢° — 0.058Ty) 0-1 7.487 45.509
+4.8 X 10T, > exp(—16.79/Ts*)(—1 + 21T + 0.32T,) 0.3-0.5
8Be, (d, p)°Bey 9.8 X 10''T, /3 exp(—13.49/T)/3)® 1.060 7.242

“Rates are estimated by linear fits of S factors in the energy ranges.
°For nuclides a = i, j, k, ... with mass numbers A, and numbers of
Ref. [104]: 0.9867(g;g;/81)(A
°Qy = 11.605 (Q/MeV).

9The rate in Ref. [4] is taken.

The dependence of cross section on the reduced mass u (or
A in atomic mass units), i.e., o < A~2 has been used to
correct for de Broglie wavelengths.

Other X-capture reactions.—Similarly, reaction rates
of X(°Li, d)*Hey, X('Li t)*Hey, X("Be, p)°Liy and
X("Be, n)®Bey, [107] are also taken from that of
®Li(n, )*H. They are corrected for the reduced masses.

In Case 1, the Q values of X(’Be, p)SLiy and
X("Be, n)GBeX are negative. The reactions are then ne-
glected as well as their inverse reactions which would
never become important in changing the abundance of

i Aj/Ar )Y for the process ix(j,y)ky, and [g;g;/(grgn)[A;,

magnetic substates g,, the reverse coefficients are defined as in
Aj/(AkA,X)]3/2 for the process iy(j,k)ly.

"Be due to small abundances of °Liy and ®Bey as shown
in Section IIT A.

Destruction of ®Liy.—The main proton burning reaction
of ®Liy is °Liy(p, *He)*Hey in Case 2. In Case 1, on the
other hand, the Q value of a three-body breakup reaction
®Liy(p, *Hea)X is positive. Its cross section is then much
larger than that of °Li, (p, *He)*He, due to a larger phase
space in the final state. This situation is the same as thatin a
similar reaction catalyzed by a long-lived negatively
charged particle X~ [15]. The reaction rates of
®Liy(p, *Hea)X (Case 1) and °Liy(p, *He)*He, (Case 2)

TABLE III. Reaction rates for (my, §) = (100 GeV, 0.2).
Reaction Reaction rate (cm®s~!' mole™!) Energy (MeV)* Reverse coefficient® 0y°
X(5Li, d)*Hey 3.8 X 106 4.919 96.708
X("Be, n)’Bey, 2.9 X 10° 34.139 0.130
X("Be, p)°Liy 2.9 X 10° 11.380 56.727
SLiy(p, 3He)*Hey 3.6 X 10107, %/ exp(—8.81/T4) 0.593 38.678
Bey(, e* v,)CLiy 6.2 X 10710 (s71) . 44.225
X(*He, y)*He, 5.0 X 10* — 2.2 X 10°T, 7.472 113.811
“Hey(d, y)'Liy 8.2 X 103T, 2 exp(—8.45/Ty/*)(—1 + 6.6TZ + 2.0T,) 0.15-0.25 2717 25.074
X("Li, 1)*Hey 2.9 X 106 6.748 85.186
X("Be, *He)*He,, 2.9 X 10° 6.748 95.404
“Hey(a, y)®Bey 2.4 X 10°T, P exp(—16.79/Ty/*)(1 + 0.15T2° + 0.022T,) 0-1 7.487 82.366
+2.7 X 10°Ty 23 exp(—16.79/T3*)(—1 + 2.7T3" + 0.41T,) 0.3-0.5
8Bey(d, p)’Bey 9.8 X 10T, %3 exp(—13.49/T1/3)? 1.060 20.957

“Rates are estimated by linear fits of S factors in the energy ranges.
For nuclides a = i, j, k, ... with mass numbers A, and numbers of
Ref. [104]: 0.9867(g;g;/2:)(A
Q¢ = 11.605 (Q/MeV).

9The rate in Ref. [4] is taken.

iXAj/AkX)3/2 for the process ix(j, y)ky, and [gigj/(gkgl)][A

magnetic substates g,, the reverse coefficients are defined as in
. Aj/(AcA)T/? for the process ix(j, k)lx.

Ix
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were both taken from that of °Li(p, a)*He. In the expres-
sion for a nonresonant contribution to the thermonuclear
reaction rate [Eq. (16)], the reduced mass was corrected.
The survival of ®Liy thus differs from that of °Li due to
only the change in reduced masses of initial states relative
to ®Li(p, a)’He.

Production  of  °Bey.—Since  the  reaction
“Hey(a, y)®Bey is found to be responsible for an accumu-
lation of SBeX both in Cases 1 and 2 (see Sec. III), flows of
nuclear abundances toward higher mass numbers should be
calculated. The most important reactions in this regard are
8Bey(d, p)’Bey and 8Bey(d, n)’By [4]. The reaction rates
of 8Bey(d, p)°Bey are taken from that of "Bey(d, pa)*Hey
corrected for the reduced mass [4]. The Q values of
8Bey(d, n)’By are negative. This reaction can, therefore,
be neglected in environments of relatively low tempera-
tures such as BBN.

