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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 effectivenpésat 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
T3’2m7y’2 exp(—m,/T) for T<m, . Estimates show that these processes appear as extra

efficient cooling channels of neutron stars at temperatlire§0°—10° K. © 1998 American

Institute of Physicg.S1063-776(98)00108-3

1. INTRODUCTION dominates cooling in the standard scenario over the tempera-
ture range under consideration.

The EINSTEIN, EXOSAT and ROSAT observatories Besides the modified URCA process, the standard sce-
measured surface temperatures of certain neutron stars andrio numerical codes also include neutron and proton
put upper limits on the surface temperatures of otiise®  bremsstrahlung processean—nnvy and np—npvy,

Ref. 1 and further references thereibata on the supernova which in all models lead to a somewhat smaller contribution
remnants in 3C58, the Crab, and RCW103 indicate ratheio emissivity than the modified URCA process®? Also
slow cooling, while the data for Vela, PSR 23361, PSR included are processes that contribute to emissivity in the
0656+ 14, and Geminga point to significantly more rapid Neutron star crust. These are plasmon E??é%‘”’”vlo'n
cooling. In the so-called standard scenario of neutron stal€ctron brems_strghlung O”E‘ﬁ‘?‘f‘*eAw' ~electron-
cooling, the most important channel up to temperatares POSIron ann|h|lat|one_e15?l7yv, " and photon absorption
<10°~10 K corresponds to the modified URCA process ®Y €lectrons ye—evw. Numerical simulations show
nn—nper. Rough estimates of its emissivity were first that the latter two processes contribute only negligibly to the

made in Ref. 2. Friman and Maxw&Hhecalculated emissivity c_rust_neu.tnno emissivity at the temperatgres undgr .dISCUS-
: . ) : sion in this paper and they always contribute negligibly to
of this process in a model, in which the nucleon-nucleo

. Co d with the helo of sliahtl dified f "the full neutron star’s emissivity; see Fig. 7 of Ref. 11.
Interaction Is treated with the help of slightly modified free When the temperature decreases, it is energetically fa-

one-pion exchange. Their result for emissivity,", proved  \orapje for neutrons to pair in the neutron star interior and
to be an order of magnitude higher than previously obtainegnner crust and for the protons to pair in the star's interior. In
The valuee; was used in various computer simulations 5 system with nucleon pairing, the emissivity of the modified
resulting in the standard cooling scenario; see Ref. 4, foURCA process is suppressed byafactor[ea(mnwLAp)/T],s
example. Subsequent works took in-medium effects into  whereA , andA,, are the respective neutron and proton gaps,
account inNN-interaction, showing that emissivity of the defined by
modified URCA process depends heavily on neutron star
mass. For stars of more than one solar mass, the resulting
emissivitlies turngﬁ out to be substantially higher than the  A.(T)=Aa,(0) TC_I_'__T O(Te;i—T)
values given by ™. c.i

These and other in-medium effects were recently incor-
porated in the computer catieading to a new scenario of (hered(x) is the Heaviside step functiois={p,n}, andT,;
neutron star cooling. For low-mass stars numerical results gk the corresponding critical temperature for nucleon pair-
the new and standard scenarios more or less coincide. In thgg). At temperaturesT<T, ,, T, the process becomes
present work, we continue to look for enhanced reactiormarginal. Nevertheless, this star's interior process still
channels. To demonstrate the efficiency of new reactiomlominates those of crust cooling up to temperatures
channels, we compare the results with emissiyw, which  T~10°-1@ K, depending on the values of the gaps; see
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Fig. 7 of Ref. 11. FoiT<(1-3)-10° K cooling in the stan- correspond to superconducting nonrelativistic protons. The

dard scenario is largely dominated by the photon emissioflistinct orientations of arrows indicate that the second dia-
from the neutron star surface. gram is calculated with so-called “normal” Green’s func-

