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Nuclear weak interaction rates in primordial nucleosynthesis
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We calculate the weak interaction rates of selected light nuclei during the epoch of big bang
nucleosynthesis (BBN), and we assess the impact of these rates on nuclear abundance flow histories
and on final light element abundance yields. We consider electron and electron antineutrino captures on
3He and "Be, and the reverse processes of positron capture and electron neutrino capture on *H and "Li.

We also compute the rates of positron and electron neutrino capture on ®He. We calculate beta and
positron decay transitions where appropriate. As expected, the final standard BBN abundance yields are
little affected by addition of these weak processes, though there can be slight alterations of nuclear flow
histories. However, nonstandard BBN scenarios, e.g., those involving out of equilibrium particle decay
with energetic final state neutrinos, may be affected by these processes.

DOI: 10.1103/PhysRevD.82.125017

I. INTRODUCTION

In this paper we examine a heretofore neglected side
story in primordial nucleosynthesis: the weak interaction
rates of light nuclei. The fact that the abundances of these
nuclei are small compared to those of the free protons and
(sometimes) neutrons constitutes a persuasive reason for
neglecting nuclear weak processes, at least when calculat-
ing nuclear abundance yields in standard big bang nucleo-
synthesis (BBN). Indeed, the weak processes whose rates
we calculate here are found to produce only very slight
alterations in abundance yields and histories in standard
BBN.

Nevertheless, the physics of e* and v,/, capture and
beta/positron decay of light nuclei in BBN is interesting in
itself. Elucidating this physics deepens our understanding
of reaction flows in BBN. Moreover, nuclear weak pro-
cesses may be more important in nonstandard BBN mod-
els, especially those invoking decaying massive particles
[1-7]. Recently models [8] along these lines have been
advanced as plausible variants to standard BBN.

The calculation of the light element abundances as
functions of the baryon and lepton numbers in the early
universe and the comparison of these to observationally
derived abundances to determine key cosmological pa-
rameters is one of the great success stories of nuclear and
particle physics and cosmology [9-26]. The culmination of
this enterprise was the determination of the baryon content
of the universe from the observed deuterium abundance
in high redshift quasistellar object absorption systems
[27,28], and the subsequent confirmation of this in mea-
surements of the cosmic microwave background (CMB)
anisotropies [29-31]. Future CMB observations promise
even higher precision, with Planck closing in on sub-one-
percent uncertainty in the baryon-to-photon ratio [32,33].

As the scope and precision in cosmological observations
have increased, puzzling issues in the standard BBN picture
have emerged. The CMB-determined baryon-to-photon
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ratio and standard BBN predict a ’Li abundance a factor
of 2 to 3 larger than that observed on the Spite plateau in
hot, old halo stars [34,35]. Worse, recent claims of detec-
tion of isotope-shifted lithium absorption lines in a subset
of these stars point to a °Li abundance some 3 orders of
magnitude larger than that expected in standard BBN [36].

Neither of these problems is fatal for the standard model
in our view. The first could be explained by in situ destruc-
tion of lithium in these stars via rotationally driven turbu-
lent diffusion or other mixing/diffusive processes [37,38].
The second problem may not exist, as there are dissenting
views on the interpretation of the stellar spectra [39].
However, neither of these ‘“‘explanations” is compelling
either. Much is riding on the resolution of these questions,
including possible insight into beyond-standard model
massive particles and dark matter [40,41].

Perhaps the march to higher precision on the observa-
tional side should be matched by a sharpening in our
understanding of BBN. In this spirit, the weak interaction
processes involving light nuclei constitute one aspect of
unexplored BBN physics that we can address. Very unlike
the nuclear weak rate problem in stellar collapse [42—50],
most of the nuclear data required for calculating the rele-
vant rates in BBN have existed for a long time. Neutrino
captures in some of the nuclear species considered here
have been considered for the postexplosion supernova
environment [51]. In what follows we will discuss charged
current weak interaction rates for the free nucleons and for
3H, 3He, °He, °Li, "Be, and "Li. We discuss the overall
framework for lepton capture process and the relevant
nuclear physics in Sec. II. Results and discussion are given
in Sec. III, and conclusions in Sec. IV.

II. THE WEAK INTERACTION AND
NUCLEOSYNTHESIS

For weak interactions and nucleosynthesis in the early
universe the salient feature of the universe we live in is its
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high (on a nuclear physics scale) entropy per baryon. In
units of Boltzmann’s constant per baryon this is s/k, =
5.9 X 10°, as calculated from the baryon-to-photon ratio
n =~ 6.11 X 107'0 inferred at the epoch of photon decou-
pling by WMAP [31]. The large disorder implied by this
entropy and the large number of photons per baryon have
two consequences for our purposes: (1) in the BBN epoch
the universe is radiation-dominated with number densities
of electron/positron pairs and neutrino/antineutrino pairs
comparable to that of photons and scaling with temperature
as T3, even down to temperatures well below the electron
rest mass, and (2) BBN is essentially a freeze-out from
nuclear statistical equilibrium at high entropy.

