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We consider massive photon decay reactions via intermediate states of electron–electron-holes
and proton–proton-holes into neutrino–antineutrino pairs in the course of neutron star
cooling. These reactions may become operative in hot neutron stars in the region of proton
pairing where the photon due to the Higgs–Meissner effect acquires an effective massmg that is
small compared to the corresponding plasma frequency. The contribution of these reactions
to neutrino emissivity is calculated; it varies with the temperature and the photon mass as
T3/2mg

7/2 exp(2mg /T) for T,mg . Estimates show that these processes appear as extra
efficient cooling channels of neutron stars at temperaturesT.109– 1010 K. © 1998 American
Institute of Physics.@S1063-7761~98!00108-5#
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1. INTRODUCTION

The EINSTEIN, EXOSAT and ROSAT observatorie
measured surface temperatures of certain neutron stars
put upper limits on the surface temperatures of others~see
Ref. 1 and further references therein!. Data on the supernov
remnants in 3C58, the Crab, and RCW103 indicate ra
slow cooling, while the data for Vela, PSR 2334161, PSR
0656114, and Geminga point to significantly more rap
cooling. In the so-called standard scenario of neutron
cooling, the most important channel up to temperatureT
<108– 109 K corresponds to the modified URCA proce
nn→npen̄. Rough estimates of its emissivity were fir
made in Ref. 2. Friman and Maxwell3 recalculated emissivity
of this process in a model, in which the nucleon-nucle
interaction is treated with the help of slightly modified fre
one-pion exchange. Their result for emissivity,«n

FM , proved
to be an order of magnitude higher than previously obtain
The value«n

FM was used in various computer simulatio
resulting in the standard cooling scenario; see Ref. 4,
example. Subsequent works5–7 took in-medium effects into
account inNN-interaction, showing that emissivity of th
modified URCA process depends heavily on neutron
mass. For stars of more than one solar mass, the resu
emissivities turned out to be substantially higher than
values given by«n

FM .
These and other in-medium effects were recently inc

porated in the computer code8 leading to a new scenario o
neutron star cooling. For low-mass stars numerical result
the new and standard scenarios more or less coincide. In
present work, we continue to look for enhanced react
channels. To demonstrate the efficiency of new reac
channels, we compare the results with emissivity«n

FM , which
2111063-7761/98/87(8)/7/$15.00
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dominates cooling in the standard scenario over the temp
ture range under consideration.

Besides the modified URCA process, the standard s
nario numerical codes also include neutron and pro
bremsstrahlung processesnn→nnnn̄ and np→npnn̄,
which in all models lead to a somewhat smaller contribut
to emissivity than the modified URCA process.3,5,6,9 Also
included are processes that contribute to emissivity in
neutron star crust. These are plasmon decaygpl→nn̄,10,11

electron bremsstrahlung on nucleieA→eAnn̄,11–13electron-
positron annihilationee1→nn̄,14,15 and photon absorption
by electronsge→enn̄.15–17 Numerical simulations show
that the latter two processes contribute only negligibly to
crust neutrino emissivity at the temperatures under disc
sion in this paper and they always contribute negligibly
the full neutron star’s emissivity; see Fig. 7 of Ref. 11.

When the temperature decreases, it is energetically
vorable for neutrons to pair in the neutron star interior a
inner crust and for the protons to pair in the star’s interior.
a system with nucleon pairing, the emissivity of the modifi
URCA process is suppressed by a factor exp@2(Dn1Dp)/T#,3

whereDn andDp are the respective neutron and proton ga
defined by

D i~T!5D i~0!
Tc,i2T

Tc,i
u~Tc,i2T!

~hereu(x) is the Heaviside step function,i 5$p,n%, andTc,i

is the corresponding critical temperature for nucleon pa
ing!. At temperaturesT!Tc,p , Tc,n the process become
marginal. Nevertheless, this star’s interior process s
dominates those of crust cooling up to temperatu
T;108– 109 K, depending on the values of the gaps; s
© 1998 American Institute of Physics
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Fig. 7 of Ref. 11. ForT<(1 – 3)•108 K cooling in the stan-
dard scenario is largely dominated by the photon emiss
from the neutron star surface.