In the present work we look for more efficient cooling tions ——, which become the usual Green’s functions for

processes aT<Tc,p7 Tc,n- We ana|yze photon decay into hormal Fermi quuids in the |ImItAp—>O In contrast, the
neutrino-antineutrino pairs. The related procesges-evy  third diagram is built up with the “anomalous” Green’s
andyp— pvv turn out to be suppressed by several orders ofunctions« and ——«, which are proportional to the pro-
magnitude compared to those under discussion, due to tHen gap. Therefore the contribution of the third diagram van-
lack of free final states in degenerate fermionic systems, anighes forA,—0. The fat vertices in the second and third
are therefore not considered here. The contribution of photoRucleon diagrams include nucleon—nucleon correlations.
decay via electron—electron-hole intermediate states for the The contribution to neutrino production matrix elements
case of a normal electron plasma in white dwarfs and neutroff the third diagram and terms proportional to the gap in the
star crusts has been calculated by several autfsees Ref. second diagram is as small ad f/erp)?<1 for T<T,

10 for further referencés In an ultrarelativistic electron <e€g, (hereeg, is the proton Fermi energycompared to the
plasma, a photon acquires an effective in-medium plasmogontribution of the second diagram calculated with the
dispersion law with a gap equal to the electron plasma freGreen’s functions of the normal Fermi liquid. To this same
quencyw,=2eu./+3, whereeis the electron charge and accuracy, we drop the third diagram and use the Green's
e denotes the electron chemical potentiae employ units ~ functions of protons for the normal Fermi ligdidn the sec-
with Z=c=1). Therefore, the contribution to emissivity of ond diagram. We thus calculate emissivity according to the
the cited process is suppressed by a factor exp(/T). first two diagrams, assuminy,=0 in the second diagram
Nevertheless, in white dwarfs and neutron star crusts, thBut taking into account that the photon dispersion relation is
electron density is not too high, and the process is still effecchanged due to proton superconductivity.

tive. In neutron star interiors, the electron dengityis equal Our paper is organized as follows. In Sec. 2 we show
to the proton density, by virtue electrical neutrality, and that in the region of proton superconductivity due to the

along with B stability one obtains a relation for the total Higgs—Meissner effect, the photon spectrum is rearranged,
density and instead of the plasmon gap the photon acquires a mass,

) which is now determined by the density of paired protons. In
_ Secs. 3 and 4 we demonstrate the efficiency of these new
Pe™ pp:0.016po<p—o) ' @ processes in the course of neutron star cooling. The emissiv-
5 , _ ity corresponding to the above diagrams is calculated and
wherepo=0.17 fm* denotes the nuclear saturation density,comnared with emissivity of the standard URCA process and
and we use the values of the neutron and proton Fermiqion emissivity from the neutron star surface. In Sec. 5 we
momenta, pg,=340(p/po)* MeV and pep=pe=85(0/  detail our conclusions.
po)?® MeV. Thus, at typical densities for neutron star inte-
riors p=p,, the value of the electron plasma frequency is
high, e.g..wpi(po)~4.7 MeV forp=p,, and at temperatures 2. PHOTON SPECTRUM IN THE SUPERCONDUCTING
T<T¢n, Tep<wp the procesy,, |—>ee‘1—>vv, where the PHASE