The weak interaction plays a key role in shaping the
evolution of the early universe, especially as regards BBN.
This evolution, like most of the interesting events in the
very early universe, is a series of freeze-outs from equilib-
rium. First, both charged and neutral current neutrino
scattering reactions on relativistic targets become slow
compared to the expansion rate of the universe. This is
weak decoupling. It occurs at temperatures 7~ 1 MeV.
Though this decoupling is not sharp in time/temperature,
eventually these neutrinos, decoupled into flavor states,
simply free fall through spacetime, preserving their self-
similar distribution in momentum space, with individual
neutrino/antineutrino momenta redshifting with inverse
scale factor [52-57]. Given the high entropy and conse-
quently large number of relativistic leptons per baryon, the
rate of isospin flip engendered by the charged current
reactions

v.tn=p+e, (D
v,tp=n+e’, 2
n=p+e +7v, 3)

for a free nucleon can be fast compared to the expansion
rate. This maintains chemical equilibrium. However, since
the rates of these processes scale as 73, eventually this
isospin flip rate will drop below the expansion rate, which
goes as T2. This is weak freeze-out. It is sometimes said
that this occurs at 7 ~ 0.7 MeV, but in fact weak freeze-
out also is not sharp in time/temperature. The neutron-to-
proton ratio will continue to decrease slowly until neutrons
are incorporated into alpha particles at T ~ 0.1 MeV, i.e.,
nuclear statistical equilibrium freeze-out. Only at this point
will the abundances of light nuclei become appreciable.
The fastest and most favorable charged current weak
transitions among the light nuclei in BBN are shown in
Fig. 1. Of these, by far the most important are, of course,
those proceeding on and through the free nucleons, i.e.,
the reactions in Egs. (1)—(3). In terms of raw leverage on
the neutron-to-proton ratio and BBN abundance yields, the
other weak processes shown in Fig. 1 are not very signifi-
cant, either because they are much slower than those
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FIG. 1 (color online). The weak interaction transitions among
light nuclei in BBN treated here. Beta decay processes are shown
as dashed (green) arrows. Electron neutrino and positron capture
reactions are shown as light (purple) arrows, while electron and
electron antineutrino capture transitions are shown as darker
(blue) arrows.

occurring on the free nucleons or because the target
nucleus abundances are so small, or both.

The free nucleon charged current weak interaction rates
and their effects are discussed in detail in Refs. [19,20].
The rates for both the forward and reverse processes in
Egs. (1)—(3) are shown in Fig. 2 for temperatures encom-
passing the weak freeze-out and BBN epochs. These rates
are calculated in the same way as the light nuclear rates are
calculated here: using an early universe code which con-
sistently follows all thermodynamics, the Hubble expan-
sion rate, and gives consistent photon and decoupled
neutrino temperatures, and where the neutrino chemical
potentials and degeneracy parameters are taken as zero.
A version of the standard Kawano/Wagoner-Fowler-Hoyle
code was modified as described in detail in Refs. [19,20] to
include independent weak interactions processes and neu-
trino and antineutrino energy distribution functions. This
code was used to compute the effects of the rates discussed
in this paper.

In the processes discussed below the total weak interac-
tion rate for a given nucleus is a sum over parent states i
and daughter states j,

A=DP> A )
i

where P; = (2J; + 1)e £/T/Z is the population factor at
temperature 7" for parent state i with excitation energy E;
and spin J;. The nuclear partition function is Z. Here
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FIG. 2 (color online). The weak interaction rates (in s~') for
the free nucleons as functions of photon (plasma) temperature in
MeV. The curves for the rates of the forward and reverse
processes in Egs. (1)—(3) are as indicated in the legend.

In2

ij f tij f ij ( )

is the rate connecting parent states i to daughter state j,

where f;; is the appropriate phase space factor and f7;; the
corresponding f¢-value.

A.”’Be =Li

Note that "Be and "Li are mirror nuclei. Each state in one
nucleus is the isobaric analog of the corresponding state in
the other. This isospin symmetry allows the measured
nuclear weak transition data in this system to be leveraged
to obtain weak matrix elements in some unmeasured
branches. In the laboratory "Be decays to ’Li by K-shell
electron capture. However, in the early universe these
species are ionized until the temperature falls to a
few eV, whereafter there will be a bound atomic electron
and K-shell capture can occur. Consequently, in the early
universe, during the BBN epoch, the weak transitions out
of "Be are through continuum electron capture, 7, capture,
and positron decay (and e~ and 7, capture) through a
thermally populated excited state,

v, +"Be="Li+e", (6)

e” +'Be="Li+ v, @)

PHYSICAL REVIEW D 82, 125017 (2010)
Be* - "Li+e" + v, (8)

where we also show the reverse processes of v, and e*
capture on ’Li.

For the "Be-destroying forward processes in Egs. (6) and
(7) the positive ground-state-to-ground-state nuclear Q
value (nuclear mass of parent minus nuclear mass of
daughter) is Q, = 0.3509 MeV. The ft-value for this
transition is measured to be log,oft = 3.3. The corre-
sponding  ground-state-to-first-excited-state  (in  ’Li)
transition has Q, = —0.1267 MeV and measured
10g10ft ~ 3.5.

The threshold energy for the 7, in the reaction in Eq. (6)
is £} = 0.1601 MeV for the ground-to-ground transition,
and Ej = 0.6377 MeV for the ground-to-first transition.
The electron threshold energy (including rest mass) in the
Eq. (7) ground-to-ground electron capture transition is

¢ = m,c* =~ 0.511 MeV, the electron rest mass, which
corresponds to minimum final state 7, energy Ej =
m,c*+ Q,, and similarly for the ground-to-first
transition.

The , capture rate per 'Be target nucleus for either of
these transitions is

In2 T \5 [ 1
A = = 5 2(y + 2( )
o () [Trer (G

1
(1 ) )

while the electron capture rate for either of these transi-
tions is given by

1
X1 ————)dx.
( e¥/b= M. + 1) g

In these equations the ratio of neutrino temperature to
plasma temperature is b = T, /T, the v, degeneracy pa-
rameter (ratio of chemical potential to temperature) is 7, ,
while that for electrons is 7,, and ¢ = Q,,/T, in Eq. (9),
butg = Q,/T in Eq. (10). In both equations the lower limit
on the integrals is the appropriate neutrino ‘‘threshold”
energy scaled by temperature: u = E}; /T, in Eq. (9),
where EY is a true entrance channel 7, threshold energy;
and u = E% /T in Eq. (10), where E, = m,c* + Q, is the
minimum final state neutrino energy.

