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Cooling modes of neutron stars
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The direct Urca process is studied in the presence of kaon condensation. We consider the contributions from
both strange and nonstrange hadrons. Our calculations indicate that the role of hyperons is as important as the
role of nonstrange nucleons in the cooling mechanism of neutron stars. We also find that the temperature
dependence of the weak neutral current contribution is given byT7, which intermediates between the direct
Urca process ofT6 and the modified Urca process ofT8. @S0556-2821~98!01910-9#

PACS number~s!: 97.60.Jd, 21.65.1f, 23.40.Bw, 95.30.Cq
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I. INTRODUCTION

Neutron stars are made in the aftermath of type II sup
novae explosions which result from the gravitational co
collapse of massive stars. While the masses of type II su
novae are greater than 8MQ , where the solar massMQ52
31033 g, the masses of neutron stars are between one
two solar masses@1#. The radius of a neutron star@2# is only
about 10 km, while the radius of our sun is 6.963105 km.
Thus, the central density could reach as high as five to
times the normal nuclear density,r052.6531014 g cm23.
For comparison, the solar density is only 1.4 g cm23.

Neutron stars are born with interior temperatures of
order 20– 50 MeV, but rapidly cool via neutrino emission
temperatures of less than 1 MeV within minutes. Then,
long-term cooling processes take place for about 105 to 106

years until the interior temperatures reach 106 K and photons
are emitted from the surface. The chief mechanism of lo
term cooling processes is the emission of neutrinos and
tineutrinos from matter in the interior of the neutron st
Which reactions emitting neutrinos are most effective in
moving energy from the neutron star has been the subjec
numerous studies@3–6,8–11#. The standard model of th
long-term cooling is the modified Urca process, even thou
the direct Urca process has a potential to be more effectiv
cooling neutron stars than the modified Urca process bec
the temperature dependence of the direct Urca process iT6,
while that of the modified Urca process isT8. The reason
why the direct Urca process is not feasible in the ordin
nuclear matter is because of the small proton fract
x5np /(np1nn),0.03 @2#, while the energy-momentum
conservation of the direct Urca process requires the m
mum proton fraction to bexc51/9. The minimum proton
fraction is determined by the fact that at temperatures w
below typical Fermi temperatures (TF;1012 K!, fermions
participating in the process must have momenta close to
Fermi momentapFi , where subscriptsi 5n, p, ande corre-
spond to neutrons, protons, and electrons, respectively. S
neutrino and antineutrino momenta are;kT/c!pFi , the
570556-2821/98/57~10!/5963~7!/$15.00
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condition for momentum conservation ispFp1pFe.pFn . If
the matter consists only of neutrons, protons, and electr
the charge neutrality requires thatnp5ne , whereni;pFi

3 are
the particle densities and thus the condition becomes 2pFp

.pFn , or nn,8np , and the proton fraction at threshol
(nn58np) is xc51/9. However, this threshold is not difficu
to be reached if there exist boson condensations such asp2

@12# or K2 @13#. While the pion condensation due top-wave
interactions is not forthcoming because of the enhan
many body effects, it may be still feasible to consider t
kaon condensation due tos-wave interactions. In this review
we thus present the calculations of the direct Urca proce
in the presence of kaon condensation. We consider the
tributions from both strange and nonstrange hadrons.
calculations indicate that the role of hyperons is not ne
gible compare to the role of nonstrange nucleons. We a
consider the weak neutral current contribution and find t
the temperature dependence of the weak neutral current
tribution is given byT7, which intermediates between th
direct Urca process ofT6 and the modified Urca process o
T8.

In the next section, Sec. II, the weak interaction for Ur
process is reviewed in the presence of kaon condensatio
Sec. III, we calculate the neutrino emissivity~or luminosity!.
The calculations of the averaged amplitude square and
phase space integration are shown in detail and the re
are presented for both strange and nonstrange hadrons. T
the results on the weak neutral current are presented in
IV. The conclusions and discussions are followed in Sec.

II. WEAK INTERACTIONS FOR URCA PROCESSES
IN KAON CONDENSATION

A. Weak interactions for Urca processes

We start from the quark-based standard model weak
teraction@14#. For the processd8→uen̄, the invariant ampli-
tude is given by
5963 © 1998 The American Physical Society
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M5
g

2A2
c̄ugm~12g5!cd8

1

MW
2

g

2A2
c̄eg

m~12g5!cn

5S g

2A2MW
D 2S c̄q

l11 il2

2
gm~12g5!cqcosuc

1c̄q

l41 il5

2
gm~12g5!cqsinucD c̄eg

m~12g5!cn ,

~2.1!

where the Cabbibo mixing is given by

S d8
s8 D 5S cosuc sin uc

2sin uc cosuc
D S d

sD ~2.2!

and the quark tripletcq and antitripletc̄q are given by

cq5S u
d
s
D , c̄q5~ ū,d̄, s̄!. ~2.3!