In the present work we look for more efficient coolin
processes atT,Tc,p , Tc,n . We analyze photon decay int
neutrino-antineutrino pairs. The related processesge→enn̄
andgp→pnn̄ turn out to be suppressed by several orders
magnitude compared to those under discussion, due to
lack of free final states in degenerate fermionic systems,
are therefore not considered here. The contribution of pho
decay via electron–electron-hole intermediate states for
case of a normal electron plasma in white dwarfs and neu
star crusts has been calculated by several authors~see Ref.
10 for further references!. In an ultrarelativistic electron
plasma, a photon acquires an effective in-medium plasm
dispersion law with a gap equal to the electron plasma
quencyvpl.2eme /A3p, wheree is the electron charge an
me denotes the electron chemical potential~we employ units
with \5c51). Therefore, the contribution to emissivity o
the cited process is suppressed by a factor exp(2vpl /T).
Nevertheless, in white dwarfs and neutron star crusts,
electron density is not too high, and the process is still eff
tive. In neutron star interiors, the electron densityre is equal
to the proton densityrp by virtue electrical neutrality, and
along with b stability one obtains a relation for the tot
density

re5rp.0.016r0S r

r0
D 2

, ~1!

wherer0.0.17 fm23 denotes the nuclear saturation densi
and we use the values of the neutron and proton Fe
momenta,3 pFn.340(r/r0)1/3 MeV and pFp5me.85(r/
r0)2/3 MeV. Thus, at typical densities for neutron star int
riors r*r0 , the value of the electron plasma frequency
high, e.g.,vpl(r0)'4.7 MeV forr.r0 , and at temperature
T,Tc,n , Tc,p,vpl the processgvpl

→ee21→nn̄, where the
superscript21 denotes the hole, is strongly suppressed.
therefore seek another process that can contribute to r
cooling.

We exploit the fact that, contrary to a normal electr
plasma, in superconducting proton matter, due to the Hig
Meissner effect, the photon acquires an effective mass th
small compared to the plasmon frequency. In the region
proton pairing atT,Tc,p , we therefore find that new deca
processes of massive photons (gm) via electron–electron-
hole (ee21) and proton-proton-hole (pp21) intermediate
states to neutrino–antineutrino pairs,gm→ee211pp21

→n l n̄ l , l 5$e,m,t%, can dominate neutron star cooling
certain temperatures. These processes are determined b
diagrams

In the first diagram, the solid lines in the loop are related
Green’s functions of nonsuperfluid relativistic electrons.
the second and third diagrams, the solid lines in the lo
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correspond to superconducting nonrelativistic protons. T
distinct orientations of arrows indicate that the second d
gram is calculated with so-called ‘‘normal’’ Green’s func
tions→—, which become the usual Green’s functions f
normal Fermi liquids in the limitDp→0. In contrast, the
third diagram is built up with the ‘‘anomalous’’ Green’
functions↔ and→—←, which are proportional to the pro
ton gap. Therefore the contribution of the third diagram va
ishes forDp→0. The fat vertices in the second and thi
nucleon diagrams include nucleon–nucleon correlations.

The contribution to neutrino production matrix elemen
of the third diagram and terms proportional to the gap in
second diagram is as small as (Dp /eFp)2!1 for T,Tc,p

!eFp ~hereeFp is the proton Fermi energy!, compared to the
contribution of the second diagram calculated with t
Green’s functions of the normal Fermi liquid. To this sam
accuracy, we drop the third diagram and use the Gree
functions of protons for the normal Fermi liquid1! in the sec-
ond diagram. We thus calculate emissivity according to
first two diagrams, assumingDp50 in the second diagram
but taking into account that the photon dispersion relation
changed due to proton superconductivity.

