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The rates of neutrino pair emission by nucleon-nucleon(NN) bremsstrahlung are calculated with the inclu-
sion of the full contribution from a nuclear one pion exchange potential(OPEP). We compute the contributions
from the neutron-neutron(nn), proton-proton(pp), and neutron-proton(np) processes for physical conditions
encountered in supernovae and neutron stars, both in the degenerate(D) and nondegenerate(ND) limits. We
find a significant reduction of these rates, especially for thenn andpp processes, in comparison with the case
when the whole nuclear contribution was replaced by constants, representing the high-momentum limits of the
expressions of the nuclear potential. Furthermore, we also perform the calculations by including contributions
due to ther meson exchange between nucleons, in the OPEP. This may be relevant for processes produced in
the inner core of neutron stars, where the density may exceed several times the standard nuclear density, and
the short-range part of theNN interaction should be taken into account. These corrections lead to an additional
suppression of the neutrino emission rates between(8 and 36)%, depending on the process[nn (pp) or np] and
physical conditions(temperature and degeneracy of the nucleons).
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For a quantitative understanding of the competition be-
tween different neutrino emission processes determining the
evolution and properties of the neutron stars(NS) accurate
calculations of the corresponding neutrino production rates
are very required. A detailed description of these processes
and the recent achievements in this domain are presented in
many good reviews like, for instance,[1–3] and the refer-
ences therein. At present, there is a qualitative understanding
of the importance of these processes according to specific
density-temperature ranges. For example, within a smooth
composition model of ground state matter, the main contri-
bution to neutrino emission from deep layers of the crust of
a NS comes from plasmon decay at very high temperatures
and from neutrino-pair bremsstrahlung and Cooper pairing of
neutrons atTø109 K. For other density-temperature ranges
sTø1010 K, rø1010 g cm−3d, the electron-positron pair an-
nihilation and the photoneutrino emission may produce com-
parable emission rates. In nonsuperfluid cores of the NS
there are many neutrino reactions that can be classified as
follows: (I) baryon direct URCA processes,(II ) baryon
modified URCA processes,(III ) baryon bremsstrahlung pro-
cesses,(IV ) lepton modified URCA processes, and(V) Cou-
lomb bremsstrahlung processes. The neutrino emissivities of
many reactions are reliably calculated being only slightly
dependent on a particular microscopic model of strong inter-
actions. However, other reactions are dependent on the
adopted model ofNN interaction and for these there is still
room for improvement in the calculation of the emission
rates. In particular, we refer to the neutrino pair emission
from NN bremsstrahlung(NNB) processes:N+N→N+N
+n+ n̄ with N=n or p.

In the early 1990’s Suzuki’s calculations[4] showed that
these bremsstrahlung processes have, besides the modified
baryon URCA processes, a significant role in the cooling
mechanisms of the NS[5,6]. Contrary to the modified URCA
processes, the NNB processes have no threshold and, for
certain temperature-density ranges, they may be more impor-
tant for the neutrino pair production than the former.

The main difficulty in the calculation of their emission
rates is the appropriate treatment of the strongNN interaction
which is responsible for then production together with the
weak interactions. In the early calculations this interaction
has been treated either by computing the overlap integrals
associated with the initial and final nucleon wave function
[5] or through the use of a Fermi liquid parametrization[7].
Subsequently, several authors have deduced aNN potential
based on the one pion exchange(OPE) approximation[8,9]
and used it in calculations of the neutrino emissivities of the
modified URCA and NNB processes. Freeman and Maxwell
used aNN interaction consisting of a long-range OPE tensor
and a short-range part parametrized with nuclear Fermi liq-
uid parameters. The resulting emissivities were larger than
those obtained by Bahcal and Wolf[5] and Flowerset al. [7]
with an order of magnitude.

Hannestad and Rafelt[9] derived a scattering kernel that
governs the bremsstrahlung and the inelastic scattering and
give an analytic approximation formula. They use an OPE
NN potential in a perturbative approach, which applies only
to densities below 1014 g cm−3. Their calculations revealed
again that the bremsstrahlung processes cannot be ignored as
a source ofnm, nt in supernovas, besides elastic and inelastic
scattering of neutrinos on nucleons and electrons, pair anni-
hilation e+e−, etc.

Moreover, in Ref.[10] the authors replaced the full con-
tribution of the NN interaction by a constant factor. This
simplifies the calculation of the emission rates by NNB and
it would be useful to estimate how large is the error in doing
that.

