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Nuclear decay via neutrino-pair production is found to have a large density dependence because of in-
termediate electromagnetic couplings to electrons. These are calculated in a relativistic random phase
approximation. The decay rate for vector (Fermi) transitions producing electron type neutrino pairs can
be enhanced by 10° or more at densities relevant for stellar collapse. Axial-vector (Gamow-Teller) tran-

sitions are not enhanced.

PACS numbers: 23.90.+w, 95.30.Cq, 97.60.Bw

A variety of weak neutral current reactions are of in-
terest in astrophysics. For example, neutrino-nucleus
elastic scattering influences neutrino transport in a super-
nova. Neutral current reactions may have a large density
dependence because of matter-induced Z°-photon mix-
ing. Indeed, this mixing was found to strongly reduce
neutrino-nucleus elastic cross sections [1,2].

In this Letter, we examine the density dependence of
nuclear decay via neutrino-pair production. These reac-
tions have been considered by Fuller and Meyer [3] and
Kolb and Mazurek [4] and are interesting for supernovas
because the neutrino pairs can transport energy without
carrying net lepton number (in contrast to neutrinos pro-
duced in charged current reactions).

The density dependence of conventional beta decay
(from Pauli blocking of the outgoing electron) is well
known. Here, we consider an intermediate coupling of
the nucleus to a particle-hole excitation of the dense rela-
tivistic electron gas which then couples to a neutrino pair
(see Fig. 1). This coupling will be important for kine-
matics near the plasmon or transverse photon collective
modes and can lead to a large increase in the decay rate.

In this paper we calculate how correlations involving
the dense electron gas change the basic decay rate of Fig.
1(a). In order to separate the electron and nuclear phys-
ics, we will calculate a ratio of the total decay rate to the
decay rate ignoring the electron contributions. This ratio
will be used in a later work, along with a model of the nu-
clear transition strength, to calculate the total neutrino
production rate.

(a)

FIG. 1. (a) Nuclear decay via emission of a Z° which pro-
duces a neutrino pair. (b) Nuclear decay via intermediate elec-
tromagnetic couplings to electron particle-hole excitations.

© 1992 The American Physical Society

The rate of nuclear decay via pair production @ for the
original diagram in Fig. 1(a) is easily calculated. This
has contributions from both axial-vector (Gamow-Teller)
and vector (Fermi) weak neutral currents. Only the vec-
tor neutral current will be modified by the coupling to
electrons. Therefore, in what follows, we assume a pure
vector transition. The axial-vector contribution to the
decay rate will be unchanged.

The vector transition rate is easily calculated,
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Here p is the momentum of the neutrino and / the
momentum of the antineutrino. Note, for simplicity, we
neglect the Pauli blocking of the outgoing neutrinos in
Eq. (1). Pauli blocking will be important once neutrinos
become trapped and degenerate. This could lead to a
substantial reduction in the vv decay rate.

For a longitudinal transition, the nuclear current, J,,
has zero, Jo, and longitudinal, J;, components related by
current conservation, ¢-J =0. We adopt a frame where
the one axis is along the momentum transfer q=p-+1.
The energy of the nuclear transition is go. For a trans-
verse transition, Jo=0. For simplicity, we assume first
forbidden transitions so that

Jo=gp, longitudinal , )

J2=J3=gqj,, transverse, 3)

with ¢ =|q|. Here p and j, are momentum independent
constants which characterize the nuclear transition
strength. Note that Ref. [3] showed that there is consid-
erable first forbidden strength. Higher forbidden transi-
tions will give similar results.

Using Egs. (2) and (3), Eq. (1) is easily integrated.
For longitudinal transitions the decay rate is proportional
to the phase space integral,

wP=Lq°dqf1(q,qo)=T%q3, @)

f1(q,90) =q,l9%; (5)

while the transverse phase space integral is

2627



VOLUME 69, NUMBER 18

PHYSICAL REVIEW LETTERS

2 NOVEMBER 1992

w,-—f dq f:(q, qo)——-qo, (6)
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It is now a simple matter to modify these phase space in-
tegrals to include other diagrams.