Our paper is organized as follows. In Sec. 2 we sh
that in the region of proton superconductivity due to t
Higgs–Meissner effect, the photon spectrum is rearrang
and instead of the plasmon gap the photon acquires a m
which is now determined by the density of paired protons.
Secs. 3 and 4 we demonstrate the efficiency of these
processes in the course of neutron star cooling. The emis
ity corresponding to the above diagrams is calculated
compared with emissivity of the standard URCA process a
photon emissivity from the neutron star surface. In Sec. 5
detail our conclusions.

2. PHOTON SPECTRUM IN THE SUPERCONDUCTING
PHASE

As is well known,18 the photon spectrum in supercon
ducting matter and in a normal plasma are substantially
ferent. In the superconducting matter considered here,
deal with two subsystems. The normal subsystem cont
electrons and nonpaired protons and neutrons, which
present to some extend at finite temperatures. The super
subsystem contains paired protons and neutrons. In the p
ence of a superconducting proton phase, normal currents
sociated with both electrons and residual nonpaired prot
are fully compensated by the corresponding response of
superconducting current,18,20,21otherwise there would be no
superconductivity. What remains after this compensation
part of the superconducting current. The resulting pho
spectrum is thereby determined by the inverse of the Lon
penetration depth~due to the Higgs–Meissner effect18!, but
not by the plasma frequency, as in the normal system.

In convential superconductors, which contain positive
charged ions, paired electrons, and normal electrons aT
Þ0, the photon spectrum is determined by the relation
tween the vector potentialA and the currentj , which is pro-
portional toA; see Eqs.~96.24! and ~97.4! of Ref. 20. The
analogy with the present case is straightforward. From
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latter equation, for sufficiently low photon momenta we im
mediately obtain the relation 4p j.2mg

2(T)A between the
Fourier components of the current and the vector poten
where the effective photon mass is

mg~T!.A4pe2rp* ~T!

mp*
, T,Tc,p . ~2!

Heremp* denotes the effective in-medium proton mass, a
rp* (T)5rp(Tc,p2T)/Tc,p denotes the paired proton densit
The choice of a linear temperature dependence forrp* corre-
sponds to the Ginzburg–Landau approach. A small comp
contribution ;e2f (v,k)exp(2Dp /T)A, where f (v,k) is a
function of the photon frequencyv and momentumk, has
been neglected in the above relation betweenj andA. More
realistically, forT nearTc,p , one must take into account th
off-shell effect for the photon. At lower temperatures, co
rection terms are exponentially suppressed. Below we t
the photon spectrum to be

v5Ak21mg
2, ~3!

thus neglecting the aforementioned small polarization
fects.

Note that external photons cannot penetrate far into
superconducting region. The photons that we deal with
thermal photons with foregoing dispersion law, governed
the corresponding Bose distribution. In considering neutr
reactions below, we integrate over the photon phase-sp
volume, thus accurately accounting for the distribution
these photons in warm neutron star matter.

To illustrate more transparently the most important fa
ets of the reconstruction of the photon spectrum in the su
conducting region, we consider a two-component, loca
neutral system consisting of charged fermions~i.e., the nor-
mal subsystem! described by the Dirac fieldc, and a charged
condensate~i.e., the superconducting subsystem! described
by a condensate wave function

w5wce
iF. ~4!

The real quantitywc is the order parameter of the system
i.e., wc

2;nc , wherenc is the number density of particles i
the condensate, and the real valueF is a phase. In a fermi-
onic system with pairing, the densitync is proportional to the
pairing gapD.

The equation for the electromagnetic fieldAm in such a
system reads

hAm54p j m , ~5!

where the current is

j m5eic̄gmc2ei~w* ]mw2w]mw* !22e2uwu2Am . ~6!

Substituting Eq.~4! into Eq. ~6!, we obtain for the electro-
magnetic current

j m5 j m
A1d j m . ~7!

where the first termj m
A522e2wc

2Am is the superconducting
current, and the second termd j m contains the normal curren
j m
nor and some responsej m

res from the charged condensate, i.e
l,
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d j m5 j m
nor1 j m

res5eic̄gmc12ewc
2]mF0 . ~8!