In both Egs. (9) and (10) (G) is the average Coulomb
wave correction factor, defined in Ref. [44] and discussed
in detail in Ref. [20]. It is the average over the range of the
integral of the product of the Fermi function F(Z, w) and
w, the ratio of electron momentum and energy. In the
conditions characteristic of the BBN epoch, and for the
nuclear transitions considered here, (G) ~ 1. Here we use
(G) = 1 for the forward process in Eq. (6) and (G) = 2
for the forward rate in Eq. (7). We performed a calculation
of the electron capture process in Eq. (7) with the full

A~

(10)
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relativistic Coulomb correction as described in Ref. [20]
and find that on average (G) ~ 1.1 over the relevant energy
ranges. Although we used (G) = 2 for this reaction here,
we find that this difference has zero impact on the final
abundance yields in standard BBN.

The first excited state in "Be is at 0.4292 MeV excitation
energy, seemingly close to the ~0.1 MeV temperature
where this nuclear species is produced in BBN. Using
mirror symmetry, and correcting for spin factors, we can
estimate that the fr-value for the weak branch between
this J7 = %_ state and the "Li J™ = %_ ground state is
log,oft = 3.2, with Q, = 0.7801 MeV. Since this Q,
value is bigger than the electron rest mass, the v, threshold
is Ej = 0. This large Q value also implies that positron
decay can proceed through this excited state, with the
same ft-value. Once in this excited state there are allowed
7, and e~ capture transitions to the ’Li first excited
state, though these have much less favorable Q values.
The population factor for this state is P =
0.5exp(—0.4292/T), where we approximate the partition
function as the ground state spin degeneracy 2J + 1 = 4.
In general, the population factor for this first excited state is
only ~1% at T ~0.1 MeV, so all of these transi-
tions contribute very little to the overall "Be weak destruc-
tion rate in the regime where this species is being
produced.

The weak interaction rates for all of these transitions are
shown as functions of temperature in Fig. 3. At tempera-
tures in BBN where the abundance of "Be comes up,
T ~ 0.1 MeV, the dominant contribution to the total
weak destruction rate of this species comes from neutrino
and electron capture through the ground-to-ground and
ground-to-first transitions. In fact, at this epoch the rates
for neutrino capture and electron capture through these
states are comparable. However, neutrino capture domi-
nates over electron capture at low temperature, because the
e™ pair density dives for T < 80 keV. This is despite the
fact that the e™ pair disappearance heats the photons
relative to the neutrinos.

The rates for the processes proceeding through the ther-
mally populated first excited state in 'Be are also shown
in Fig. 3. These are generally small. All three of neutrino
capture, electron capture, and positron decay through/from
this state are comparable at 7 ~ 0.1 MeV, and summed
these rates comprise a few percent of the total weak
destruction rate. Interestingly, at lower temperature posi-
tron decay through the thermally populated first excited
state of "Be, despite a tiny population factor, nevertheless
dominates the electron capture rate on the ground state.

The rates of the reverse processes of v, and e capture on
7Li are generally much slower than the forward rates of the
processes in Eqgs. (6) and (7). The rates of the processes
proceeding through "Li are ~2%-3% of the "Be rates at
T ~ 0.1 MeV. This is a result of the unfavorable Q values
in the ’Li — 7Be transition direction. The ground-to-ground
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FIG. 3 (color online). Weak interaction rates for selected tran-
sitions in "Be are given as functions of temperature (MeV) in the
early universe. For transitions from the ground state of "Be to the
7Li ground and first excited states, the antineutrino (nubar) and
electron capture rates are given by the light long-dashed (red)
and darker long-dashed (blue) lines, respectively. The first
excited state of 7Be can be thermally populated, and antineutrino
(nubar) capture and electron capture rates for these transitions
are given by the short-dashed light (red) and dark (blue) lines,
respectively. This thermally populated state can also suffer
positron decay and the rate for this is given by the very light
(violet) short-dashed line.

Q value is Q, = —0.3509 MeV, while the ground-to-first
transition has Q, = —0.7801 MeV, and these branches
have log,oft = 3.3 and log,, = 3.5, respectively. The v,
threshold energies for these transitions are Ej =~
0.8619 MeV and E}, = 0, respectively.

Thermal excitation of the first excited state in ’Li, at
excitation energy 0.4776 MeV, produces a positive Q-value
transition to the ground state of 7Be with Q, =
0.1267 MeV, and this gives E} =~ 0.3843 MeV for the
v, capture channel, and minimum 7, energy Ej =
0.6377 MeV in the e™ capture channel. By mirror symme-
try, and correcting for spin differences, we can estimate
that for this transition log;oft =~ 3.2. Again, the small
population of the 7Li first excited state in the temperature
regime where this species is principally produced causes
the contribution of this transition to the overall rate to be
negligible.

The v, capture rate per 'Li target nucleus for any of
these transitions is

125017-4
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1 ) dx, (11)

e
X (1 B ebata)—me 4|

while the positron capture rate for these transitions can be

calculated with
5 00
e et

1
X1 — —————|)dx, 12
( e)r/b+me + 1) * (12)

where all notation is the same as in Egs. (9) and (10). Here
we take (G) = 1 for both the reverse process in Eq. (6) and
the reverse process in Eq. (7).

2

A = In2
et ft

T
m,c?