superscript=1 denotes the hole, is strongly suppressed. We A is well known'® the photon spectrum in supercon-
thergfore seek another process that can contribute to rap%ctmg matter and in a normal plasma are substantially dif-
cooling. _ ferent. In the superconducting matter considered here, we
We exploit the fact that, contrary to a normal electron yea with two subsystems. The normal subsystem contains
plasma, in superconducting proton matter, due to the HiggSgjectrons and nonpaired protons and neutrons, which are
Meissner effect, the photon acquires an effective mass that E‘resent to some extend at finite temperatures. The superfluid
small compared to the plasmon frequency. In the region oL ,qystem contains paired protons and neutrons. In the pres-
proton pairing aff <T,, we therefore find that new decay ence of a superconducting proton phase, normal currents as-
brocesses of massive photong,j via elictrlon—elect.ron— sociated with both electrons and residual nonpaired protons
hole (ee"”) and proton-proton-hole p(p™ ) |nEelrmed|i31}e are fully compensated by the corresponding response of the
states to neutrino—antineutrino  pairg;,—ee ' +pp superconducting curreht;?®>?!otherwise there would be no
—wv, 1={eu,7}, can dominate neutron star cooling at g;herconductivity. What remains after this compensation is a
cgrtaln temperatures. These processes are determined by mt of the superconducting current. The resulting photon
diagrams spectrum is thereby determined by the inverse of the London
) . . penetration deptlidue to the Higgs—Meissner effédt but
-.f»:- . ___Y_m_ . -:T_ not by the plasma frequency, as in the normal system.
~ B e In convential superconductors, which contain positively
Y Y Y charged ions, paired electrons, and normal electron§ at
#0, the photon spectrum is determined by the relation be-
In the first diagram, the solid lines in the loop are related tatween the vector potenti@dl and the curreng, which is pro-
Green'’s functions of nonsuperfluid relativistic electrons. Inportional toA; see Eqs(96.29 and (97.4 of Ref. 20. The
the second and third diagrams, the solid lines in the loopanalogy with the present case is straightforward. From the
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Iatter equation,_for sufficie.ntly low phc;ton momenta we im- 5iu=12°r+i;fs=ei%ﬂw+ 26@53,}1)0- @)
mediately obtain the relation#~—m(T)A between the ) i .
Fourier components of the current and the vector potential, ~Due to gauge invariance, the phabe=®o+®’ is not

where the effective photon mass is constrained, andb, can be chosen in such a way that it
cancels the normal current, i.e3j,=0; otherwise the re-
477e2p;§(T) maining part of the normal current would destroy supercon-
m(T)= m—;' T<Tep- 2 ductivity and the ground state energy would increase. This

compensation of the normal curreflf”, which in metals
Heremy denotes the effective in-medium proton mass, andand in normal plasma is proportional to the electric figlds

p; (T)=pp(Tc,p—T)/T¢, denotes the paired proton density. a necessary condition for the existence of superconductivity.
The choice of a linear temperature dependenC@;ocorre- Only a diamagnetic part of the fermionic current propor-
sponds to the Ginzburg—Landau approach. A small complekonal to the electromagnetic field, may remain. The latter
contribution ~e2f(w,k)exp(—Ap/'DA, where f(w,k) is @ may lead only to a minor{e?) contribution to the unit
function of the photon frequency and momentunk, has values of dielectric and diamagnetic constants. The remain-
been neglected in the above relation betwpandA. More  ing part of the phasé’ is hidden in the gauge field, result-
realistically, forT nearT, ,, one must take into account this ing in the disappearance of the Goldstone fi¢itte the
off-shell effect for the photon. At lower temperatures, cor-analogous discussion of the Higgs effect, e.g., in Rej. 22
rection terms are exponentially suppressed. Below we tak€he total number of degrees of freedom does not change, so

the photon spectrum to be the disappearance of the Goldstone field is compensated by
the appearance of an exifthird) polarization of the photon.
— 1.2 2
w=yk*+m3, 3 As a result of Egs(5) and (7), the electromagnetic field

thus neglecting the aforementioned small polarization efoPeys the equation

fects. OA,=—8me?p?A,,, 9
Note that external photons cannot penetrate far into the . ) ]
superconducting region. The photons that we deal with ard/hich immediately yields the photon spectrum in the form
thermal photons with foregoing dispersion law, governed by3). Where the photon mass is now given by
the cprresponding que distribution. In considering neutrino m,= m. (10)
reactions below, we integrate over the photon phase-space
volume, thus accurately accounting for the distribution of ~ What we have demonstrated is known as the Higgs-
these photons in warm neutron star matter. Meissner effect: in the presence of a superconducting com-
To illustrate more transparently the most important fac-ponent, the photon acquires finite mass. We see that in a
ets of the reconstruction of the photon spectrum in the supefwo-component (normaisuperconducting) system, the pho-
conducting region, we consider a two-component, locallyton is described by the dispersion relati@, as it would be
neutral system consisting of charged fermidhs., the nor-  in a purely superconducting system, and not by a plasma-like
mal subsysteindescribed by the Dirac field, and a charged dispersion law, as in the absence of superconductivity. An-
condensatdi.e., the superconducting subsystedescribed Other way to arrive at Eq.3) is given in the Appendix in a

by a condensate wave function noncovariant formulation. Similar derivations for different
® specific physical systems, guided by the general principle of
P=PcE . 4 the compensation of the normal currents in a superconductor,

can be found in Refs. 18, 20, 21, and 23.