Due to gauge invariance, the phaseF5F01F8 is not
constrained, andF0 can be chosen in such a way that
cancels the normal current, i.e.,d j m50; otherwise the re-
maining part of the normal current would destroy superc
ductivity and the ground state energy would increase. T
compensation of the normal currentj m

nor, which in metals
and in normal plasma is proportional to the electric fieldE, is
a necessary condition for the existence of superconductiv
Only a diamagnetic part of the fermionic current propo
tional to the electromagnetic fieldAm may remain. The latter
may lead only to a minor (;e2) contribution to the unit
values of dielectric and diamagnetic constants. The rem
ing part of the phaseF8 is hidden in the gauge field, resul
ing in the disappearance of the Goldstone field~see the
analogous discussion of the Higgs effect, e.g., in Ref. 2!.
The total number of degrees of freedom does not change
the disappearance of the Goldstone field is compensate
the appearance of an extra~third! polarization of the photon.
As a result of Eqs.~5! and ~7!, the electromagnetic field
obeys the equation

hAm528pe2wc
2Am , ~9!

which immediately yields the photon spectrum in the fo
~3!, where the photon mass is now given by

mg5A8pe2wc
2. ~10!

What we have demonstrated is known as the Hig
Meissner effect: in the presence of a superconducting c
ponent, the photon acquires finite mass. We see that
two-component (normal1superconducting) system, the ph
ton is described by the dispersion relation~3!, as it would be
in a purely superconducting system, and not by a plasma-
dispersion law, as in the absence of superconductivity.
other way to arrive at Eq.~3! is given in the Appendix in a
noncovariant formulation. Similar derivations for differe
specific physical systems, guided by the general principle
the compensation of the normal currents in a superconduc
can be found in Refs. 18, 20, 21, and 23.

Expressing the amplitude of the condensate field
terms of the paired proton density,18 one obtains from Eq.
~10! the result~2!. Takingmp* (r0).0.8mN ~with mN the free
nucleon mass!, with Eqs.~1! and ~2! we estimate

mg~r5r0 ,T!@MeV#.1.6ATc,p2T

Tc,p
!vpl~r;r0!.

Due to the rather low effective photon mass in supercond
ing neutron star matter atT,Tc,p,vpl , one may expect a
corresponding increase in the contribution of the above d
grams to neutrino emissivity.

To avoid misunderstanding, we note the following.
the first glance one might suggest that the photon self-ene
is completely determined by the above neutrino product
diagrams, but with neutrino legs replaced by a photon line
so, the contributions of the electron-loop and proton-lo
diagrams would accurately determine the plasmon spect
of photon excitations with energy gap equal to a high plas
frequency~at least if one drops small terms proportional
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the proton gap in the calculation of the proton–proton-h
diagram, now with an incoming and outgoing photon,
suggested for the corresponding neutrino process!. How does
this relate to the massive photon spectrum of supercond
ing systems? The answer is that in a system with a cha
condensate, in addition to the cited photon propagation
grams, there appear specific diagrams for photon rescatte
off the condensate given by terms proportional toe2wc

2AmAm

and 2ewc
2]mFAm in the corresponding Lagrangian. The

contributions to the equation of motion for the electroma
netic field are, respectively, the last two condensate term
the electromagnetic current in Eq.~6!. The specific conden
sate diagrams responsible for the compensation of the
diagram contributions in the photon propagator make
contribution to neutrino emissivity. Indeed, the neutrino le
cannot be directly connected to the photon line via such
teractions~without invoking the internal structure of the con
densate order parameterwc ; this contribution is obviously
small compared to what we have taken into account!. Thus,
we have argued that in the presence of superconducting
tons, neutrino pairs can be produced in the reaction show
the above diagrams, where the photons possess rather
masses generated by the Higgs–Meissner mechanism.

Having clarified this important issue, we are ready
calculate the contribution of these processes to neut
emissivity and compare the result with known emiss
rates.