Now, if we define the following currents:

Va
m5c̄q

la

2
gmcq , ~2.4!

Aa
m5c̄q

la

2
gmg5cq , ~2.5!

l m5c̄eg
m~12g5!cn , ~2.6!

and the weak interaction coupling constant

S g

2A2MW
D 2

5
GW

A2
, ~2.7!

then the above invariant amplitude becomes

M5
GW

A2
Jml m , ~2.8!

where

Jm5~V112i
m 2A112i

m !cosuc1~V415i
m 2A415i

m !sinuc .
~2.9!

The time reversed reaction is also given by the Hermit
conjugate and thus the effective Lagrangian for the dir
Urca process is given by

L5
GW

A2
~Jml m1H.c.!. ~2.10!

B. Kaon condensation

As it is well known in SU(2)L3SU(2)R chiral theory, the
spontaneous symmetry breaking of chiral symmetry is
scribed by the degenerate ground state of the Mexican
shape potential as a function ofs and p fields @15#. Simi-
n
ct

-
at

larly, in SU(3)L3SU(3)R space, the kaon condensation c
be described by the unitary transformation given by@5,16#

UK~u,m!5exp~ imtQ̂em!exp~ iuF4
5!, ~2.11!

whereFa(Fa
5),a51;8 are the vector~axial-vector! charges

which satisfy the current algebra andQ̂em is the electromag-
netic chargeQ̂em5F31A1/3F8. Here the chiral angleu rep-
resents the amount of the kaon condensation and the factm
is its chemical potential. As one can easily see from
meson octet representation,

cqc q̄5S uū ud̄ u s̄

dū dd̄ d s̄

sū sd̄ s s̄
D

5S p0

A2
1

h

A6
p1 K1

p2
2

p0

A2
1

h

A6
K0

K2 K0 2A2

3
h

D ,

~2.12!

the SU(3) generator

l45S 0 0 1

0 0 0

1 0 0
D ~2.13!

yields bothK1 andK2. Thus, the vacuum expectation valu
of kaon condensationvK is given by

vK5^0ue2 iuF4
5
K6eiuF4

5
u&5

f sinu

A2
, ~2.14!

where the factorA2 comes from the normalization of tw
degrees of freedomK1 and K2. Since the kaon condense
vacuumuK& is related to the ordinary meson vacuumu0& by

uK&5UK~u,m!u0&, ~2.15!

one obtainŝ KuK6uK& as follows:

^KuK6uK&5e7 imt^0ue2 iuF4
5
K6eiuF4

5
u0&5

f sinu

A2
e7 imt,

~2.16!

where we calculate the factore7 imt from

expS 2 imt
l31A1/3l8

2 D l46 il5

2
expS imt

l31A1/3l8

2 D
5e7 imt

l46 il5

2
~2.17!

for K6, respectively.
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57 5965COOLING MODES OF NEUTRON STARS
C. Weak interactions in the kaon condensation

The weak interactions in the presence of the kaon cond
sation is given by the similarity transformation of the orig
nal weak interaction Lagrangian given by Eq.~2.10! @5,16#.
Thus, the hadronic current in the weak interactionJm given
by Eq. ~2.9! is now changed to the new currentJ̃m,

J̃m5UK
21~u,m!JmUK~u,m!. ~2.18!

Substituting Eq.~2.11! to Eq. ~2.18! and using the SU(3)
algebra, we obtain@17#, moduloe7 imt,

J̃m5cosuccos
u

2
~V112i

m 2A112i
m !

1sinuc~V4
m2A4

m!1 isinuccosu~V5
m2A5

m!

2 icosucsin
u

2
~V62 i7

m 2A62 i7
m !

1
i

2
sinucsinu@V3

m2A3
m1A3~V8

m2A8
m!#. ~2.19!

Each term in the currentJ̃m is responsible for a specifi
channel of direct Urca process. The following summariz
which current governs which channel:

V112i
m 2A112i

m ; n→p1e1 n̄,

V4
m2A4

m , V5
m2A5

m ; n→S21e11n,

V62 i7
m 2A62 i7

m ; n1^K2&→S S0

L D1e1 n̄,

V3
m2A3

m1A3~V8
m2A8

m!; n1^K2&→n1e1 n̄,

p1^K2&→p1e1 n̄. ~2.20!

