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Neutrino pair bremsstrahlung by nucleons in neutron-star matter
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We calculate neutrino pair bremsstrahlung from nucleons in neutron-star matter via weak neutral currents.
We find bremsstrahlung in neutron-neutron collisions to be unimportant, but find that the bremsstrahlung
emissivity in neutron-proton collisions is of the same order as that for the modified URCA process.

I. INTRODUCTION

Several experiments' ~® strongly suggest the
existence of neutral hadronic currents coupled
weakly to neutral leptonic currents with a strength
comparable to that of the ordinary weak interac-
tion. If such an interaction exists, it can have
important consequences for neutrino opacity in
dense stellar matter? and admits a new type of
neutrino pair emissivity due to the decay of ex-
cited nuclear levels.®*® It may also significantly
modify” the neutrino pair emissivities for the con-
ventional processes—e -e* annihilation, photo-
neutrino process, plasmaneutrino process—orig-
inally considered in terms of the weak interaction
of purely leptonic charged currents. In this paper
we consider a different neutrino pair radiation
process, namely that due to bremsstrahlung of
a vV pair in nucleon-nucleon collisions:

R+n—~N+N+V+V, (1a)
N+p—=R+Dp+V+D. (1b)

This is to be compared with the production of v
and v through the modified URCA process®:

n+n—-n+p+re” +v,

- (2)
n+p+e =n+n+v.

This latter process can play a significant role in
the cooling of young neutron stars,® although the
transition of the nucleons to a likely superfluid
state greatly suppresses the rate of emission.

By adopting a standard V - A model for the neu-
tral nucleon current (the parameters of which may
be simply expressed in terms of those entering
into the gauge theories'® of the weak and electro-
magnetic interactions) we calculate the emissivi-
ties associated with (1a) and (1b). We find that
for degenerate neutron-star matter both processes

12

have emissivities proportional to 7% This is the
same temperature dependence as that found for
the modified URCA process. For (l1a) the coef-
ficient of T® (determined by densities of states
and an averaged neutron-neutron cross section)

is much smaller than that for (2), but for (1b) the
coefficient of T® is comparable to that for (2). Our
results differ from those reported by Bond!': The
differences are in the direction of making the
bremsstrahlung process a less significant one
than implied by his results.

II. CALCULATION OF v» BREMSSTRAHLUNG

We adopt the following form for the interaction
between a neutral nucleon current and the neu-
trino current:

G
t-’clm = .J_f—(‘PiYu(gi —g: 75)4’,‘)
x[(aue‘}/u(l_'ys)‘l‘ug) +($Vu7u(1_75)4"u#)]’

®3)

where G is the Fermi coupling constant (G=~107%/
m,?) and g;, £} (i =neutron, proton) are reduced
coupling constants for the vector and axial-vector
currents of the nucleons. In terms of a conven-
tional gauge theory'® we have

g.=—-%, gh=-1.23/2
8, =3 —sin®6,, and g} =1.23/2.

We evaluate the nucleon current in the nonrela-
tivistic limit in which
e -g'v)v~0bgyy-0L gy oty. (4)

The nucleons in neutron-star matter are very
degenerate and therefore the vv pairs that are
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radiated have very low energies ~kT (much less and a radiation matrix element. (In fact four amp-
than the nucleon Fermi energies). Thus we have litudes must be added, corresponding to the emis-
soft vv bremsstrahlung, and the amplitude for sion of the vv pair from each of the four external
this may be expressed as a product of three fac- legs of the T matrix.) The emissivity (power
tors: the T-matrix element for the scattering of radiated per unit volume) for nonrelativistic nu-
nucleons on the mass shell, a nucleon propagator, cleons is given by

J

3 3 345743
&41,2-1",2")= 2< )Zfdpd(zt;ﬁa bap fxfz(l —fi)1=f,)

spins

x (@ [ dagao@msip,+p+a-p, = p) [ LD g3g, 4 g, - g "4,

24,4 245,
The matrix element for emission via the vector current is (52)
M =(qy, Gl $o7°(L = 75) 9,1 0) (B, B4l TI By, B,) [€1(G (1) +G(1)) +£,(G(2) + G(2'))] (5b)
and that for emission via the axial-vector current is
M4 =(qy, G| Tu7* (1= 75) ¢, 10) (B, D21 [(g1G(1) 0F +£3G(2') 0f) T+ T(g1G (1) 0} +2;G(2) 03] [y, Dy) - (5¢)

The emissivities of (5a) are to be reduced by 3 if the nucleons are identical. The factor of 2 in (5a) al-
lows for the emission of both electron and muon neutrinos. Extra integration variables d*q are introduced
along with an additional 6 function to facilitate the integration over neutrino momenta'?:

f 2 zq o4y 45 09, + 4~ q) = —(2g“"qz+q“q ). (6)

In (5a) the f’s are Fermi-Dirac functions
f(e)=[exp((e ~ n)/kT) +1] 7, (7

where u is the chemical potential of the neutron or proton quasiparticles. In the low-temperature limit
the only important nucleon states are those near the Fermi surfaces, and in this limit the nonrelativistic
quasiparticle propagators take a simple form, for example

G(1)= = (g =p,"a/m, +q%/2m,)", (8)

where 51 is the incoming momentum of the first nucleon of effective mass m,, before the emission of a
vV pair of total momentum a and total energy ¢,.