3. CALCULATION OF EMISSIVITY

The matrix element of the above diagrams for thei th
neutrino species (i 5$ne ,nm ,nt%) is

M~ i !a52 iA4p e
G

2&
«m

a ~GgTp
~ i !mr2Te

~ i !mr!l r , ~11!

where

Tj
~ i !mr52TrE d4p

~2p!4 gmiĜ j~p!Wj
~ i !r iĜ j~p1k!,

j 5$e,p%, ~12!

and

Ĝj~p!5~ p̂1mj !H 1

p22mj
2 12p i n j~p!d~p22mj

2!u~p0!J
~13!

is the in-medium electron~proton! Green’s function;nj (p)
5u(pF j2p); «m

a is the corresponding polarization fou
vector of the massive photon, with three polarization sta
in superconducting matter. The factorGg takes into accoun
nucleon-nucleon correlations in the photon vertex. The qu
tity G51.17•1025 GeV22 is the Fermi constant of the wea
interaction. Above,l p denotes the neutrino weak current. T
electron and proton weak currents are

We
~ i !r5gr~cV

~ i !2cA
~ i !g5!, Wp

r5gr~kpp2gAgppg5!,
~14!

where cV
(ne)

5cV
(1)5114 sin2 qW.1.92 and cV

(nm)
5cV

(nt)

5cV
(2)5124 sin2 qW.0.08; qW is the Weinberg angle, an
e
s
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(ne)

52cA
(nm ,nt)

51. Proton coupling is corrected b
nucleon-nucleon correlations, i.e., by the factorskpp and
gpp .24

Integrating Eq.~12! over the energy variable, we obtai
for the i th neutrino species

2 i ~Tp
~ i !mr2Te

~ i !mr!5t t
~ i !Pmr1t l

~ i !Fmr1t5
~ i !P5

mr , ~15!

Pmr5S gmr2
kmkr

k2 1FmrD , Fmr5
j m j r

k2@~k•u!22k2#
,

P5
mr5

i

Ak2
«mrdlkdul , ~16!

where j m5(k•u)km2umk2, (k•u)5kmum, km5(v,k), k2

5kmkm5v22k2. The four-velocityum of the medium is
introduced for the sake of covariant notation. The transve
(t t), longitudinal (t l), and axial (t5) components of the
tensors in Eq.~15! yield

t t
~ i !5t te

~ i !2t tp
~ i !52cV

~ i !~Ae1k2Be!

22cV
~2 !Rk~Ap1k2Bp!, ~17!

t l
~ i !5t le

~ i !2t lp
~ i !54k2@cV

~ i !Be2cV
~2 !RkBp#, ~18!

t5
~ i !5t5e

~ i !2t5p
~ i !5~k2!3/2@cA

~ i !Ce2gAgppCp#, ~19!

whereRk5kpp /cV
(2) , and

Aj5E d3p

~2p!3

nj~p!

Ep
~ j ! 1

k2

2 S 11
k2

2mj
2DmjCj , ~20!

Bj5E d3p

~2p!3

nj~p!

2Ep
~ j !

12~pk!2/Ep
~ j !2k2

~v2pk/Ep
~ j !!22k4/4Ep

~ j !4 , ~21!

Cj5E d3p

~2p!3 nj~p!
mj

Ep
~ j !3 F S v2

pk

Ep
j D 2

2
k4

4Ep
~ j !4G21

,

Ep
~ j !5Amj

21p2. ~22!

Here we note that the contribution of the axial componentt5

to the resulting neutrino emissivity is small (t5 /t t

;mg
2t5 /v2t l;mg /mN* for protons and ;(mgme /pFe

2 )
3 ln(pFe/me) for electrons!, so that it will be omitted.

The squared matrix element~11! for a certain neutrino
species, summed over the lepton spins and averaged ove
three photon polarizations, can be cast in the form

( uM~ i !u25
4

3
pe2G2Ft t

~ i !2S 2v1v212
~kq1!~kq2!

k2 D
2t l

~ i !2S v1v21q1q222
~k•q1!~k•q2!

k2

22
~kq1!~kq2!

k2 D G , ~23!

where (k•q1,2)5vv1,22(kq1,2), and v1,2 and q1,2 denote
the frequencies and momenta of the neutrino and
tineutrino. We have also used the fact that Tr$ l ml n%
58@q1

mq2
n1q2

mq1
n2gmn(q1•q2)24i«mnlrq1lq2r#.