Expressing the amplitude of the condensate field in
terms of the paired proton densif§one obtains from Eq.
(10) the result(2). Taking m; (po) =0.8my (with my the free
nucleon mass with Egs.(1) and(2) we estimate

The real quantityp. is the order parameter of the system,
ie., go§~nc, wheren, is the number density of particles in
the condensate, and the real vafbas a phase. In a fermi-
onic system with pairing, the density, is proportional to the

pairing gapA.
The equation for the electromagnetic figdd in such a Tep— T
system reads my(p=po, T)[MeV]=1.6\ ———<wp(p~po).
c.p
DA =47, (5 Due to the rather low effective photon mass in superconduct-

ing neutron star matter &t<T; ;<wp, ONe may expect a
o corresponding increase in the contribution of the above dia-
i =eigy,p—ei(¢*d,p—¢d,o*)—2€|¢|?A,. (6)  grams to neutrino emissivity.

To avoid misunderstanding, we note the following. At
the first glance one might suggest that the photon self-energy
is completely determined by the above neutrino production
jM:jA+ 5, 7) diagrams, but_ With neutrino legs replaced by a photon line. If

" # so, the contributions of the electron-loop and proton-loop
where the first terrrjﬁ= —2e2<p§AM is the superconducting diagrams would accurately determine the plasmon spectrum
current, and the second terd),, contains the normal current of photon excitations with energy gap equal to a high plasma

jl”f’ and some responsr}gf"sfrom the charged condensate, i.e., frequency(at least if one drops small terms proportional to

where the current is

Substituting Eq(4) into Eq. (6), we obtain for the electro-
magnetic current
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the proton gap in the calculation of the proton—proton—holeci\”e): —cg”w”f)zl, Proton coupling is corrected by

diagram, now with an incoming and outgoing photon, asnucleon-nucleon correlations, i.e., by the facteqg, and
suggested for the corresponding neutrino procéssw does Yo 24

this relate to the massive photon spectrum of superconduct- ' |ntegrating Eq(12) over the energy variable, we obtain
ing systems? The answer is that in a system with a charge@r the ith neutrino species

condensate, in addition to the cited photon propagation dia- 4 . . . :

grams, there appear specific diagrams for photon rescattering —i(Tp *?—Tg#*)=r'Pro+ rUFre 4 700pLr, (15)
off the condensate given by terms proportionaé%@iAMA“ KikP juje

and kgogaM(DA” in the corresponding Lagrangian. Their Pur=|ght— —5 +FKP | FrP=— =,
contributions to the equation of motion for the electromag- k kL(k-u)"—k7]

netic field are, respectively, the last two condensate terms in .

the electromagnetic current in E(). The specific conden- pupz'_ e PNk Uy (16)
sate diagrams responsible for the compensation of the loop 2

diagr_am_contributiops in t.he.photon propagator make n%herej“z(k-u)k“—u“kz, (k-u)=k,u*, ki=(wk), K2
contribution to neutrino emissivity. Indeed, the neutrino legs_ k,k“=w?—KZ. The four-velocityu” of the medium is
cannqt be dilrectly. conqected tp the photon line via such "Mintroduced for the sake of covariant notation. The transverse
teractiongwithout invoking the_lnterna! structure of the con- (), longitudinal (), and axial fs) components of the
densate order parameter,; this contribution is obviously tensors in Eq(15) yield

small compared to what we have taken into accpurtus,

we have argued that in the presence of superconducting pro- 7{=7{))— 7{l)=2c{))(Ao+k?B,)

tons, neutrino pairs can be produced in the reaction shown by

the above diagrams, where the photons possess rather small _ZCV)RK(Ap“LkZBp)’ (17
masses generated by the Higgs—Meissner mechanism. M