2. Radiative nuclear reactions

We estimate rates of radiative capture reactions which
can be important to leave signatures of the X° particle on
primordial abundances of light elements. Wave functions
of bound and continuum states are derived with the code
RADCAP published by Bertulani [108], which was modified
and given proper input parameters described below. The
code also calculates cross sections of forward and reverse
reactions, and astrophysical § factors.

X(a, y)*Hey.—This reaction is very important for the
existence of parameter region in which the primordial 7Li
abundance is reduced. The abundance of the free X° de-
creases if the strongly-interacting X° particle is quickly
captured by “He after “He nuclei are produced abundantly
in the BBN epoch. Heavy nuclei such as ’Li and "Be
whose abundances build up after the “He production are
then not affected by free X° particles. The *Hey nuclei can
not react efficiently with Li and Be nuclei due to large
Coulomb repulsion forces by them.

Note also that the reaction between *He and X° is mainly
through a radiative capture. The critical binding energies of
3H and *He to an X° at which Q values of X(a, N)*Ay
reactions change from negative to positive are very high
(see Table IV). These high binding energies are not real-
ized in the cases of relatively weak XN interaction consid-
ered in this investigation.

Whether a given reaction operates efficiently enough to
change an abundance of relevant particle species is roughly
determined by a comparison of its rate I and the cosmic
expansion rate H. For a reduction of the X° abundance via
a radiative capture by “He, the I'/H ratio is given by

i~ (635) (635 10 vaew)
H \0.25/\6.2 x 107°)\0.1 MeV

><< Ny(ov)

1.9 X 10° ecm3s7! mol_l)’

a7
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TABLE IV. Ceritical binding energies of X-nuclei.

Number Reaction Binding energy (MeV)
1 X(*H, n)'H, 2.224
2 X(PH, p)'ny 2.224
3 X(H, n)*Hy 6.257
4 X(*He, p)*Hy 5.494
5 X(*He, p)*Hy 19.815
6 X(*He, n)*Hey 20.578
7 X(°Li, p)>He, 4.497
8 X(°Li, n)>Liy 5.39
9 X('Li, p)°He, 9.975

10 X("Li, n)%Liy 7.250
11 X("Be, p)°Liy 5.606
12 X("Be, n)°Bey 10.676
13 X(*He, d)’Hy 23.848
14 X(°Li, d)*Hey 1.474
15 X('Li, 1)*Hey, 2.467
16 X("Be, *He)*Hey, 1.587

where Y is the ratio by mass of “He to total baryon, and 7 is
the baryon-to-photon ratio. If I'/H > 1, then the reaction
X(a, y)*Hey quickly decreases the abundance of the free
X particle.

In Case 1, the ground state of “Hey exists although
excited states do not. Because of the selection rule for
electromagnetic multipole transitions, an electric dipole
(E1) transition from a relative s-wave scattering state
into the ground s-wave bound state is not allowed. The
cross section then has a predominant contribution from an
El transition from a p-wave scattering state.

In Case 2, there is one excited state of 4HeX with relative
angular momentum of L = 1 (see Table I). The selection
rule then allows an El transition from a relative s-wave
scattering state into the excited p-wave bound state.

For both cases the nuclear potential is given by Eq. (10)
in calculating wave functions of the ground and excited
states and scattering states of the *He and X° system with
the code RADCAP. Adopting rRMS =159 fm, ie.,
b = 1.30 fm, the potential is given numerically by

Vn(r) = —123 MeVS exp{—[r/(1.97 fm)]*}.  (18)

“Hey(d, y)°Liy.—We calculate the radiative capture
cross section with the two-body model for the system of
a *Hey and a deuteron. The cross section is proportional to
the electromagnetic matrix element squared [108]. The
matrix element is an integral over space of the scattering
and bound state wave functions and the operator. The E1
operator is estimated from the initial state wave function.
The operator is e;rY;,,(7) for the radius r from the center
of mass with the effective charge e; = e(m4HeX —2,,)/
(msge, + my), and e; — e in the limit of an infinitely

massive X° particle. Although the wave function of the
“He, — d system should be used in calculating the matrix
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element, as one method we approximately take the wave
function of the °Li — X bound state calculated with
Eq. (19) as that of the 4HeX — d bound state. As described
hereinbelow, we try another method in which the wave
function of the °Liy nucleus is calculated by the two-body
model for the “He,, — d system with its interaction tuned to
reproduce binding energies of °Liy. Three-body (“He, d,
and X°) quantum mechanical calculations are necessary for
more consistent estimations of cross sections without the
approximation.