The emissivity of our processes is given by
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«n
g5E d3k

~2p!32v

d3q1

~2p!32v1

d3q2

~2p!32v2

3
v11v2

exp@~v11v2!/T#21

3 (
i 5ne ,nm ,nt

( uM~ i !u2~2p!4d4~k2q12q2!. ~24!

Substituting Eq.~23! into Eq. ~24!, we finally obtain

«n
g5

T5

9~2p!3 pe2G2a2I ,

I 5E
a

` djj

ej21
Aj22a2Ft t

2S a2

j2 D1t l
2S a2

j2 D G , ~25!

wherea5mg /T, and

t t
2~x!'4 (

i 5ne ,nm ,nt
FcV

~2 !Rk

rp

2mp*
~11x!2cV

~ i !

3S 3

8p
rpD 2/3S 11

x

2D G2

, ~26!

t l
2~x!'4x2 (

i 5ne ,nm ,nt
FcV

~2 !Rk

rp

2mp*
2cV

~ i !S 3

8p
rpD 2/3G2

.

~27!

Some numerically small terms have been dropped
Eq. ~26!.

The integralI in Eq. ~25! can be calculated analyticall
in the two limiting cases,a!1 anda@1:

I ~a@1!'
A2p

2
a3/2S 11

3

2a De2a@t l
~2!~1!1t t

2~1!#,

~28!

I ~a!1!'2z~3!@t l~0!1t t
2~0!#, z~3!.1.202. ~29!

Thus, combining Eqs.~1! and ~25!–~28!, we obtain an esti-
mate for emissivity of our reactions~we present here the
result formg.T and for three neutrino species!:

«n
gF erg

cm3
•sG'2.6•1025T9

3/2 expS 2
mg

T D S mg

MeVD 7/2

3S r

r0
D 8/3S 11

3

2

T

mg
D @11h#, ~30!

h50.0003Rk
2S mp

mp*
D 2S r

r0
D 4/3

20.035Rk

mp

mp*
S r

r0
D 2/3

.

~31!

Here T9 denotes temperature measured in units of 109 K.
The unity in square brackets in Eq.~30! corresponds to the
electron–electron-hole diagram, whereas the factorh is re-
lated to the proton–proton-hole~first term in Eq.~31!! and
the interference diagrams~second term in Eq.~31!!.

Emissivity given by Eq.~30! varies with temperature a
T3/2 exp(2mg /T), whereas emissivity of the modified URC
process varies asT8 exp@2(Dp1Dn)/T# in the region of pro-
ton (DpÞ0) and neutron (DnÞ0) pairing. Hence, one ca
n

expect that the processgm→nn̄ will dominate at compara-
tively low temperatures, whenDp(T)1Dn(T)2mg(T).0
andT,Tc,p .

4. NUMERICAL ESTIMATES

To obtain quantitative estimates we need the values
the nucleon-nucleon correlation factorskpp andGg . Accord-
ing to Ref. 24, we can exploit

kpp5cV
~2 !22 f npC0AnnG~ f nn!, ~32!

where f np.20.75 and f nn.1.25 are the constants in th
theory of finite Fermi systems;19,24 C0

215mn* pFn /p2 is the
density of states at the Fermi surface;Ann is the neutron–
neutron-hole loop,

C0Ann5 iC0E d3p

~2p!4 Gn~p1k!Gn~p!'
pFn

2 k2

6mn* v2 ,

~33!

for values ofv@ukupFn /mn* of interest, andG21( f nn)51
22 f nnC0Ann .

We note that the second term in Eq.~32! is not propor-
tional to a small factorcV

(2) , because the nucleon-nucleo
correlations also allow for emission ofnn̄-pairs from the
nn21 loop. Numerical estimates of the ratioRk are as fol-
lows: for a@1, we have Rk.1.6 for r5r0 , mn* (r0)
.0.8mn , and Rk.2.1 for r52r0 , mn* (2r0).0.7mn ; for
a!1, we obtainRk.1 and correlation effects are negligible
The in-medium renormalization of the proton electric char
included in the factorGg can be also expressed in terms
the constants in the theory of finite Fermi systems and
proton–proton loop factor (App); see Ref. 19. The latter is
suppressed at relatively low proton densities. We can th
fore takeGg'1. With these estimates, we observe that
main contribution to neutrino emissivity comes fro
electron–electron-hole processes.