— () _ (O m2rellg — ()

Having clarified this important issue, we are ready to "' "le 7ip 4Ky Be—cy ReByl, (18)
calculate the contribution of these processes to neutrino Tg>:7_gg_ng:(kz)s/z[cwce_g”ppcp], (19)
emissivity and compare the result with known emission
rates. whereR, = x,,/cl, ), and

A & mp) KL K e 20
3. CALCULATION OF EMISSIVITY i 2m)? ED 12 2m? m;C;, (20)

The matrix element of the above diagrams for tlie 3 2212
neutrino speciesi €{ve,v,,,v,}) is B.— d°p nj(p)  1-(PK)TE; K
j (2m)°® 2EJ) (w—pk/EY))2—K*4ED*
dp m; pk\? k* |71
C':f 3 N;(p) ('])3[(0’__") T
. (2m)* T EY E,) 4EU
E = m?+p2, (22)

Here we note that the contribution of the axial comporent

(21)

A G . A
2=~ 4 e v (I, T =TV )1, (11)

where

4
TOue— _ T d_p Ty (PG (D+k
j r (2’7T)4y I J(p) i | ](p )!

j={e,p} (12) to the resulting neutrino emissivity is small7g(/ 7

R ~mi7s/w?n~m,/my for protons and ~(m,me/pz,)
and XIn(pee/my) for electrong, so that it will be omitted.
R 1 The squared matrix elemeftl) for a certain neutrino
Gj(p):(f)+ mj)[ﬁ +2mi nj(p)é(pz— mjz) a(po)] species, summed over the lepton spins and averaged over the

pe—m (13 three photon polarizations, can be cast in the form

is the in-medium electrofiproton Green'’s function;n;(p) ()2 _ f 22| ()2 (kay)(kgy)
=0(prj—p); £ is the corresponding polarizatiorj1 four- 2 |.#0= g TG | 2mwat 2T,

vector of the massive photon, with three polarization states (k-q1) (K- Q)
in superconducting matter. The factdr, takes into account — TI(UZ( w1w2+Q1Qz—2M
nucleon-nucleon correlations in the photon vertex. The quan- k

tity G=1.17-10 ° GeV 2 is the Fermi constant of the weak
interaction. Abovel , denotes the neutrino weak current. The
electron and proton weak currents are

(kay)(kqgz)
_ZT
where k-q;2)=ww;,— (kg ), and w;, and g; , denote
(14) the frequencies and momenta of the neutrino and an-
) (o) tineutrino. We have also used the fact that{ITt"}
where c®=c{”)=1+4si? §,=1.92 and c\’=cy”  =8[qkqy+qLq}—g""(dy-dp) — 4is*" q1\da,]-
=c§,’)=1—4 sir? 9,,=0.08; 9y is the Weinberg angle, and The emissivity of our processes is given by

, (23

WP = yP(cl) —ci'ys),  WE=9"(Kpp— OaYppYs):
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_J d’qy d’q,
7 ] 2m)%20 (2m) %20, (27)2w,

> w1+w2
exd(w,+wy)/T]—1

x > 2 AP (k-a1-ay).

(24)
IZVe,V'u,VT
Substituting Eq(23) into Eg. (24), we finally obtain
T5
_ 22,2
M W TeGa |,
© dég a? o?
-[ (? wAl%) e
wherea=m, /T, and
204 3 e R (10 —c)
=Ve Vy Vs
3 2/3 X 2
X ﬁpp) (1+ E) , (26)
3 2/3)2
203\ mo A2 ()
TI(X) ax i:vgﬂ,v CV “ 2m (877 pp) } '
(27)
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expect that the procesg,— vv will dominate at compara-
tively low temperatures, when ,(T)+A,(T)—m,(T)>0
andT<T.,

4. NUMERICAL ESTIMATES

To obtain quantitative estimates we need the values of
the nucleon-nucleon correlation factor§p andl",/. Accord-
ing to Ref. 24, we can exploit

-2 fanOAnnF(fnn) (32

where f,,=—0.75 andf,,~1.25 are the constants in the
theory of finite Fermi systems;?* Co t=m¥* pg, /7 is the
density of states at the Fermi surfadk;, is the neutron—
neutron-hole loop,

2 k2
Con=iCa| 5 a3 Ga(PKIGH(P)~

6m* w?’