1
eIt 4 |

o)

B.’He =*H

The nuclei *He and *H are again mirrors, but this case is
simpler than the beryllium-lithium system, in part because
only the two J7 = 1/27 ground states come into play.
There are no excited states. The relevant weak interaction
processes are

p,+3He="H+e", (13)
e” +3’He="H+ v, (14)
SH=3He + e + 7,. (15)

The forward process of v, capture in Eq. (13) has Q,
—0.5296 MeV, giving a 7, energy threshold E}
1.0406 MeV. This transition has measured log;,ft = 3.1.
The rate can be estimated with Eq. (9) and using (G) = 1.
The electron capture threshold, expressed as a minimum
final state v, energy, is Ejf = 0. This rate can be estimated
with Eq. (10), also with (G) = 1.

The reverse processes of v, and e capture in Egs. (13)
and (14), respectively, have more favorable Q values.
In this transition direction, we have Q, = 0.5296 MeV,
implying a v, threshold energy £}, = 0, and in the positron
capture channel a minimum final state v, energy Ej =~
1.0406 MeV. Both transitions have log;qft = 3.1.

In the laboratory, tritium decays via beta decay, the
forward process in Eq. (15), with a 12.33 yr half-life,
corresponding to a rate 1.78 X 107° s~!. In relevant BBN
conditions, where 7 ~ 0.1 MeV, this proves to be small
compared to the lepton capture rates. The beta decay rate
rises as the temperature of the universe decreases. This
stems from easing of final state 7, and electron phase space
blocking at lower temperature. Free neutron beta decay also
shows this phenomenon, as is evident in Fig. 2. The rates for
all of the *He and *H weak processes are shown in Fig. 4.
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FIG. 4 (color online). Weak interaction rates for *H and 3He
are given as functions of temperature (MeV) in the early uni-
verse. Curves are as labeled in the legend.

C.%He = °Li

The mass six system plays a very minor role in standard
BBN but, as discussed above, is nevertheless a focus of
recent interest because of the claimed detection of °Li on
the surfaces of hot, old halo stars. Only recently [58] has
%He, along with the "Li (*H, «) ®Hereaction been incorpo-
rated into the BBN reaction network—all to very little
effect. However, the mass six system is intriguing from a
weak interaction standpoint.

The weak reactions of interest are

v, +°He =%Li+ e, (16)
et +%He =°Li + 7, (17)
®He = °Li+ e~ + 7,. (18)

For the forward processes in these equations there is an
impressive Q, = 4.0207 MeV, and a respectably large
weak matrix element, as implied by the measured
logoft = 2.9. The threshold v, energy in the forward
process in Eq. (16) is E}, = 0, while the minimum final
state 7, energy in the forward process in Eq. (17) is Ejj =
4.5317 MeV. The rates for these two channels can be
estimated using Eqgs. (11) and (12), respectively.

In the laboratory ®He decays via beta decay, Eq. (18),
with a half-life of 0.808 s, implying an unblocked decay
rate Ape, = 0.858 s~ !. In the conditions relevant for BBN

125017-5
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where this rate is dominant, there is negligible final state
e~ and 7, blocking.

The reverse processes in Egs. (16)—(18) all have, of
course, a highly negative and unfavorable Q, value, ren-
dering the rates in these reverse channels negligible at all
relevant BBN temperatures. There are excited states for
these nuclei. They are at high enough excitation energies
that their thermal populations are tiny, but these excitation
energies are not high enough to counter the large negative
0 values.

II1. RESULTS AND DISCUSSION

The weak interaction, and, in particular, the comparison
of the neutron-proton weak interconversion rates to the
expansion rate of the universe, is the cornerstone of
BBN. This is a key contributor to the power BBN has to
constrain speculative new physics in the particle sector.
None of the nuclear weak processes discussed here change
these results, either because the nuclear target abundances
are so small or because the rates of these are small at
relevant epochs.

The nuclear abundances as a function of temperature
during the BBN process are shown in Fig. 5. These abun-
dances were calculated with a modified version of the
standard BBN code derived from Wagoner, Fowler, and
Hoyle [10] and Kawano [15,16], and described in detail in
Smith and Fuller [20] and Smith, Fuller, and Smith [19].
This calculation includes the rates of the weak interaction
processes discussed in the last section.

1 ————

107
[0
8

—1

g 10710
c
S
Q0
[

S 1015
©
>
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10720

10725

FIG. 5 (color online). Nuclear abundance as a function of
temperature Ty for key light nuclear species. Here Ty =
T/10° K and the corresponding temperature in MeV is T =~
0.8617T,. The deuterium (*H) abundance relative to hydrogen is
labeled D/H and the free neutron abundance relative to hydrogen
is labeled N/H. Other abundances are relative to hydrogen as
labeled, except for “He which is a mass fraction.
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It is clear from Fig. 5 that the abundances of the lithium
and beryllium isotopes do not come up until the tempera-
ture falls to 7 ~ 0.1 MeV, and even then they remain very
small. In fact, °He contributes in the run-up towards the
peak in the °Li abundance, but in the end is responsible for
only a tiny fraction of the ultimate °Li yield, which stems
mostly from “He (*H, y) °Li [59]. As we will discuss
below, the weak interaction efficiently and quickly con-
verts °He to °Li.

The tritium and 3He abundances come up earlier, track-
ing the Saha equation nuclear statistical equilibrium pre-
dictions until 7 = 0.2 MeV. Thereafter, as the temperature
drops, the 3He abundance drops below that of 3H, until
both reach a peak near T = 90 keV. Subsequently, 3H is
converted to *He by weak lepton capture reactions and,
below T ~ 20 keV, by tritium beta decay.

Addition of these weak interaction processes to the BBN
calculation produces scant change in final abundance
yields. Table I summarizes the yield alterations. In this
table, “none’” means final abundance yield change of one
part in 10° or less, while ““tiny” means changes of one part
in 10* or so. For example, the weak processes with *H as a
target result in 1072% decreases in deuterium and 3H final
yields, a 1072% increase in *He, and a 10™3% increase in
"Li. Adding in the weak rates for "Be decreases the final
abundances of "Li, 2H, 3He, and “He by about 10™%% to
1075%.