The response of the dense relativistic electron gas can
be included in a relativistic random phase approximation
(RPA). This includes all the ring diagrams of Figs. 1(a)
and 1(b) and is expected to be an excellent approxima-
tion at the high densities appropriate for stellar collapse.
The ratio of the transition matrix element squared for the
sum of all diagrams in Fig. 1 to the bare nuclear process
[Fig. 1(a) only] is easily calculated,
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Here €(g,q0) is either the longitudinal ¢, or transverse ¢,
dielectric function of the electron gas depending on the
nuclear transition. These functions are given in Ref. [5],
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where e is the electric charge and the relativistic polariza-
tions Il; are calculated analytically at zero temperature
[51.

Finally, g is the ratio of the weak charge of the electron
€ to that of a nucleon C¥,

g=ct/C. an
The electron’s charge is
c&=2sin?(Oy) + &, (12)

with the plus sign for electron neutrino pairs and the
minus sign for the production of mu or tau neutrino pairs.
[We use a Weinberg angle sin?(6y) =0.223.]1 For sim-
plicity we assume a nuclear electromagnetic current that
is a sum over nucleons,

1+73
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and a weak vector current,
I+
Ju Zy,,, [—— —2sin?(0y) %
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Thus CY for an isoscalar transition is
CcN=—2sin%(0y) , 15)

and for an isovector transition
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CN=1-2sin%(6y) . (16)

Thus g is 1.708 (—2.121) for an isovector (isoscalar)
transition producing electron type neutrino pairs and
—0.098 (+0.121) for the production of muon or tau neu-
trinos.

The ratio of total decay rates is obtained by integrating
Eq. (8) over the phase space in Eqgs. (4)-(7). This gives
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These simple expressions are the basic results of this pa-
per and describe how the electron medium modifies the
neutral current decay rate.

The integrals in Eqs. (17) and (18) can have large con-
tributions from transverse photon or longitudinal plasmon
collective modes. These modes occur for momentum g,
satisfying

Ree(gc,q0) =0, (19)

and will give large contributions if g, is in the region of
integration, 0 < g, <go. [Note that the location of the
zero in Eq. (19) defines the momentum of the collective
mode g..] The dispersion relations gg as a function of g,

implied by Eq. (19) are discussed in Ref. [6]. If one ex-
pands the dielectric function for ¢ near g,
e(g,q0) = (g —q.)B+ie; , (20)

the integrals [Eqs. (17) and (18)] can be easily evalu-
ated, for example

(r), =

0|ﬂ ‘fz((IuQO) Q1)
This shows that the rate depends on the imaginary part of
the dielectric function (¢;).

A collective mode can decay into an electron-positron
pair or into a two-particle-two-hole (2p-2h) excitation.
Decay into a single-particle-hole excitation is not possible
for these timelike momentum transfers go > g. Electron-
positron decay is Pauli blocked at zero temperature for go
much less than the Fermi energy [7]. Thus 2p-2h decay
probably dominates the width. However, e *e ™ can con-
tribute at high temperatures (see below).

Unfortunately, we are not aware of a relativistic calcu-
lation of the 2p-2h width. Therefore, we make a crude
estimate based on a nonrelativistic calculation. Glick and
Lang [8] estimate the 2p-2h contribution to ¢ for the
longitudinal mode for g, much less than the Fermi
momentum (kr) to be

leil =alge/ke)?. (22)

Here, the coefficient a is predicted to depend only weakly
on density. Perhaps the highest density at which the non-
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FIG. 2. Ratio of decay rate at a density (times electron frac-
tion Y.) of 9.1x 10" g/cm? to that in free space for a longitudi-
nal transition to v, pairs; see Eq. (18). The solid (dot-dashed)
curve is for an isoscalar (isovector) transition. The dotted curve
is for the production of v, or v, pairs in an isovector transition.

relativistic calculation can be directly applied is kr =m
with m the electron mass. At this density the analytic
estimate (including Thomas-Fermi screening) gives a
=0.13 [8]. For higher densities, Glick and Lang predict
that a will change only very slowly with density as p ~'/'2
(and that screening will be unimportant). Therefore, we
simply take

a=0.1, (23)

for all the densities of interest here. As a further crude
approximation, we will use Egs. (22) and (23) also for
transverse modes. (Note, at small ¢ the dispersion rela-
tion for the transverse mode is very close to that for the
longitudinal plasmon.)

It is hoped that Egs. (22) and (23) will allow us to
make an order of magnitude estimate of the enhancement
of the neutrino rate. If ¢ is significantly different from
Egs. (22) and (23), then Eq. (21) shows that the en-
hancement factor will scale with one over ¢;.