The total neutrino momentum [al is of order 2T, and we may safely neglect it in the momentum-con-
serving & function and put the remaining nucleon momenta on their respective Fermi surfaces. Then the
description of the nucleon phase space and scattering is standard:

fdspldapzdspx'dapz’ 63(51 ‘*’5& '51 ‘Ez) =4rm*m,? pflpfz[pﬂz +Dp" + 2p5,psyc080 ]"/zsinedb‘dq)dq)zdf (e e i de .
(9)

The T matrix depends only upon the two angles 6 and ¢; 6 is the angle between the incoming momenta,
¢ is the angle between the planes defined by the incoming and outgoing nucleon momenta, and ¢, is the
azimuthal angle of p, with respect to f)l. The remaining phase-space integral is'*

(kT)

fdeldezdel’dez‘flfz(l —fl')(l —fz‘) 6(El.’ +€y+q,— € — 62) =4y "% [(2") +(qo/kT) ](eXP(‘IQ/kT) - 1) L (10)

If the spin dependence of the T matrix is parameterized by

T= (3T14+T0> + <T14-Tn> '61.(';2’ (11)

the nucleon spin sums are readily performed. For neutron-neutron scattering the amplitudes T, and T
are just the isospin-1 amplitudes T} and Ty for scattering in spin-triplet and spin-singlet states, respec-
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tively. For neutron-proton scattering the amplitudes are the sum of isospin-1 and isospin-0 amplitudes:

=(T; +T?)/2 and T,=(T§+T3)/2.
We now turn to the results of these calculations.

The vector current contribution to vv bremsstrahlung

in neutron-neutron collisions is suppressed because the leading terms from the propagators cancel. The

lowest-order contribution is

31 T3(6, 9)1*+I7,

. 31n G \?
™ = 53460 <7’2’> 8’ M’ yn (kT)m<

c0529

ol6, 92 > (12)

where the brackets denote an average of the T-matrix elements over the angles 6, ¢. There is an addition-
al (£T)' contribution in this case arising from the emission of the neutrino pair from internal lines of

the T matrix; this contribution can be expressed in terms of derivatives of the 7 matrix.'® In this paper
we neglect this correction and (12) itself because the axial-vector current contribution is more important.

The emissivity due to the axial-vector current is

ca 451 (G>
m= 11907007 \v3~) Pr mn"(RT)g

<( | T} 4T3 — 2 Re(TA T )cos ¢) -

cos<9> (13)

sze

The reason for this essential difference between the vector current and the axial-vector current neutrino
radiation is that vector current radiation (as in the case of photons) from identical “charge-to-mass” par-
ticles must proceed through quadrupole terms as the dipole moment is conserved; the axial-vector current
radiation is not inhibited because there is no corresponding constant dipole moment.

A complete expression for the emissivity from neutron-proton scattering is complicated largely by phase-

space factors. We present results correct only to lowest order in (v/c)? ~3 and in (p;,/p;,)? ~%. We find
; 41 G\? g, £ \2
\4 n <
&y, = 765807 <—\/.2—> m2m,? pg,2(RT)® (mn ——me (BITy+ T2 +| T5 + TY?)sin?6(1 - cos ¢)) (14)
and
8A 41 G 2 2 2 TY8(o ' 2 1 0 Tl 70 2
= 378007 \ V2 mytmy? pe, (kT (g = g, (T} + 1Y) = (T + Tg) %) (15)

The neutron-neutron vector current emissivity
is clearly negligible for temperatures <102 K.
The neutron-neutron axial-vector current and the
neutron-proton vector current emissivities are
proportional to (v/c)? for the nucleons and thus
are small in comparison with the neutron-proton
axial-vector current contribution. To give nu-
merical estimates for this latter process one re-
quires detailed information on the strength and
angular dependence of the T matrix for neutron-
star matter. This information is not available,
although Fermi-liquid parameters (essentially
the forward-scattering T-matrix elements) have
been calculated for pure neutron matter.'* We
have estimated é’,‘,‘,, from these Fermi-liquid para-
meters and find, at nuclear matter density,

84 ~2x10"T® ergem ™ sec”’,

r

with T, the temperature in units of 10°K. To es-
timate the more interesting 8 » wWe use the same
parameters and find

6 A - -
6,5 ~10%°T 8 ergecm ™S sec™.

We have also confirmed this crude estimate by
using laboratory neutron-proton cross sections.
More reliable estimates await detailed calculations
of Fermi-liquid parameters for neutron-star mat-
ter. We note that the neutron-proton axial-vector
current emissivity is comparable to that obtained
by Bahcall and Wolf for the modified URCA pro-
cess. Thus to the extent that the modified URCA
process plays an important role in the cooling of

a young neutron star, so too should the brems-
strahlung of neutrino pairs in neutron-proton col-
lisions be important. A more detailed comparison
of these two processes will be reported elsewhere.

*Work supported in part by the National Science Foun-
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