Although addition of the ®He weak rates makes a neg-
ligible alteration in the final ®Li abundance yield, this
is only because °He does not figure in the primary “He
(’H, 7) °Li production reaction at later times. However, as
is evident from the ®He and °Li yield curves in Fig. 5, near
Ty = 1 when °Li is building up, °He contributes to the °Li
abundance. Since ®He is quickly converted to °Li via weak
interactions at this temperature, inclusion of these rates
does alter the nuclear flow history slightly, albeit with no
effect on the final abundance yield of °Li. Nevertheless,
this alteration in history garners a ‘“small” label in Table 1.

TABLE I. Weak reactions added to the BBN code.
Reaction Effect
v, +’H—3He + e~ Tiny
et +3H—3He + 7,

SH—3He + e + 7,
7, +3He —3H+ e* None
e” +3He—3H + »,
v, +'Li—>"Be+ e None
et +7Li—"Be + 7,
p,+'Be—"Li+ et None
e” +'Be—"Li+ v,
v, +®He — °Li + e~ Small

e +%He — °Li + 7,
‘He — °Li+ ¢~ + 7,

125017-6
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In Fig. 6 we show selected weak interaction rates per
target as a function of temperature during the weak freeze-
out and BBN epochs. This figure also shows the expansion
rate of the universe through these epochs. The overall weak
destruction rates for target nuclei shown in this figure are
calculated by summing the relevant transitions discussed in
the last section.

The general trends of the rates on this plot stem from the
conditions in the early universe. As the universe expands
and the temperature of both the plasma and the decoupled
neutrinos drop, lepton capture rates fall dramatically. Two
issues exacerbate this trend.

Although the neutrino temperature starts out the same as
the plasma temperature (i.e., for temperatures well above
decoupling), as the universe expands this is no longer the
case. As the temperature drops and electromagnetic equi-
librium shifts to include fewer e™ pairs, the entropy that
these carried gets shifted to the photons. This means that
the plasma temperature drops less steeply than that of the
decoupled neutrinos. The neutrino temperature simply red-
shifts with inverse scale factor. By the time the pairs are
gone (T = 20 keV), the ratio of neutrino-to-plasma tem-
peratures is (4/11)'/3. Even before this, the neutrino tem-
perature pulls away from the plasma temperature when
T ~ m,c?. The upshot is that although electron or positron
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FIG. 6 (color online). Total weak destruction rates per target
are shown as functions of temperature (in MeV) for various
nuclear species, as labeled. Also shown is the expansion rate of
the universe, given by the heavy (black) line.
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capture may be larger than #, or v, capture early on, this
will not necessarily be true later.

Cases in point are the free nucleons. The free neutron e™
and v, capture rates are large to begin with, dominating
over the beta decay rate, and larger than the proton ¢~ and
v, capture rates. However, as the universe expands and
cools, the neutron destruction rate asymptotes to the vac-
uum beta decay rate, while the proton lepton capture rates
crash. This behavior is readily apparent in Fig. 6. Early on
all of these rates are larger than the expansion rate. This is
where weak neutron-proton equilibrium is maintained, and
in this regime the neutron-to-proton ratio falls slowly with
decreasing temperature in accord with the Saha equation.
Once these rates fall below the expansion rate (weak
freeze-out), the neutron-to-proton ratio will fall a little,
mostly as a result of free neutron beta decay. Of course,
once essentially all neutrons are locked up in alpha parti-
cles at T ~ 0.1 MeV, the fact that the neutron beta decay
rate again becomes larger than the expansion rate at
T <45 keV is irrelevant.

Interestingly, for any temperature, putting a neutron into
%He causes it to be converted to a proton much faster than if
it were a free particle. Moreover, this conversion rate is
always faster than the expansion rate of the universe. This,
of course, has negligible effect on the neutron-to-proton
ratio at any time in BBN. At temperatures 7 > 0.5 MeV,
where lepton captures make ®He — °Li very fast, there is
no ®He, as Fig. 5 makes clear. At lower temperatures, say,
T = 0.09 MeV, near the ®He abundance peak, only about
one neutron in 108 resides in ®He!

This is a classic example of a phenomenon familiar in
stellar collapse/supernovae: very neutron-rich nuclides
have large weak strength and fast decay rates, yet may
have small abundances. In BBN the conditions are neutron
deficient, not neutron-rich, so the rarity of a neutron-rich
nuclide like ®He is even more pronounced. What then
about ®Be — ®Li? This transition is the mirror of the
%He — SLi ground-to-ground, J”™ = 0" — 1% transition,
for which log;oft = 2.9 in both cases. It has Q, =
3.777 MeV, respectable, but slightly smaller than in the
mirror channel. However, °Be is particle unstable, with a
very fast strong interaction decay into an alpha particle and
two protons. In general, the relatively low temperatures
where BBN occurs, along with the consequently substan-
tial Coulomb barriers, prevent the assembly of proton-rich
nuclides for which weak decay rates would be significant.

The *H and *He abundances come up relatively early, as
discussed above, and in this case the lepton capture-
mediated rates can dominate over tritium beta decay.
Including these rates in the BBN calculation makes a
very small change (one part in 10%) in the ultimate lithium
and *He abundances. In Fig. 6 the total weak destruction
rate of 3H shows a break to a shallower slope for tempera-
tures 7 < 60 keV. This is where the neutrino capture rate
becomes larger than the positron capture rate. This latter
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rate dives as the e™ pair density goes down exponentially
with temperature at sufficiently low temperature.