The ratio of emissivity«n
g ~30! to emissivity«n

FM of the
modified URCA process,RFM5«n

g/«n
FM , is

RFM'15•104T9
213/2 expS Dn1Dp2mg

T D S mg

MeVD 7/2

3S 11
3

2

T

mg
D S r

r0
D 2 mn

3mp

mn*
3mp*

@11h#. ~34!

For further estimates we need the values of the neu
and proton gaps, which are unfortunately model-depend
For instance, the evaluation in Ref. 25 yieldsDn(0)
.8.4Tc,n.0.6 MeV, Tc,n.0.07 MeV for 3P2 neutron pair-
ing at r5r0 , and Dp(0).1.76Tc,p.3 MeV, Tc,p

.1.7 MeV for 1S proton pairing, while Ref. 26 use
Dn(0).2.1 MeV, Tc,n.0.25 MeV and Dp(0).0.7 MeV,
Tc,p.0.4 MeV for r5r0 . Employing these estimates of th
zero-temperature gaps, its temperature dependence, an
photon effective mass, we obtain from Eq.~34! the tempera-
ture dependence of the ratioRFM .

In order to find the lower temperature limit at which th
processesgm→nn̄ are still operative, we need to compa
the value«n

g with photon emissivity at the neutron star su
face, «g

s53sTs
4/R, wheres is the Stefan–Boltzmann con
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stant,Ts denotes the surface temperature of the star, andR is
the star’s radius. By employing a relation27 between the sur-
face and interior temperatures, we obtain forRg5«n

g/«g
s

Rg'1.2•109T9
20.7 expS 2

mg

T D S mg

MeVD 7/2

3S 11
3

2

T

mg
D S r̄

r0
D 8/3

@11h#, ~35!

where the star radius and mass are taken to be 10 km
1.4M ( , with M ( the solar mass andr̄ some averaged valu
of the density in the neutron star interior.

The ratiosRFM and Rg are plotted as a function of th
temperature in Fig. 1 for both of the foregoing parame
choices. We see that our new processes are operative i
temperature range 1•109 K&T&8•109 K for the parameter
choice of Ref. 25, and 1•109 K&T&4•109 K for the param-
eters of Ref. 26. As one observes in Fig. 1, within the
intervals the new cooling channel might exceed known co
ing processes by up to a factor 106.

5. CONCLUDING REMARKS

As mentioned above, forT.Tc,n , Tc,p , i.e., in a normal
plasma region of the star crust and star interior, photons w
approximately the electron plasma frequency2! vpl can decay
into neutrino pairs, as has been shown in previo
estimates.10 At T,Tc,p , however, we are already dealin
with massive photons in the region of proton pairing, and
new reaction channels can significantly contribute to cooli

Our processes can also occur in a charged-pion~or kaon!
condensate state but they are suppressed due to the hig
fective photon mass3! mg.A8pe2wc

2.6 MeV for the con-
densate fieldwc.0.1mp.14 MeV.

In deriving the value of«n
FM used above, one describe

the nucleon-nucleon interaction essentially by free one-p
exchange. In reality, however, atr.(0.5– 1)r0 the total
nucleon-nucleon interaction does not reduce to free one-
exchange, because of the strong polarization of the med
whereby a significant part comes from in-medium pion
excitations.5–7,24Occurring in intermediate states of the rea
tion, the in-medium pions can also decay intoen̄, or first into

FIG. 1. Temperature dependence of the ratiosRFM andRg at nucleon den-
sity r5r0 . Solid curves correspond to the parameter choice of Ref.
whereas the dashed curves depict results with parameters of Ref. 26. S
bars indicate the temperature regions in which cooling via massive ph
decay is more efficient than standard cooling processes.
nd

r
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a nucleon–nucleon-hole, which then radiatesen̄, thereby
substantially increasing the resulting emissivity. Other re
tion channels such asn→npairnn̄ andp→ppairnn̄ open up in
the superfluid phase with paired nucleons,6,24,28 wherenpair

(ppair) means a paired neutron~proton!. All these reaction
channels give rise to a larger contribution to emissivity th
that of the modified URCA process estimated via free o
pion exchange. Above we compared«n

g with «n
FM just be-

cause the latter is used in the standard scenarios of neu
star cooling.