(33
for values of w>|k|pg,/m* of interest, andl " *(f,)=1
—2f,,CoAnn-

We note that the second term in E§2) is not propor-
tional to a small factoc| ), because the nucleon-nucleon
correlations also allow for emission ofy-pairs from the
nn~! loop. Numerical estimates of the rati®, are as fol-
lows: for a>1, we haveR,=1.6 for p=py, M} (po)
=0.8m,, andR,=2.1 for p=2py, My (2pg)=0.7m,; for

Some numerically small terms have been dropped ir<<1, we obtairR,~1 and correlation effects are negligible.

Eq. (26).

The integrall in Eq. (25 can be calculated analytically

in the two limiting casespg<<1 anda>1:

|(a>1)~@a3l2 1+% e 7?1+ r4(1)],
(28)
l(a<1)~2{(3)[n(0)+75(0)], ¢(3)=1.202. (29

Thus, combining Eqs(1l) and (25)—(28), we obtain an esti-

mate for emissivity of our reactiongve present here the

result form,>T and for three neutrino specjes

erg m,\[ m, \"?
y ~ 3/2 __7 Y
e3 o.g 26 10°Ts p( T Mev)
p 8/3
X % 1+§m—7)[1+7]], (30)
2 4/3 213
m
77=0.0003R2 —f) (ﬁ) —~0.035R, f(ﬁ) .
mp Po mp Po
(31

Here T4 denotes temperature measured in units of KO
The unity in square brackets in E0) corresponds to the
electron—electron-hole diagram, whereas the faetds re-
lated to the proton—proton-holérst term in Eq.(31)) and
the interference diagran{second term in Eq31)).

Emissivity given by Eq(30) varies with temperature as
T32 exp(—m, /T), whereas emissivity of the modified URCA

process varies ak® exy — (Ap+Ap)/T] in the region of pro-

The in-medium renormalization of the proton electric charge
included in the factol’,, can be also expressed in terms of
the constants in the theory of finite Fermi systems and the
proton—proton loop factorA,;); see Ref. 19. The latter is
suppressed at relatively low proton densities. We can there-
fore takel',~1. With these estimates, we observe that the
main contribution to neutrino emissivity comes from
electron—electron-hole processes.

The ratio of emissivitye? (30) to emlssmtysFM of the
modified URCA proces®Rpy=¢1/e""

An+Ap—m7)( m, )7’2

Rem~15- 10T 1372 ex;{

T MeV
3 p\? mim,
1+§m— o0 m*3m* [1+ 7]. (34

For further estimates we need the values of the neutron
and proton gaps, which are unfortunately model-dependent.
For instance, the evaluation in Ref. 25 yields,(0)
=8.4T. ,=0.6 MeV, T, ,=0.07 MeV for 3P, neutron pair-
ing at p=py, and A,(0)=1.76T;,=3MeV, T,
=1.7MeV for 1S proton pairing, while Ref. 26 uses
An(0)=2.1 MeV, T.,=0.25MeV andA,(0)=0.7 MeV,
Tc,p=0.4 MeV for p=p,. Employing these estimates of the
zero-temperature gaps, its temperature dependence, and the
photon effective mass, we obtain from Eg§4) the tempera-
ture dependence of the ratiRyy, .

In order to find the lower temperature limit at which the
processesy,,— vv are still operative, we need to compare
the valuee? with photon emissivity at the neutron star sur-

ton (A,#0) and neutron &, ¢0) pairing. Hence, one can face, e —30T4/R where o is the Stefan—Boltzmann con-
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a nucleon—nucleon-hole, which then radiatg thereby
substantially increasing the resulting emissivity. Other reac-
tion channels such as—>npai,v7and P— Ppair?¥ OPeN up in
the superfluid phase with paired nucle6ri&?® where n,;
(Ppair Means a paired neutrdiproton). All these reaction
channels give rise to a larger contribution to emissivity than
that of the modified URCA process estimated via free one-
pion exchange. Above we compared with ¢°M just be-
cause the latter is used in the standard scenarios of neutron
star cooling.