Similar behavior is evident in Fig. 6 for the "Be weak
destruction rate. A break in the negative slope in the rate
at T ~ 60 keV stems from the disappearance of e* pairs.
In this case, however, the Q,, is so small that there is a 7,
energy threshold, which is significant given the tempera-
ture T, characteristic of the neutrinos at this epoch. Note
that both the *He and the "Be weak destruction rates are
orders of magnitude smaller than the expansion rate after
these species are produced in BBN.

IV. CONCLUSION

The weak interactions (lepton capture and beta and
positron decay) involving light nuclei in BBN have little
effect on standard BBN abundance yields, either because
these nuclei have small abundances or because the weak
rates themselves are tiny, or both. Nevertheless, these weak
transitions are an interesting story in themselves. In non-
standard models, especially those involving decaying par-
ticles with high energy final state neutrinos, the rates of
these processes may be fast enough to alter abundance
yields significantly.

We have identified key weak nuclear transitions in BBN
and elucidated the nuclear physics underlying these, using
measured data and exploiting mirror symmetry to find
matrix elements for excited state transitions in some
cases. We have also provided a simple prescription for
calculating the relevant lepton capture rates for these
transitions.'

The weak interaction, and the interconversion of neu-
trons and protons by it, is a foundational component of
BBN. The weak processes involving free nucleons are
by far the dominant arbiters of what happens in BBN.
Ultimately, like so many aspects of BBN and the physics
of the early universe, this is a function of the high entropy-
per-baryon in the universe. High entropy immediately
dictates that most nucleons cannot reside in nuclei, but
rather must be free. Indeed, in broad brush, standard BBN
puts nearly all neutrons into alpha particles at 7T ~
0.1 MeV. For example, we have one in 16 nucleons in
“He, but only one in 10° in deuterons, and a scant one in
10'% in "Be/"Li.

Although the Fermi and Gamow-Teller matrix elements
are large for the free nucleons, they can be as big or even
bigger for select transitions involving the light nuclei.
Moreover, transitions in the light nuclei can sometimes
have Q-value advantages over free nucleon weak pro-
cesses. An example of both advantages can be found in
the ®He — SLi transition discussed in the last section. A
neutron placed in a *He nucleus during BBN is converted
to a proton much faster than if it were a free neutron, and

'The rates calculated here, along with this prescription, will be
placed on Big Bang Online [60].
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this process is always faster than the expansion rate of the
universe. Of course, the mass fraction of °He is tiny and so
the leverage of this weak decay on BBN is negligible. The
low abundance of this species is because the BBN tem-
peratures are relatively low, Coulomb barriers are therefore
non-negligible, the mass of ®He is relatively high, and
conditions in BBN are neutron-poor. Ultimately, the over-
riding reason is because the entropy is high and BBN is
nearly a freeze-out from equilibrium conditions.

This suggests that if weak interactions in the light nuclei
are ever to be important in BBN, it will be in conditions
where nuclear chemical equilibrium breaks down differ-
ently than in the standard picture, or where nonthermal,
nonbeta equilibrium distributions of neutrinos exist. An
example of the latter scenario is where there are particles
that have number densities comparable to photons at (or
before) the BBN epoch and decay with an appreciable
branching ratio into light neutrinos.

A specific model along these lines involves sterile neu-
trinos with rest masses ~100 MeV and with vacuum mix-
ing with active neutrinos at the level of one part in ~108.
These particles would be in thermal and chemical equilib-
rium at temperature scales 7 > 1 GeV, but could have
lifetimes against decay into three light neutrinos >1 s,
leading to energetic neutrinos with nonthermal energy
spectra [1]. Since the cross sections for the neutrino cap-
ture processes discussed here are highly energy dependent,
they could alter BBN abundance yields and, indeed, the
whole BBN paradigm. In almost all cases drastic altera-
tions of BBN along these lines lead to unacceptable light
element abundances. This, in turn, is a way of constraining
particle physics which may be inaccessible in the labora-
tory. The simple approximate rate integral expressions
given in this paper are adequate for roughing out the effects
of decaying particles and thereby carrying out this parame-
ter space constraint procedure.

We know that the relic neutrino background must be
there during weak freeze-out and BBN. Were it not, and
were there no neutrino and antineutrino captures on free
nucleons, the BBN abundance yields would be in gross
conflict with observation [19]. However, we do not know
whether this relic neutrino background is altered subse-
quent to the BBN epoch. There is as yet no detection of the
neutrino rest mass from CMB and large-scale structure
observations. Much about the relic neutrino background
and the neutrino sector in the early universe remains
mysterious.

ACKNOWLEDGMENTS

We would like to acknowledge helpful discussions with
Richard Boyd, Wick Haxton, Chad Kishimoto, Lawrence
Krauss, and Cecilia Lunardini. This work was supported in
part by NSF Grant No. PHY-06-53626 at UCSD and
C.J.S. would like to thank ASU for support.

125017-8



NUCLEAR WEAK INTERACTION RATES IN PRIMORDIAL ...

(1]
(2]
(3]
(4]
(5]
(6]

G.M. Fuller, C.T. Kishimoto, and C.J. Smith
(unpublished).
K. Abazajian, G. M. Fuller, and M. Patel, Phys. Rev. D 64,

023501 (2001).

K. Petraki and A. Kusenko, Phys. Rev. D 77, 065014
(2008).

A. Kusenko, S. Pascoli, and D. Semikoz, J. High Energy
Phys. 11 (2005) 028.

A.D. Dolgov and S. H. Hansen, Astropart. Phys. 16, 339
(2002).

G. M. Fuller, A. Kusenko, and K. Petraki, Phys. Lett. B
670, 281 (2009).

R.H. Cyburt et al., arXiv:1007.4173.