The nuclear potential for the ground state of ®Liy in the
final state is given by Eq. (10) in calculating the bound
state wave function only. Adopting rRMS = 235 fm, i.e.,
b = 1.92 fm, the potential is given numerically by

Vn(r) = —99.2 MeVé exp{—[r/(2.43 fm)’}.  (19)

The nuclear potential for initial scattering states of “He,,
and d was taken from that between X° and d and that
between *He which is bound to the X° and d. The former
is given by Eq. (10). Adopting rRMS = 1.97 fm, i.e.,
b = 1.61 fm, the potential is given numerically by

V&=d(r) = —45.0 MeVd exp{—[r/(2.19 fm)]*}. (20)

The latter is given by
V(r)a®d = f (Ve () dr’
2 00 r+r!
=—7Tf dr’r’p(r’)[ dxxVgd(x), (21)
r Jo [r=#]

where r is the radius from the center of mass of “Hey to
that of d, r' is the distance between the position of *Hey, to
that of the “He nucleus, x = r + r' is the distance between
the deuteron and “He, and p(r') is the distribution function
of “He, V&~ 4(x) is the nuclear potential between a free a
particle and a deuteron, and spherical symmetries in p(r')
and V& 94(x) were assumed in the last equality.

The potential V&~ ¢ is given by the two-component
Gaussian function

2
V&) =Y Viexp[—(r/r)*] (22)

i=1
where V; = 500 MeV, r; = 0.9 fm, V, = —64.06 MeV,

and r, = 2.0 fm [15]. The potential V(r)ff](B)*d is then
rewritten in the form of

VOR® =I5V [Tareptr)
1

“Aes (5ol ()]

(23)

The Coulomb potentials for initial scattering states of
“He, and d originate only from that between *He (inside
“He,) and d. It is approximately given [15] by
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ert(r/ P, 7 53)
VERUr) = Zige Zye? . )
X r

where Ziy, =2 is the electric charge of “He, nucleus,
bsye, and b, are ranges for charges of “Hey, and deuteron,
respectively. b; = 1.47 fm is assumed, which is derived

from b, = /2/3rEMS and the RMS charge radius value of
r¢MS = 1.4696 fm [109]. We take as the sy, value the

radius at which the charge density pc(r) of “Hey is
exp(—2) times the maximum value, i.e, pc(0).
The charge density of Ay is given by

pca,(r) = [PAX("')PC,A("”)W
2Ze

:\/?brj;) dr'r'py (1)

Ao (5]l

(25)

where 7' is the radius from the center of mass of Ay to that
of A, r" is the position vector of charge contributed by the
nucleus, r = |r' + r| is the distance from the center of
mass of Ay, p, (r') is the distribution function of A, and
pca(r’) is the charge density of the nucleus. The nuclear
charge density was assumed to be pcu(r’) =
Ze(mwb?) 732 exp[—(r"/b)?] in the last equality. The range
parameter, i.e., b for *He is given by by, = 4/2/3rfMS and
the RMS charge radius value of rgM5 = 1.80 fm [100].
The charge densities of *He, are calculated, and the
ranges of charge distribution are derived: biy, = 2.97 fm

(6=0.1) and 2.64 fm (6 =0.2). They are used in
Eq. 24).

Figure 3 shows the adopted nuclear potential V¥ ¢ and
the calculated distribution function, i.e., p, and charge
density, i.e., pc, of “Hey, and nuclear (Vﬁ(B)fd) and
Coulomb (Vg(B) 7‘1) potentials (solid lines) for Case 1
(6 = 0.1) as a function of radius from the center of mass
of “Hey. The center of mass is approximated to be the
position of X since the mass of X° is much larger than that
of nucleon.

Figure 4 shows similar potentials and densities (solid
lines) for Case 2 (6 = 0.2).

We calculate rates using another method for the same
reaction. We assume that the °Liy nucleus in the final state
is described as the two-body bound state of the “Hey, — d
system. Both of initial and final state wave functions are
generated from a “He — d potential tuned to reproduce the
binding energy of °Li, relative to separated “Hey and
deuteron consistent with results in Table I [2.44 MeV for
Case 1 (6 = 0.1) and 2.16 MeV for Case 2 (6 = 0.2)]. We
use potential terms given by Eqgs. (20), (23), and (24). The
parameter & in the nuclear potential between an X° and a
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T T T

; a(B)-d
Vy

r (fm)

FIG. 3 (color online). Nuclear potentials between an « and a
deuteron (Vﬁ(B)fd), an X° and a deuteron (VEX~9), and the
Coulomb potential between an « and a deuteron (Vg(B)_d) as
a function of distance from the center of mass of the *Hey + d
system (solid lines). The similar potentials for the *Hey + «
system (dashed lines), the distribution function (p), and the
charge density (pc) of *Hey (solid lines) are also drawn. It
was assumed that the mass of X° particle is my = 100 GeV and
that the interaction strength of XN force is 0.1 times that of NN
force (6 = 0.1).

deuteron [Eq. (20)] is fitted: &g, = 0.494 for Case 1 and
O = 0.373 for Case 2. Calculated reaction rates are as
follows:

Ny(ov) = 1.9 X 10T, >3 exp(—8.45/T)(1 + 2.6T2
+ 0.78Ty) cm s~ ! mol ™! (26)

for Case 1 (6 = 0.1), and

T T T
[  a(B)—d 1
o~ 60 " y
‘ I 1
E
o [ 1
= 40 F .
(&) L 4
QU
Py p><30
T, 20l 30
L o J
‘E [v a(B)—a Pe
- [ y a(B)-d
DU SN -
> by X-d — = - — =
(] N -
= /,/\
> r -z~ - ,
20 - - -2~ VX =e (1 /5) 1
t ‘VN ! !
0 2 4 6

r (fm)