However, for an accurate computation of the neutrino pair
emissivities from these processes an accurate treatment of
the nuclear potential is certainly required. In a recent work
[11] a method was developed for treating explicitly the mo-
mentum dependence of the OPEP. The authors showed that
in particular physical conditions, characterized by tempera-
turesTømp

2 /m,20 MeV, the integral over the nuclear ma-
trix elements(NME) collapses, in a good approximation, to
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an integral which is independent of angles. The remaining
part of the nuclear contribution, which depends only on the
nucleon and neutrino energies, can be easily integrated nu-
merically. As a first application, this method was used to the
computation of the neutrino emission rates for the like-
nucleon bremsstrahlung processes in the(D) and (ND) re-
gimes. The aim was to compare(for T=6) their results with
the results obtained by the authors of Ref.[10] where the
whole nuclear contribution was reduced to a constant factor
z. Both in the (D) and (ND) limits it was found that the
inclusion of the full contribution of aNN OPE potential pro-
duces neutrino emissivities which are about two times larger
than the case when theNN interaction is reduced to a con-
stantz=1.

In this brief review we extend the method developed in
Ref. [11] to calculate the neutrino emission rates from the
(nn), (pp), and(np) bremsstrahlung processes taking into ac-
count the full contribution from a nuclear OPEP. The calcu-
lations are performed for several temperatures and are rel-
evant for physical conditions encountered in supernovas and
NS, both in the degenerate(D) and nondegenerate(ND) lim-
its. Furthermore, we also include in the calculation the short-
range part of theNN interaction by adding the contribution
of r mesons in the expression of the OPEP. The general
effect of these nuclear contributions is a suppression of the
corresponding neutrino emission rates which depends on the
specific process and the physical conditions(temperature and
degeneracy).

First, we describe briefly our method of calculation. If one
considers only two-nucleon collisions the total volumetric
emissivity for the neutrino pair production by nucleon
bremsstrahlung is given by Fermi’s golden rule formula:

enn̄ =
2p

"
E FP1

4 d3pi

s2pd3G d3qn

s2pd32v1

d3qn̄

s2pd32v2
vssSuMu2d

3s2pd3d4sPdFsfd, s1d

whereFsfd= f1f2s1− f3ds1− f4d is the product of Fermi-Dirac
distribution functions for the initial(1,2) and final (3,4)
nucleons withf i =sexpEi−mi/T+1d−1.

In Eq. (1) pi, i =1,4 andqn ,qn̄ are the nucleon and neu-
trino momenta, respectively,v=v1+v2 are the neutrino en-
ergies;s is a symmetry factor taking into account the sym-
metry of identical particles(s=1/4 for nn andpp, ands=1
for the np channels) and Ei and mi are the energies and
chemical potentials of the nucleons.

In the nonrelativistic limitEi ,m+pi
2/2m. If one defines

the chemical potential asm̂=m−m and one introduces the
nondimensional quantities[12] y=m̂ /T; ui =pi

2/2mT, the ex-
pressions of the Fermi-Dirac functions readf i =sexpui−yi

+1d−1. The(D) limit is achieved fory@1, while in the(ND)
limit for y!1. For uMu we use the spin-summed NME de-
rived in the OPE approximation(see for instance Ref.[9]).
In the nonrelativistic approximation one can neglect the neu-
trino momenta in comparison with the nucleon momenta and
one can write:

sSspinsuMNNu2 = s64G2gA
2S f

mp
D4v1v2

v2 FNN s2d

For thenn andpp processesFNN reads:

Fnn = FS k2

k2 + mp
2 D2

+ S l2

l2 + mp
2 D2

+
k2l2 − 3sk · ld2

sk2 + mp
2dsl2 + mp

2dG s3d

while for thenp process:

Fnp = FS k2

k2 + mp
2 D2

+ 2S l2

l2 + mp
2 D2

− 2
k2lI2 − sk · ld2

sk2 + mp
2dsl2 + mp

2dG ,

s4d

wheremp is the pion mass,gA=1.26, f .1; k =p1−p3 and
l =p1−p4 are the nucleon direct and exchange transfer mo-
menta, respectively. The third terms in the above expressions
are the exchange ones and come from the interference of two
different reaction amplitudes. They contain the termsk ·ld2

which has kinematic constraints. With good approximation
[9] we replace in the calculationssk ·ld2/ sk2+mp

2dsl2+mp
2d

by its average over the phase space:ksk ·ld2l,0 in the (D)
regime andkk·ll,1.085/3 in the(ND) limit. We would like
to mention that this last correction was not used in the cal-
culations of Ref.[11].

One needs to handle NME having the above dependence
on nucleon transfer momenta. The OPE ansatz is a good
approximation for aNN potential at distances between nucle-
onsù2 fm, while at shorter distances the two-pion exchange
effects become important. The effect of the short-range part
of the NN interaction can be estimated by mimicking the
two-pions exchange by exchange of one heavier meson
rsmr,770 MeVd between nucleons. This affects only the
direct exchange part in theuMu2 expressions which has to be
modified as follows[13]:

S k2

k2 + mp
2 D2

→ S k2

k2 + mp
2 − CP ·

k2

k2 + mr
2D2

. s5d

Furthermore, the calculation procedure has the following
main steps:

(1) Perform the integral over the neutrino phase-space,
leading to av5 dependence in the emissivity formula.