A. Cuoco, J. Lesgourgues, G. Mangano, and S. Pastor,
Phys. Rev. D 71, 123501 (2005).

R.V. Wagoner, Annu. Rev. Astron. Astrophys. 7, 553
(1969).

R. V. Wagoner, W. A. Fowler, and F. Hoyle, Astrophys. J.
148, 3 (1967).

J-M. Yang, M.S. Turner, G. Steigman, D.N.
Schramm, and K.A. Olive, Astrophys. J. 281, 493
(1984).

T.P. Walker, G. Steigman, D.N. Schramm, K. A. Olive,
and H.-S. Kang, Astrophys. J. 376, 51 (1991).

L.M. Krauss and P. Romanelli, Astrophys. J. 358, 47
(1990).

M. S. Smith, L. H. Kawano, and R. A. Malaney, Astrophys.
J. Suppl. Ser. 85, 219 (1993).

L. Kawano, NASA STI/Recon Technical Report N 92,
25163, 1992.

L. Kawano, FERMILAB Report No. FERMILAB-PUB-
88/34-A, 1988.

K.M. Nollett and S. Burles, Phys. Rev. D 61, 123505
(2000).

D.N. Schramm and M. S. Turner, Rev. Mod. Phys. 70, 303
(1998).

C.J. Smith, G. M. Fuller, and M. S. Smith, Phys. Rev. D
79, 105001 (2009).

C.J. Smith and G.M. Fuller, Phys. Rev. D 81, 065027
(2010).

K. A. Olive, G. Steigman, and E.D. Skillman, Astrophys.
J. 483, 788 (1997).

G. Steigman, Int. J. Mod. Phys. E 15, 1 (2006).

G. Steigman, Annu. Rev. Nucl. Part. Sci. 57, 463 (2007).
G. Steigman, [Proc. Sci. (to be published)].

S. Esposito, G. Mangano, G. Miele, and O. Pisanti, Nucl.
Phys. B540, 3 (1999).

A. Coc and E. Vangioni, J. Phys. Conf. Ser. 202, 012001
(2010).

D. Kirkman, D. Tytler, N. Suzuki, J. M. O’Meara, and D.
Lubin, Astrophys. J. Suppl. Ser. 149, 1 (2003).

J.M. O’Meara, D. Tytler, D. Kirkman, N. Suzuki, J. X.
Prochaska, D. Lubin, and A. M. Wolfe, Astrophys. J. 552,
718 (2001).

[29]
(30]

(31]
(32]

[33]
(34]
[35]
(36]
[37]
(38]
[39]
[40]

[41]
[42]

[43]
[44]
[45]
[46]
[47]
(48]
[49]

[50]

125017-9

PHYSICAL REVIEW D 82, 125017 (2010)

D.N. Spergel et al., Astrophys. J. Suppl. Ser. 148, 175
(2003).

D.N. Spergel et al., Astrophys. J. Suppl. Ser. 170, 377
(2007).

E. Komatsu et al., arXiv:1001.4538.

J.R. Bond, C. Contaldi, A. Lewis, and D. Pogosyan, Int. J.
Theor. Phys. 43, 599 (2004).
http://www.rssd.esa.int/index.php?project=planck.

F. Spite and M. Spite, Astron. Astrophys. 115, 357 (1982).
J. Meléndez and 1. Ramirez, Astrophys. J. 615, L33
(2004).

M. Asplund, D.L. Lambert, P. E. Nissen, F. Primas, and
V. V. Smith, Astrophys. J. 644, 229 (2006).

G. Steigman, Annu. Rev. Nucl. Part. Sci. 57, 463 (2007).
A.J. Korn et al., Nature (London) 442, 657 (2006).

R. Cayrel, M. Steffen, H. Chand, P. Bonifacio, M. Spite, F.
Spite, P. Petitjean, H. Ludwig, and E. Caffau, Astron.
Astrophys. 473, L37 (2007).

R.H. Cyburt, J.R. Ellis, B.D. Fields, K. A. Olive, and
V.C. Spanos, J. Cosmol. Astropart. Phys. 11 (2006) 014.
K. Jedamzik, Phys. Rev. Lett. 84, 3248 (2000).

G. M. Fuller, W. A. Fowler, and M. J. Newman, Astrophys.
J. 252, 715 (1982).

G. M. Fuller, W. A. Fowler, and M. J. Newman, Astrophys.
J. Suppl. Ser. 48, 279 (1982).

G. M. Fuller, W. A. Fowler, and M. J. Newman, Astrophys.
J. Suppl. Ser. 42, 447 (1980).

G. M. Fuller, W. A. Fowler, and M. J. Newman, Astrophys.
J. 293, 1 (1985).

G. M. Fuller, Astrophys. J. 252, 741 (1982).

W.R. Hix et al., Phys. Rev. Lett. 91, 201102 (2003).

K. Langanke et al., Phys. Rev. Lett. 90, 241102 (2003).
J.M. Sampaio, K. Langanke, G. Martinez-Pinedo, E.
Kolbe, and D.J. Dean, Nucl. Phys. A718, 440 (2003).

K. Langanke and G. Martinez-Pinedo, Rev. Mod. Phys.
75, 819 (2003).

A. Arcones et al., Phys. Rev. C 78, 015806 (2008).

G. M. Fuller and C.T. Kishimoto, Phys. Rev. Lett. 102,
201303 (2009).

S. Dodelson and M. Vesterinen, Phys. Rev. Lett. 103,
171301 (2009).

A. Giraud and J. Serreau, Phys. Rev. Lett. 104, 230405
(2010).

N.F. Bell, R.R. Volkas, and Y.Y.Y. Wong, Phys. Rev. D
59, 113001 (1999).