FIG. 4 (color online). Same as in Fig. 3 when the interaction
strength of XN force is 0.2 times that of NN force (6 = 0.2).
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Nalov) = 1.7 X 10°T, >3 exp(—8.45/T3*)(1 + 3.6T>
+ 1.1T4) cm3s~ ' mol ™! 27

for Case 2 (6 = 0.2). These rates differ from our
standard rates in Tables II and III by 17-26% (Case 1)
and —45— — 33% (Case 2), respectively, in the important
temperature range of 79 = 0.5-1 corresponding to E, =
0.15-0.25 MeV.

“Hey(a, y)®Bey.—In both of Cases 1 and 2, there is one
excited state of ®Bey, with L = 1 below the energy level of
the initial separation channel of “Hey, and «. The excitation
energies are 3.72 MeV (6 = 0.1)and 5.89 MeV (6 = 0.2),
respectively. Both rates for final states of the ®*Bey ground
and excited states are then calculated.

The nuclear potential for the ground state of ®Bey in the
final state is given by Eq. (10) in calculating the wave
function. Adopting rRMS = 2.33 fm, i.e., b = 1.90 fm, the
potential is given numerically by

Vn(r) = —134 MeV S exp{—[r/(2.41 fm)]*}. (28)

We calculate cross sections by the two-body model in
the same procedure as performed for the previous reaction,
i.e., “Hey(d, y)®Liy. The nuclear potential between two
free a particles was taken from the three-component
Gaussian function

3
VETe(r) = Viexpl—(r/r;)*] (29)
i=1
where V, = —1.742 MeV, r; = 3.00 fm, V, =
—395.9 MeV, r, = 1.90 fm, V5 = 299.4 MeV, and r; =
1.74 fm [96].

The adopted nuclear potential VX~ and the calculated
nuclear (VS(B)_“) and Coulomb (VS(B)_“) potentials
(dashed lines) for Case 1 (6 = 0.1) are shown as a function
of radius from the center of mass of “Hey, in Fig. 3. Similar
potentials (dashed lines) for Case 2 (6 = 0.2) are shown in
Fig. 4.

First and second terms of reaction rates in Tables II and
III are calculated rates for transitions to the ground and
excited states, respectively. The reaction leading to the
ground state is via an EIl transition from an initial
p-wave scattering state, while that leading to the excited
state is predominantly an El transition from an initial
s-wave scattering state.

3. B decay

The reaction rate of *Be(, 87 v,)®Liy is estimated using
that of ®He(, 8~ #,)°Li. It was corrected for a phase space
factor related to the reaction Q value. The rate is then given
by I'y = (In2/T,)(Qx/Q), where T, is the half life
of ®He, Qx and Q are the Q values for the B decay of
®Bey and °He, respectively. T/, = (806.7 = 1.5) ms and
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O = 3.508 MeV are adopted [110]. See Tables II and III
for derived Qy values.

4. Unimportant pathways through >Hey and >Liy

Reactions of "Hey and 5Liy are found to be unimportant
in this study under the assumption of our models described
above.

The binding of the X° particle to *He and >Li can lead to
stabilizations of such bound states against neutron and
proton emissions, respectively [4]. This study, however,
indicates that >A nuclei do not play a significant role in
the BBN epoch in both Cases 1 and 2. The reason is as
follows:

A sufficient condition for that the A, nuclei are not
important for a production of heavy nuclei of A > 6 is
satisfied in Cases 1 and 2: Q values of reactions
“Hey(d, n)’Liy and *Hey(d, p)’Hey are negative. This
means that SLi, and Hey produced during BBN (if any
via radiative captures of p or n by *Hey) is quickly
processed by n or p back into *Hey via °Liy(n, d)*He,
and SHey(p, d)*He,. Note that the destruction reactions
are strong since no radiation is involved in the reactions.

In passing, if the energy level of SHey, (°Liy) nucleus is
lower than that of “Hey + n(p) separation channel, i.e.,
Q(*Hey + N — 5Ay) = 0 MeV, the X nucleus can be pro-
duced during BBN. Amounts of such X nuclei are, how-
ever, very small due to the reason explained in the previous
paragraph. In this investigation, the Ay nuclides have not
been stabilized in both cases of potential types for parame-
ter space studied. The *Ay nuclei then do not play a role.
There is, however, a large uncertainty in binding energies
of X nuclei which stems from XA potentials and from
precise nucleon density of X nuclei. Such uncertain points
should be studied using specific particle models describing
potentials and dedicated quantum many-body models tak-
ing account of interactions inside the normal nuclei such as
SA = “He + N during the processes.