The ratio of transition rates is plotted in Fig. 2 for lon-
gitudinal transitions at a density of (9.1/Y,)x 10" g/cm?.
Here Y, is the electron to baryon ratio. This corresponds
to an electron Fermi momentum of 50 MeV. Note that
Eq. (18) has been numerically integrated rather than
simply using Eq. (21).

The ratio can be as large as 10® or more for the pro-
duction of v, pairs. The ratio for v, or v, pairs is much
smaller because of the small value of ¢f in Eq. (12). The
ratio rapidly increases at the plasma frequency go= 2.8
MeV. Just above this frequency, g. is small, so the
damping in Eq. (22) is also small, and this gives a large
enhancement. As the energy increases further, the dis-
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FIG. 3. As per Fig. 2 except for transverse transitions; see
Eq. (17).

persion relation for the plasmon rapidly becomes light-
like, q&—qﬁ—» 0. Therefore, the phase space factor in
Eq. (5) causes the ratio to rapidly decrease.

Near the peak, the ratio is similar for isoscalar and iso-
vector transitions. However, these have different interfer-
ence terms which show up at low and high energies. The
Z° couples primarily to neutrons [see Eq. (14) with
sin?(8y) = +] while the photon couples to protons.
Therefore, the relative phase of the interference term
changes with isospin.

The ratio for transverse transitions, Eq. (17), is shown
in Fig. 3. This can be as large as 10°. The transverse
dispersion relation does not have ¢ —g2— 0 nearly as
fast. Furthermore, the phase space factor in Eq. (7) is
different. Therefore, the transverse ratio is enhanced at
higher energies than the longitudinal. [Note that the
eventual fall off in the ratio at high energy may be sensi-
tive to our assumption for the width in Eq. (22) which
becomes large for large g..]

For muon or tau neutrino pairs there is again only a
modest enhancement. Note, for transverse transitions,
there is a small mixing term between vector and axial-
vector currents (proportional to the IT, of Ref. [5])
which allows the axial coupling of the electrons to con-
tribute. This term (which we neglect) is very small for
electron neutrinos but could be about a 10% correction
for mu or tau neutrinos.

The magnitude of the enhancement is similar at other
densities. However, the enhancement affects lower ener-
gies as the density decreases. Figure 4 plots (as a solid
line) the plasma frequency versus density. Excitations
with smaller energies will not be significantly enhanced.
Also shown in Fig. 4 (as a dotted line) is the upper ener-
gy where (r);=10. Longitudinal transitions with energies
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FIG. 4. Plasma frequency (solid curve) vs density (times
electron fraction Y.). Also shown is the upper energy where
(r)y=10, Eq. (18) (dotted) and (r),=10 (dashed curve).
Transverse transitions are significantly enhanced for energies
between the dashed and solid curves, while longitudinal transi-
tions are enhanced for energies between the dotted and solid
curves.

between these solid and dotted lines will be significantly
enhanced. Finally, the dashed line in Fig. 4 is the upper
energy where (r), =10. Transverse transitions in this
larger energy range between the dashed and solid lines
will be significantly enhanced.

Our calculations have been for zero temperature.
However, we do not expect a strong temperature depen-
dence as long as the system is still degenerate. At a tem-
perature of 15 MeV, there is a small contribution to the
plasmon width from e te~ decay, which we calculate as
in Refs. [9,10]. This leads to a small decrease in the peak
of {r); in Fig. 2. To investigate nondegenerate conditions,
one will need a finite temperature calculation of the 2p-
2h decay width.

2630

In summary, we have calculated the density depen-
dence of the nuclear decay rate to neutrino pairs. This
arises because of an intermediate coupling to electron
particle-hole excitations. We treated the dense electron
gas in a relativistic RPA and used a crude nonrelativistic
estimate of collective mode widths from 2p-2h excita-
tions.

The transition rates can be greatly enhanced. Further-
more, transverse modes are enhanced over a larger energy
range than longitudinal modes. However, only vector
(Fermi) transitions to electron type neutrino pairs are
significantly enhanced. We will use these enhancement
factors, Egs. (17) and (18), along with a model of the nu-
clear transition strength in a later work to calculate the
total neutrino production rate.
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