A.D. Dolgov, S. H. Hansen, S. Pastor, S.T. Petcov, G.G.
Raffelt, and D. V. Semikoz, Nucl. Phys. B632, 363 (2002).
D. V. Ahluwalia and J. T. Goldman, Phys. Rev. D 56, 1698
(1997).

R.N. Boyd, C.R. Brune, G.M. Fuller, and C.J. Smith,
Phys. Rev. D 82, 105005 (2010).

K.M. Nollett, M. Lemoine, and D.N. Schramm, Phys.
Rev. C 56, 1144 (1997).

M. S. Smith, Big Bang Online, http://bigbangonline.org.


http://dx.doi.org/10.1103/PhysRevD.64.023501
http://dx.doi.org/10.1103/PhysRevD.64.023501
http://dx.doi.org/10.1103/PhysRevD.77.065014
http://dx.doi.org/10.1103/PhysRevD.77.065014
http://dx.doi.org/10.1088/1126-6708/2005/11/028
http://dx.doi.org/10.1088/1126-6708/2005/11/028
http://dx.doi.org/10.1016/S0927-6505(01)00115-3
http://dx.doi.org/10.1016/S0927-6505(01)00115-3
http://dx.doi.org/10.1016/j.physletb.2008.11.016
http://dx.doi.org/10.1016/j.physletb.2008.11.016
http://arXiv.org/abs/1007.4173
http://dx.doi.org/10.1103/PhysRevD.71.123501
http://dx.doi.org/10.1146/annurev.aa.07.090169.003005
http://dx.doi.org/10.1146/annurev.aa.07.090169.003005
http://dx.doi.org/10.1086/149126
http://dx.doi.org/10.1086/149126
http://dx.doi.org/10.1086/162123
http://dx.doi.org/10.1086/162123
http://dx.doi.org/10.1086/170255
http://dx.doi.org/10.1086/168962
http://dx.doi.org/10.1086/168962
http://dx.doi.org/10.1086/191763
http://dx.doi.org/10.1086/191763
http://dx.doi.org/10.1103/PhysRevD.61.123505
http://dx.doi.org/10.1103/PhysRevD.61.123505
http://dx.doi.org/10.1103/RevModPhys.70.303
http://dx.doi.org/10.1103/RevModPhys.70.303
http://dx.doi.org/10.1103/PhysRevD.79.105001
http://dx.doi.org/10.1103/PhysRevD.79.105001
http://dx.doi.org/10.1103/PhysRevD.81.065027
http://dx.doi.org/10.1103/PhysRevD.81.065027
http://dx.doi.org/10.1086/304281
http://dx.doi.org/10.1086/304281
http://dx.doi.org/10.1142/S0218301306004028
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140437
http://dx.doi.org/10.1016/S0550-3213(98)00757-3
http://dx.doi.org/10.1016/S0550-3213(98)00757-3
http://dx.doi.org/10.1088/1742-6596/202/1/012001
http://dx.doi.org/10.1088/1742-6596/202/1/012001
http://dx.doi.org/10.1086/378152
http://dx.doi.org/10.1086/320579
http://dx.doi.org/10.1086/320579
http://dx.doi.org/10.1086/377226
http://dx.doi.org/10.1086/377226
http://dx.doi.org/10.1086/513700
http://dx.doi.org/10.1086/513700
http://arXiv.org/abs/1001.4538
http://dx.doi.org/10.1023/B:IJTP.0000048167.24074.ef
http://dx.doi.org/10.1023/B:IJTP.0000048167.24074.ef
http://www.rssd.esa.int/index.php?project=planck
http://dx.doi.org/10.1086/425962
http://dx.doi.org/10.1086/425962
http://dx.doi.org/10.1086/503538
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140437
http://dx.doi.org/10.1038/nature05011
http://dx.doi.org/10.1051/0004-6361:20078342
http://dx.doi.org/10.1051/0004-6361:20078342
http://dx.doi.org/10.1088/1475-7516/2006/11/014
http://dx.doi.org/10.1103/PhysRevLett.84.3248
http://dx.doi.org/10.1086/159597
http://dx.doi.org/10.1086/159597
http://dx.doi.org/10.1086/190779
http://dx.doi.org/10.1086/190779
http://dx.doi.org/10.1086/190657
http://dx.doi.org/10.1086/190657
http://dx.doi.org/10.1086/163208
http://dx.doi.org/10.1086/163208
http://dx.doi.org/10.1086/159598
http://dx.doi.org/10.1103/PhysRevLett.91.201102
http://dx.doi.org/10.1103/PhysRevLett.90.241102
http://dx.doi.org/10.1016/S0375-9474(03)00832-7
http://dx.doi.org/10.1103/RevModPhys.75.819
http://dx.doi.org/10.1103/RevModPhys.75.819
http://dx.doi.org/10.1103/PhysRevC.78.015806
http://dx.doi.org/10.1103/PhysRevLett.102.201303
http://dx.doi.org/10.1103/PhysRevLett.102.201303
http://dx.doi.org/10.1103/PhysRevLett.103.171301
http://dx.doi.org/10.1103/PhysRevLett.103.171301
http://dx.doi.org/10.1103/PhysRevLett.104.230405
http://dx.doi.org/10.1103/PhysRevLett.104.230405
http://dx.doi.org/10.1103/PhysRevD.59.113001
http://dx.doi.org/10.1103/PhysRevD.59.113001
http://dx.doi.org/10.1016/S0550-3213(02)00274-2
http://dx.doi.org/10.1103/PhysRevD.56.1698
http://dx.doi.org/10.1103/PhysRevD.56.1698
http://dx.doi.org/10.1103/PhysRevD.82.105005
http://dx.doi.org/10.1103/PhysRevC.56.1144
http://dx.doi.org/10.1103/PhysRevC.56.1144
http://bigbangonline.org