5. Nuclear reaction network

We calculate binding energies of X nuclei and Q values
of reactions involving the X° particle and X nuclei. We
estimate rates of several (forward and reverse) reactions,
which possibly play roles in BBN as described above, and
calculated the catalyzed BBN. We note that productions of
double X nuclei, i.e., Ayy, are not taken into account in this
study. The ratio of the rate for reaction between X nuclei
and an X° to that of cosmic expansion is given by

p = () i) (o)
H 1074 )\6.2 X 10°19)\0.1 MeV

% ( Ny(ov)

1.2 X 10° cm3 7! mol—l)'

(30)

An efficient operation of a reaction should satisfy I'/H >
1, which is possible when N {(ov) = 10° cm?s~! mol .
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X nuclei with significant abundances during the catalyzed
BBN seen in Sec. III are *Hey, SLiy, 3Bey and *Bey. *He,
can react with an X particle only via the radiative capture
since there is no exit channel of particle break up. Since
reaction rates of radiative capture are typically small,
“Heyy production is not efficient. The effect of *Heyy
would thus be negligible although some fraction of “He,
would react with an X° and form the *Heyy. Other X
nuclei, i.e., °Liy, ®Bey and “Bey can, on the other hand,
react nonradiatively with an X°. Possible reactions are
*Liy(X, d)*Heyy, ®Bey(X, a)*Heyy, ®Bey(X, ay)*Hey,
9Bey(X, n)®Beyy, and “Bey(X, an)*Heyy (whether their
Q values are positive or negative should be determined
by more sophisticated estimations of binding energies).
Since abundances of ®Liy, ®Bey and °Bey are rather small
in cases studied in this paper (Sec. III), their processing
would have negligible effects on final abundances of light
elements. We note, however, that final abundances of 6Lix
and °Bey may be reduced through nonradiative reactions
with an X° particle.

The BBN network code of Refs. [111,112] is modified
and used. The X° particles and relevant X nuclei are
included as new species. Reactions connecting normal
and X nuclei and the X° particle are added to the code
(see Tables IT and III for their rates). Nuclear reaction rates
for the SBBN [111,112] have been replaced with new rates
published in Refs. [58,113], and the adopted neutron life-
time is 7, = 881.9 s [114].

III. RESULTS

A. Evolution of nuclear abundances

Figure 5 shows results of the abundances of normal and
X nuclei as a function of temperature for Case 1 (6 = 0.1).
The mass of the X° has been taken to be my = 100 GeV.
Its initial abundance is Ny/n, = 1.7 X 107 (Yy =
Ny/s = 1.5 X 10~'%), where Ny and n, are the number
densities of the X° particles and baryons, respectively. This
abundance is chosen as an example leading to a significant
"Be reduction. It is set as a parameter here since the X°
abundance is very uncertain. The decay lifetime is assumed
to be much longer than BBN time scale, i.e., 74 > 200 s
so that effects of the decay are not seen. The X particle is
assumed to have been long extinct by now.

At high temperatures Ty = 1, the X° particles exist
mainly in the free state since efficient photodisintegrations
of X nuclei destroy the bound state. At Ty ~ 1, the “He
synthesis occurs as in SBBN, and about one third of X°
particles are then captured by *He nuclei. *He, nuclei
produced in this epoch react with normal nuclei and affect
abundances of "Li [by “Hey(t,’Li)X [115]], SLi, [by
“Hey(d, y)®Liy], and ®Bey [by *Hey(e, y)®Bey]. Note
that °Liy nuclei produced at Ty ~ 1 experience a strong
destruction process, i.e., ®Lix(p, *Hea)X. °Bey is pro-
duced by 3Bey(d, p)°Bey. At last, the most important
processes operate. Free X particles which survived the
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FIG. 5 (color online). Calculated abundances of normal and X
nuclei (solid lines) as a function of Ty. The mass of X° particle
was assumed to be my = 100 GeV, and the interaction strength
of XN force is 0.1 times that of NN force (6 = 0.1). For this
figure, we took the X° abundance to be Ny/n, = 1.7 X 107%
(Yyx = Ny/s = 1.5 X 10'%), and its lifetime to be much longer
than BBN time scale, i.e., 7y >> 200 s. The X° reaction rates are
given as described in the text, Sec. II. The dashed lines corre-
spond to the abundances of normal nuclei in the standard BBN
model.

capture by “He react with "Be [by X("Be, *He)*Hey] and
"Li [by X("Li, 1)*Hey]. The abundances of "Be and "Li thus
decrease.

Figure 6 shows results of the abundances of normal and
X nuclei as a function of temperature for Case 2 (6 = 0.2).
Parameters other than 6 are the same as in Fig. 5. A clear
difference from Case 1 is a complete capture of the X°
particle by “He (see Sec. II B 2). Decreases in the abun-
dances of "Be and “Li are, therefore, not seen. The

log(X, Y, A/H)

0.01 1073

FIG. 6 (color online). Same as in Fig. 5 when the interaction
strength of XN force is 0.2 times that of NN force (6 = 0.2).
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productions of ®Liy, ®Bey and *Bey result following the
*Hey production similarly to Case 1.