(2) Conversion to the center-of-mass system, since it is
more convenient to perform the integrals. For this, one intro-
duces the new variables[12]:

p+ =
p1 + p2

2
; p− =

p1 − p2

2
; p3c = p3 + p+; p4c = p4 + p+.

s6d

Now, one defines the following dimensionless quantities:

ui =
pi

2

2mT
,si = 1,4d; u+ =

p+
2

2mT
; u− =

p−
2

2mT
; u3c =

p3c
2

2mT
;

cosg1 =
p+p−

up+uup−
; gc =

p+p3c

up+uup3c
; cosg =

p−p3c

up−uup3cu
;

u− = u3c +
v

2T
. s7d

(3) Treatment of the momentum dependence part of the
spin summed NME and calculation of the corresponding
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emissivities. The idea is to handle the expressions ofFNN
such that to separate a main(constant) part, which is just its
high-momentum limit and a correction part which can be
integrated over the nucleon momenta with good precision.
As an example we address thenn (pp) processes in the(D)
limit, since the treatment of thenp process and/or the(ND)
limit is similar:

Fnn = S3 − mp
2 A1 − A2scg + sg cosfd2

B1 − B2scg + sg cosfd2 + B3scg + sg cosfd4D
; s3 − Fnn

sDdcorrd, s8d

wherecg=cosg1 cosgc, sg=sing1 singc, and f is the dif-
ference between the azimuthal angles corresponding tog1
andgc sin spherical coordinatesd. As we mentioned above
the main part of the nuclear potential contributionsthe
constant termd is just 3, i.e., the limit to which Eq.s3d
converges when the pion mass is neglected compared to
the nucleon momentum transfer. However, this limit is a
good approximation for uqu2@mp

2 and occurs for
T.20 MeV staking into account thatq2,3Tmpd. The co-
efficientsAi andBj are polynomials of degree eight in the
productsmp

2 mTd, depending only on variablesx andz but
otherwise independent of the angles.B3 is also binomial
having a coefficient proportional tos2mTd4, while B1 and
B2 contain terms proportional tomp

4, mp
6, and mp

8. There-

fore, whenevermT,mp
2 sor equivalent,T,20 MeVd, the

term with the coefficientB3 can be neglected because it is
small compared to the other terms. This approximation
can also be checked numerically. The results of integra-
tion over Mnn

corr with and without the termB3 differ each
other by a small amount, less than 2% but greatly simpli-
fies the calculation. The remaining integral overf can be
performed analytically yielding to:

E Fnn
sDdcorrdf = mp

2 ·
3ds2x + zd + 7mp

2

2fd2sx + zd + 4m2T2z2 + dmp
2s2x + zd + 1

4d2z2 + mp
4g , s9d

whered=2mT, x=2u3c, andz=v /T. Handling the expression
of Fnp in the same way like thenn andpp cases one can also
perform the integration over angles. The remaining integral
from the emissivity formulas1d, over the other variables
su+,u−,x,zd, can be calculated by combining analytical and
numerical techniques, for both thesNDd andsDd limits ssee,
for example, Refs.f10,12gd.

We calculated first the neutrino emission rates for the pro-
cessesnnnn̄, ppnn̄, andnpnn̄ using OPEP given by Eqs.(3)
and (4), both in (ND) and (D) limits. We were interested in
the influence that the inclusion of the full momentum depen-
dence of the potential has on the emission rates, in compari-
son with the case when the NME are replaced by constants,
representing their high-momentum limits. This is a good ap-
proximation ifk2, l2@mp

2. Denoting bye hm the result of the
calculations in these high-momentum limits, we found:
ennsppd=0.673ennsppd

hm for the (D) limit and ennsppd=0.59
3ennsppd

hm for the (ND) limit. enp=0.753ennsppd
hm , for the (D)

limit and enp=0.853ennsppd
hm , for the (ND) limit.

This shows that the full inclusion of the OPEP has a larger
effect on the emission rates of thenn andpp processes and in
the (D) limit. For T=6 MeV we can compare our values for
the emission rates with the results obtained by the authors of

Ref. [10] for the processesnn (pp). In terms of their constant
factor replacing the nuclear contribution, we foundz,2 [in
the (D) limit ] and z,1.76 [in the (ND) limit ]. This repre-
sents a good approximation having in mind that they ne-
glected completely the contribution of theNN interaction in
their calculations.