As we also mentioned in the Introduction, there are other
FIG. 1. Temperature dependence of the raleg andR, at nucleon den-  processes like those considered above. Emissivity of the pro-

sity p=py. Solid curves correspond to the parameter choice of Ref. 25, e .
whereas the dashed curves depict results with parameters of Ref. 26. Shadeg>SP Ym— Ppair? ¥ 1S substantially suppresselt least by a

bars indicate the temperature regions in which cooling via massive photof@CtOr e’ and also due to a much smaller phase-space vol-
decay is more efficient than standard cooling processes. ume compared to that of the procegs- ppqvv. According
to simple estimates, e.g., using E82) of Ref. 16, the pro-
cessey—evv makes a very small contribution to emissivity
stant, T denotes the surface temperature of the starRisd  both in the inner crust and in the interior of neutron stars,
the star’s radius. By employing a relatfdrbetween the sur- even when one neglects the photon mass. Thus we may con-
face and interior temperatures, we obtain Ry=z)/z, clude that the processy,,—evv also leads to a minor con-
212 tribution to emissivity at the densities and temperatures un-

R.,~1.2.10°T; %7 ex;{ _ My ( My der consideration.
’ o T /\MeV In summary, the processey,—ee '+pp l-vy
3 —\ 83 might be operative over some temperature interval
x| 1+ = —) (-) [1+ 7], (35 =10°-10°K, T<T,,, and together with other in-medium
2:my/\po modified processésthey should be incorporated into com-

where the star radius and mass are taken to be 10 km amuiter simulations of neutron star cooling.
1.4M o, with M, the solar mass ang some averaged value
of the density in the neutron star interior.

The ratiosRgy andR, are plotted as a function of the
temperature in Fig. 1 for both of the foregoing paramete
choices. We see that our new processes are operative in t
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intervals the new cooling channel might exceed known cool9ram-
ing processes by up to a factor®10
APPENDIX

5. CONCLUDING REMARKS We can also achieve the same results that led tqH.

As mentioned above. foF>T.. T... ie. inanormal PV starting with Maxwell’s equationén obvious notatioj
[l c,n: c,pr +=

plasma region of the star crust and star interior, photons with  ik.-E=4xp, ikxXB=4mj—iwE,
approximately the electron plasma freque?r)m:glm can decay
into neutrino pairs, as has been shown in previous k-B=0, kXE=wB,
estimates® At T<T,,, however, we are already dealing where the charge densipyis the superposition of the density
with massive photons in the region of proton pairing, and ouiof free charges and the density of bound charge. Full free
new reaction channels can significantly contribute to coolingcharge density being zero in our case due to local electro-
Our processes can also occur in a charged-okaon  neutrality. The currenitis a superposition of an external test
condensate state but they are suppressed due to the high efirrent and the induced current:
fective photon mass m,= J8mwe?pZ=6 MeV for the con- Cext sind
densate fieldp.=0.1m_=14 MeV. J=1
In deriving the value o%f'\" used above, one describes In normal systems, the induced curréne., the current of
the nucleon-nucleon interaction essentially by free one-piomonpaired charged particed™®= """ is related toE via lon-
exchange. In reality, however, at>(0.5—-1), the total gitudinal ¢, and transverse; dielectric constants. This con-
nucleon-nucleon interaction does not reduce to free one-pionection results in longitudinal and transverse branches of the
exchange, because of the strong polarization of the mediunglectromagnetic excitations, with an effective photon gap
whereby a significant part comes from in-medium pionicequal to the plasma frequenay, 1%1n contrast, in a super-
excitationss~"***Occurring in intermediate states of the reac- conducting system the condensate makes two other contribu-
tion, the in-medium pions can also decay ietg or firstinto  tions to the current, namelyj*= —2e2<p§A and j™s
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