B. Decrease in the primordial Li abundance

Figure 7 shows abundances (solid curves) of “He (mass
fraction), D, *He, "Li and °Li (by number relative to H) as a
function of the baryon-to-photon ratio 1 or the baryon
energy density () zh? of the universe. The solid curves are
the calculated result in the X catalyzed BBN for Case 1,
ie., (my, 8, Yy, 7x) = (100 GeV, 0.1, 1.5 X 10714 o).
The dashed curves are those in the SBBN. The boxes
correspond to the adopted constraints on primordial abun-
dances (see Appendix). The vertical stripe shows the 2o
limits on Qg h* = 0.022580.00057 provided by WMAP [59]
for the ACDM + SZ + lens model.

0gh®
0.01 0.02 WMAP70.03
027 e SRR
026 | 3
025 - ;
024 [ 4He 3
0.23 F 3

"Li/H (x107%) SHe/H, D/H (x107°)

log(®Li/H)

FIG. 7 (color online). Abundances of “He (mass fraction), D,
3He, "Li and °Li (by number relative to H) as a function of the
baryon-to-photon ratio 1 or the baryon energy density Qzh? of
the universe. The solid curves are the calculated results in the X
catalyzed BBN for the case of (my, 6, Yy, 7x) =
(100 GeV, 0.1,1.5 X 10714 00), while the dashed curves are
those in the standard BBN. There is virtually no difference
between the dashed and solid curves for “He, D, *He, and °Li.
The boxes represent the adopted abundance constraints from
Refs. [132,133] for “He, [127] for D, [128] for *He, [54] for "Li,
and [52] for ®Li, respectively. The vertical stripe represents the
20 Qph? limits provided by WMAP [59].

055011-11



MASAHIRO KAWASAKI AND MOTOHIKO KUSAKABE

The decrease in the 7Li abundance is found, while other
nuclear abundances are not changed. A solution to the "Li
problem is thus found in this model. One should note,
however, that the abundance of °Bey could be higher
than the adopted constraint on the primordial *Be abun-
dance. For example, in Fig. 5, the final abundance of
%Bey/H ~2 X 1072 is shown. Effects of the decay of
the X° particle inside X nuclei are not addressed in this
paper. They should be studied in order to estimate fractions
of ?Bey which remain as °Be after the decay of X° particle.

C. Parameter region for Li reduction

If the strength of XV interaction is relatively weak as in
the Cases 1 and 2 which we study in this paper, most strong
reactions for the X° particle to get bound to nuclei would
be nonradiative XO—capture reactions, which are found
important in the present model. We, however, note that
efficiencies of the reactions are uncertain and that the
present result is based on a rough assumption that
the nonradiative cross sections have been set equal to the
Li(n, a)*H cross section excepting for the factor of re-
duced mass. Although effects of heavy X° particles during
BBN were first studied recently [4], the possibility of X°
capture reactions via nucleon emission has been mentioned
in 1995 [2]. In order for these reactions to occur efficiently
during BBN, reaction Q values need to be positive. The Q
value of the reaction X(A, b)By is given by

Q = BE(B) + BE(By) + BE(b) — BE(A), 3D

where BE(A), BE(B), and BE(b) are the binding energies
of nuclei A, B, and b with respect to separated nucleons,
respectively, and BE(By) is the binding energy of By with
respect to separated B and X°.

In Table IV, critical binding energies of By realizing
Q > 0 are listed. We have taken data on binding energies of
normal nuclei from Triangle Universities Nuclear
Laboratory Nuclear Data Evaluation Project [116].

More important reactions than nucleon emissions in
this X catalyzed BBN scenario are X(°Li, d)*Hey,
X("Li, )*Hey, and X("Be, *He)*Hey [117]. Critical bind-
ing energies realizing Q > 0 for emissions of particles
other than nucleons are also listed in Table I'V.

Figure 8 shows contours in the parameter space (my, &)
for critical binding energies of X nuclei (thin and thick
smooth curves) for the case of the Gaussian XN potential.
Critical binding energies chosen for the plot are those of
reactions, whose numbers are defined in Table IV: 2 (for
ny), 1 (‘Hy) 3, 4 (*Hy), 5 (CHy), 6 (PHey), 14, 15, 16
(*Hey), 7 (CHey), 8 (°Liy), 10, 11 (°Liy), 12 (°Bey).
Numbers attached to the contours indicate mass numbers
of nuclides for elements which have more than two iso-
topes plotted. The contour of Q = 0 for the proton decay of
®Bey, i.e., ‘Bey(, 2p)*Hey, is also shown as a thick solid
line. Above the contours, reaction Q values are positive.
Zigzag curves correspond to boundaries above which an

PHYSICAL REVIEW D 83, 055011 (2011)

'
\\ e’ |

0.5 fp-decay

“Q
Nel
-
o)
=]
[ o N
B < el
7] 0.2 e ]
g Eeo--
° e )
g 01}
& r
-
e
005
2 b0 gl L PR S S A | 2 P S R N AT
0.1 1 10 100

X Mass my (GeV)

FIG. 8 (color online). Contours of binding energies between
nuclei and an X° particle corresponding to Q = 0 of reactions
(thin and thick smooth curves) for the case of the Gaussian XN
potential. Numbers attached to the contours indicate mass num-
bers of nuclei. Above the contours, reaction Q values are positive
(see text, Sec. IIIC). Zigzag curves correspond to boundaries
above which an excited state of *He* (upper line) and $Be*
(lower) exist, respectively. In the shaded region, the 7Li problem
can be resolved.

excited state of *“He* with L = 1 (upper line) and ®Be* with
L =1 (lower) exist, respectively.