As we also mentioned in the Introduction, there are ot
processes like those considered above. Emissivity of the
cesspgm→ppairnn̄ is substantially suppressed~at least by a
factor e2 and also due to a much smaller phase-space
ume! compared to that of the processp→ppairnn̄. According
to simple estimates, e.g., using Eq.~22! of Ref. 16, the pro-
cesseg→enn̄ makes a very small contribution to emissivi
both in the inner crust and in the interior of neutron sta
even when one neglects the photon mass. Thus we may
clude that the processegm→enn̄ also leads to a minor con
tribution to emissivity at the densities and temperatures
der consideration.

In summary, the processesgm→ee211pp21→nn̄
might be operative over some temperature intervalT
.109– 1010 K, T,Tc,p , and together with other in-medium
modified processes,8 they should be incorporated into com
puter simulations of neutron star cooling.
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APPENDIX

We can also achieve the same results that led to Eq.~10!
by starting with Maxwell’s equations~in obvious notation!:

ik–E54pr̃, ik3B54p j2 ivE,

k–B50, k3E5vB,

where the charge densityr̄ is the superposition of the densit
of free charges and the density of bound charge. Full f
charge density being zero in our case due to local elec
neutrality. The currentj is a superposition of an external te
current and the induced current:

j5 jext1 j ind.

In normal systems, the induced current~i.e., the current of
nonpaired charged particles! j ind5 jnor is related toE via lon-
gitudinal e l and transversee t dielectric constants. This con
nection results in longitudinal and transverse branches of
electromagnetic excitations, with an effective photon g
equal to the plasma frequencyvpl .

10 In contrast, in a super-
conducting system the condensate makes two other cont
tions to the current, namelyjA522e2wc

2A and j res

,
ded
on
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52ewc
2¹F. Letting F5F (1)1F (2) , we have j res5 j (1)

res

1 j (2)
res . These two terms are determined as follows. As

have argued above, superconductivity requires the com
sation of the normal component of the current proportiona
E, i.e., we can takejnor1 j (1)

res50. Only small contributions
;e2 exp(2Dp /T)v2A and;e2 exp(2Dp /T)k2A, as well as
a small imaginary contribution; ie2F(v,k)exp(2Dp /T)A,
whereF is some function ofv andk, can still remain from
the valuejnor ~see Eqs.~96.24! and ~97.4! of Ref. 20!. We
neglect these small contributions. The part of the curr
;¹F (2) can be hidden injA by a gauge transformation o
the fieldA. We then have

ik3B. jA2 ivE.

Taking the vector product of this equation withk, we obtain

~v22k228pe2wc
2!B50.

From this relation we observe that the electromagnetic e
tations possess the mass given by Eq.~10!. Hence, we have
demonstrated that one can obtain the well-known plas
photon spectrum for a normal system, and at the same
one can obtain a massive photon spectrum and the Hig
Meissner effect in a system with a charged condensate.

* !E-mail: voskre@rzri6f.gsi.de
†!E-mail: kolomei@tpri6f.gsi.de
1!Note that in conventional nuclear physics one usually employs partic

hole diagrams even at zero temperature, thereby considering nuclear m
to be normal. Small effects of pairing can be neglected, since the typ
energy in a nucleonic particle–hole diagram is of the order of the Fe
energyeF , andeF@D holds.7,18,19

2!A rather small extra contribution also comes from the proton-proton-h
diagram.

3!For simplicity, in this estimate the peculiarities of a condensate with n
vanishing momentum7 are ignored.
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