The results obtained for the emission rates for several
temperatures are given in Tables I and II. The values dis-
played in the(ND) limit do not include the exponential fac-
tors ey, for the nn and pp processes, andey1+y2 for the np
process. These factors are related to the chemical potentials
mn, mp which, in turn, depend on the matter density and
satisfy theb equilibrium condition. We also have to mention
that for getting the contribution of bothnm andnt the results
from Tables I and II must be multiplied by two.

Furthermore, we perform the calculations including the
contribution due to ther meson exchange in the expressions
of the OPEP[Eqs.(3) and(4)] which accounts for the short-
range part of theNN interaction. The results obtained are
presented in the columns 3 and 4 of Tables I and II, for
different temperatures. One can see that the values of the
emission rates are suppressed whenr meson contributions
are also included. The suppression varies between(8 and

TABLE I. The total volumetric emission rates from thenn, pp,
andnp bremsstrahlung processes in the(ND) limit for several val-
ues of T. The calculations were performed withspd and sp+rd
meson exchange included in the OPEP.

T
(MeV)

enn̄
nnspd /e2y

serg s−1 cm−3d
enn̄

nnsp+rd /e2y

serg s−1 cm−3d
enn̄

npspd /e2y

serg s−1 cm−3d
enn̄

npsp+rd /e2y

serg s−1 cm−3d

5 1.8731031 9.4431030 7.6731031 4.9931031

6 1.0631032 6.2131031 4.3531032 3.0131032

7 4.4331032 2.8231032 1.8431033 1.3231033

9 4.3931033 3.0231033 1.8231034 1.3731034

10 1.1431034 7.9931033 4.7331034 3.6931034

11 2.6731034 1.9131034 1.1131035 8.9931034

13 1.1831035 8.6731034 4.5931035 3.8631035

15 4.1731035 3.1231035 1.7331036 1.4731036
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36)% depending on the physical conditions(temperature and
degeneracy) and the kind of the process considered:nn (pp)
or np. The largest effect occurs for thenn (pp) processes in
the(ND) limit. Also, we found that they do not depend much
on the density, but, as we already mentioned, they are valid
mainly for densitiesr.r0.

Concluding, we performed calculations of the rates of
neutrino pair emission by NNB processes with the inclusion
of the full contribution from aNN OPE potential. We con-
sidered thenn, pp, andnpprocesses both in the(D) and(ND)
limits. These processes, besides the modified baryon URCA
processes, are important for the production ofnmn̄m andntn̄t

pairs and play a significant role in the cooling mechanism of
the NS. We used the method developed in Ref.[11], where

we showed that for physical conditions encountered in super-
novas and NS, the multiple integral appearing in the emis-
sivity formula can be performed exactly, even with the inclu-
sion of the full momentum dependence of the OPEP. To
appreciate the nuclear effects of this inclusion we compared
the results obtained with our method with those obtained by
replacing the expressions of the OPEP by their high-
momentum limits. We found rather large deviations espe-
cially for thenn(pp) processes. For densitiesr.r0, encoun-
tered in the inner core of a NS, the OPE approximation is not
sufficient to describe accurately theNN interaction. Thus, we
also included in the calculations the contribution given by
ther meson exchange, in the expression of the OPEP. These
nuclear short-range effects further suppress the neutrino
emission rates by factors between(8 and 36)%, depending
on the process[nn (pp) or np] and the physical conditions
(temperature and degeneracy of nucleons). The largest effect
was found for thenn(pp) processes in the(ND) limit. It is
worth to mention that our method allowing the inclusion of
the full contribution of a nuclear OPEP in the calculation of
the neutrino emissivities fromNN bremsstrahlung is rather a
general one, and can also be used for the computation of
otherNN model depending neutrino production processes of
astrophysical interest. Work on that is underway. Also, there
are still some key issues to be clarified for a full evaluation
of the bremsstrahlung neutrino emissivities. For example, the
contributions of theNN correlations in a dense medium and
pairing effects are not fully understood at present.
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TABLE II. The same as in Table I but for the(D) limit.

T
(MeV)

enn̄
nnspd

serg s−1 cm−3d
enn̄

nnsp+rd
serg s−1 cm−3d

enn̄
npspd

serg s−1 cm−3d
enn̄

npsp+rd
serg s−1 cm−3d

5 1.7631033 1.2631033 7.3031033 6.0631033

6 7.9931033 5.8431033 3.0331034 2.5531034

7 2.8431034 2.1231034 1.1831035 1.0131035

9 2.2331035 1.7131035 9.2531035 8.0431035

10 5.3631035 4.0831035 2.2131036 1.9431036

11 1.1631036 8.9431035 4.8131036 4.2831036

13 4.6031036 3.5531036 1.9131037 1.7231037

15 1.4831037 1.1531037 6.1431037 5.6531037
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