Figure 9 shows contours for the case of the square well
XN potential corresponding to the same boundaries as in
Fig. 8. The contours are very similar to those in Fig. 8
excepting for that of the proton decay of ®Bey. Although
the difference in the contours of ®Bey, does not affect the
BBN significantly, a realistic estimation of binding ener-
gies regarding all light nuclei are very important to obtain a
realistic result of the catalyzed BBN.

Interaction Strength &

0.1 1 10 100
X Mass my (GeV)

FIG. 9 (color online). Same as in Fig. 8 for the case of the
square well XN potential.
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We delineate the parameter region which might be
responsible for a reduction of the primordial "Li abun-
dance. The baryon-to-photon ratio is fixed to be n =
6.225 X 10719 from WMAP determination [59]. In both
Figs. 8 and 9, it is found that the contours of the boundaries
for existences of *He} are above the contours of the
reaction X("Be, *He)*Hey, (the second lowest thin dashed
lines). In the parameter region in right upper side from the
curve of “*Hey, free X particles are captured onto “He at
Ty ~ 1 before they can react with "Be to reduce its
abundance.

In the shaded region below that curve and above the
curve of X("Be, *He)*Hey, some amount of free X’s pos-
sibly remain, and they can reduce the "Be abundance. This
shaded region is, therefore, a possible parameter region
where the "Li problem is solved. For a significant destruc-
tion of "Be, however, a relatively large value of initial
abundance, i.e., Yy ~ O(107 %) is needed. Under the as-
sumption of thermal freeze-out from equilibrium of the X°
particle, the initial (relic) abundance is large if the annihi-
lation cross section of X° particle is small [cf. Eq. (2)]. The
required abundance may then realize in the scenario of sub-
strongly interacting particle X° which has survived the
annihilation due to its small interaction strength.

IV. CONCLUSIONS AND DISCUSSION

We have investigated effects on BBN of a long-lived
strongly-interacting massive particle (SIMP) X° for differ-
ent masses my and strengths of XN interaction, i.e., J.
Binding energies of bound states of nuclei and an X°
particle, i.e., X nuclei, are calculated for two types of XN
potentials, i.e., Gaussian and well types. It is shown that
calculated binding energies are not largely dependent upon
the potential shapes and are determined by the interaction
strength at a given mass of X°.

Evolutions of light element abundances are calculated as
a function of the temperature for two specific cases of
relatively weak interaction strengths. We found that "Be
and "Li can be destroyed by the nuclear capture reactions
of free X° particles. The reactions identified as destruction
processes are X(’Be, *He)*Hey and X('Li t)*Hey. We
show that the lack of an excited state of *He, with a
relative angular momentum L = 1 is essential for some
fraction of the X° particles to escape capture by “He.

We suggest that the "Li problem could be solved based
upon a network calculation of catalyzed BBN and found
the parameter region in the (my, 8) plane where the "Li
problem can be fixed.

We note that the results have been derived under the
assumption that the X° particles do not change nuclear
structure apart from sticking unaltered nuclei to the parti-
cles. This rough approximation is unlikely to be true
especially in the case of relatively large strength of inter-
action since the XN potential is not much weaker than the
NN potential and can not be neglected. More realistic
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estimations of wave functions and binding energies of X
nuclei need to include such changes in nuclear structures
with the use of three or more-body models. In the case of
strongly bound “He, the binding energy of the ground state
is 28 MeV, which is larger than binding energy of *He,
with respect to separated *He and X°. The effect of change
in nuclear density caused by the existence of the X° then
tends to be small for *He. The calculated binding energy of
“He, and the cross section for radiative capture of X° on
4He are, therefore, likely to be accurate. If the XN and XA
potentials adopted in this paper describe well the real
interaction, the main uncertainty in the BBN calculation
would be in the estimations of nuclear reactions involving
the X° particle. In this paper, the cross section of the most
important reaction, i.e., X("Be, *He)*He, was estimated
only by analogy with ®Li(n, @)’H, and many other cross
sections were also estimated using standard nuclear reac-
tion rates. Radiative reaction cross sections were estimated
approximately within the framework of two-body models.
The rates should, however, be calculated in more rigorous
quantum many-body models, not by the rough Born ap-
proximation, in order to derive realistic values. Although
there might be errors in the calculated abundances in the
X-catalyzed BBN of 1 order of magnitude or so, we argue
at this moment that there is a possibility of "Li reduction in
the BBN model including a long-lived sub-SIMP.

Effects of possible direct interactions of decay products
of X° with the remaining nuclei A at the decay of X° in an
X nucleus Ay are not taken into account yet. They should
be studied in the future in order to better estimate final
abundances of the light elements. In addition, nonthermal
nucleosynthesis triggered by the decay process of the X°
particle might change the abundances of normal nuclei if
the energy injection by the decay were large enough.
Recent studies suggest that the radiative decay could lead
to the production of °Li to the level at most ~10 times
larger than that observed in MPHSs when the decay life is
of the order of ~10%3-10!2 s, which is associated with 3He
production [47]. The hadronic decay, on the other hand,
can be a solution of both the lithium problems although
that case gives somewhat elevated deuterium abundances
[35,43].

For example, we assume that the mass and the initial
abundance of the X are my = 100 GeV and Yy =
1.5 X 10~ !4, respectively. The energy injection at the de-
cay of the X into hadronic jets is constrained to be
=< 0(1-100 GeV) if the lifetime is 74 = 10 s through
abundances of D, *He, °Li, and *He depending upon the
lifetime (figure 38 of Ref. [32]). The energy injection into
electromagnetic particles is, on the other hand, constrained
to be = 0(10 GeV) if the lifetime is 7y = 107 s (figure 1
of Ref. [47]). This amount of energy injection tends to
attain ®Li production up to the observed level in MPHSs.

We summarize a present status of several models which
have effects and thus leave observational signatures on
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primordial light element abundances. In the BBN model
catalyzed by a long-lived sub-SIMP studied in this paper,
the abundance of ’Li can be reduced below the level of
SBBN prediction. In the BBN model catalyzed by a long-
lived SIMP, the abundances of °Be or B can be high [4].
Moreover, the isotopic abundance ratio, i.e., '°B/!'B can
be high, which is never predicted in other scenarios for
significant boron production [4]. In the BBN model cata-
lyzed by a negatively charged massive particle (CHAMP),
the ®Li abundance can be high [5]. Only if the abundance
of the CHAMP is more than (0.04—1) times as large as that
of baryon [12,118], the "Li reduction can be possible [9]. A
signature of CHAMP on °Be abundance has been esti-
mated to be negligible [12,118] in the light of a rigorous
quantum mechanical investigation [119]. The cosmologi-
cal cosmic ray nucleosynthesis triggered by supernova
explosion in an early epoch of the structure formation
can produce °Li [120] as well as °Be and '®''B [89,121].
In baryon-inhomogeneous BBN models, the abundance of
9Be can be higher than in the SBBN [122-126].
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APPENDIX: CONSTRAINTS ON PRIMORDIAL
LIGHT ELEMENT ABUNDANCES

We adopt constraints on primordial abundances as
follows:

A mean value for the primordial deuterium abundance in
Lyman-« absorption systems in the foreground of high
redshift quasi-stellar objects has been estimated to be
log(D/H) = —4.55 = 0.03 [127]. We adopt this value
and a 20 uncertainty, i.e.,

245X 107° <D/H<3.24 X 1073, (A1)

3He abundances are measured in Galactic HII regions
through the 8.665 GHz hyperfine transition of *He/H =
(1.9 £0.6) X 107> [128]. However, abundances in
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extragalactic objects have not been measured, and it is
not known whether *He has increased or decreased through
the course of stellar and galactic evolution [129,130]. *He
is more resistant to the stellar burning than deuterium.
Because the deuterium abundance does not appear to
have decreased since the BBN epoch until the solar system
formation [131], we do not assume a decrease in the >He
abundance after BBN in amounts larger than the uncer-
tainty in the abundance determination of Galactic HII
regions. Although a constraint on the primordial *He abun-
dance is rather weak considering its uncertainty, we take a
20 upper limit from abundances in Galactic HII region as a
rough guide, i.e.,

3He/H < 3.1 X 107°. (A2)

For the primordial helium abundance we adopt two
different constraints, i.e, ¥ = 0.2565 = 0.0051 [132] and
Y =0.2561 = 0.0108 [133] both from observations of
metal-poor extragalactic HII regions. We take 20 limits of

0.2463 < Y <0.2667  (IT10), (A3)

and

0.2345 <Y <0.2777 (AOS10). (A4)

An upper limit on the °Li abundance is taken from the
possible plateau abundance of °Li/H=(7.1+0.7) X 1012
observed in metal-poor halo stars (MPHSs) [52]. A 20
uncertainty is included, and we derive

°Li/H < 8.5 X 1072 (AS)

A limit on the "Li abundance is taken from observations
of MPHSs, i.e., "Li/H = (1.23%9$8) X 1071° (95% confi-
dence limits) [54]. The adopted constraint on the ’Li
abundance is then

0.91 X 10710 <7Li/H < 1.91 X 1071°, (A6)

Although we do not use constraints on abundances of
nuclei with mass number A = 9 in this study, a primordial
°Be may be related to the scenario (see Section III B). An
upper limit on °Be abundance should be taken from the
minimum abundances observed in MPHSs [134], i.e.,

°Be/H < 10714, (A7)
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