Here, it should be understood that all the processes are u
the influence of thêK2& condensation even though we e
plicitly write ^K2& only for the processes requiring^K2& in
the initial state for the charge conservation. Thus far, o
the relevant terms for the nonstrange nucleonic matter s
as the first and the last terms in Eq.~2.19! have been studied
extensively@16#. In this work, we consider the rest terms
Eq. ~2.19! as well. As we shall see, it turns out that the ter
responsible for the cooling modes due to strangeness are
negligible compared to the ones considered only for the n
strange nucleonic matter.

III. NEUTRINO EMISSIVITY

Since we have obtained the effective weak interaction
grangian for the Urca process in the presence of kaon c
densation, we now apply this to calculate the neutrino em
sivity or luminosity. From the Fermi’s ‘‘golden rule’’@18#,
the neutrino emissivity in the presence ofK2 condensation is
given by @3#
n-

s

der

y
ch

s
not
n-

-
n-
s-

en̄5E d3pW

~2p!3E d3pW 8

~2p!3E d3pW e

~2p!32Ee
E d3pW n̄

~2p!32En̄

3En̄~2p!d~E81Ee1En̄2E2m!~2p!3

3d3~pW 82pW 2pW e2pW n̄ !uMabu2f a~E!@12 f b~E8!#

3@12 f e~Ee!#, ~3.1!

where the Fermi-Dirac distribution functions for the initi
and final baryons,Ba andBb , respectively, and the electro
are given by (i 5Ba ,Bb ,e)

f i~Ei !5
1

11exp@~Ei2m i ! /T#
. ~3.2!

In Eq. ~3.1!, pW , pW 8, pW e , andpW n̄ are the momenta ofBa , Bb ,
e, and n̄ in the process ofBa→Bb1e1 n̄ and E, E8, Ee,
and En̄ are the corresponding energies. It should be no
that the energy conservation is modified by the chem
potentialm, which stems from the time dependence of t
K2 condensation. For example, the processn1^K2&→n

1e21 n̄ requires this modification due to the appearance
theK2 condensation in the initial state. However, this mo
fication should also be understood in accordance with
charge conservation. For instance, the processn→p1e1 n̄
involves theK2 condensation in both initial and final state
due to the charge conservation and thus the cancellatio
the factorm in the energy conservation of this process
implicit in Eq. ~3.1!. Before we show explicitly in the sub
section III B how to do the phase space integration of E
~3.1!, we will present first the calculations of the releva
amplitude square,uMabu2, for various baryonsBa andBb .

A. Calculation of amplitude square

In order to calculate the relevant amplitudeMab , one
should know the rules to calculate the matrix elements
vector and axial currents,Va

m and Aa
m , for a51,2,. . . ,8.

From SU(3) algebra, these are given by@16#

^BbuVa
muBa&5c̄bgmcaiTrS la

2
@Ba ,Bb

† # D , ~3.3!

^BbuAa
muBa&5c̄bgmg5caFDTrS la

2
$Ba ,Bb

†% D
1FTrS la

2
@Ba ,Bb

† # D G , ~3.4!

where F1D5gA and F2D/35 g̃A. With these rules at
hand, we now show explicitly how to calculate the releva
amplitude square. To do this, we have to consider a spe
process. As an example, we consider here the procesn

→p1e1 n̄. Then, the matrix element^pu J̃mun& is obtained
from Eq. ~2.20! as

^pu J̃mun&5cosuccos
u

2
^puV11 i2

m 2A11 i2
m un&. ~3.5!

Since the baryon octet is given by
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B5S S0

A2
1

L

A6
S1 p

S2
2

S0

A2
1

L

A6
n

J2 J0 2A2

3
L

D , ~3.6!

it is straightforward to calculate theV-A current matrix ele-
ment:

^puV11 i2
m 2A11 i2

m un&

5c̄pgmcniTrS l11 il2

2 Fl61 il7

2
,
l42 il5

2 G D
2c̄pgmg5cnH DTrS l11 il2

2

l61 il7

2
,
l42 il5

2 D
1FTrS l11 il2

2 Fl61 il7

2
,
l42 il5

2 G D J
5 i c̄pgmcn2~D1F !c̄pgmg5cn . ~3.7!

In order to calculate the square of the relevant amplitu
Mab , the hadronic current tensorHmn,

Hmn5^nu J̃m†up&^pu J̃ nun& ~3.8!

is then multiplied by the leptonic current tensor

Lmn52$pe
npn̄

m
1pe

mpn̄
n
2~pe .pn̄ !gmn%/~pe

0pn̄
0
!, ~3.9!

where we took into account the factors 2Ee and 2En̄ from
the Lorentz invariant phase space integration of electron
antineutrino in Eq.~3.1!. Since the baryons can be treated
nonrelativistic particles, the momentum dependence of
reduced-squared-matrix elementHmnLmn turns out to be so
small that the square ofMab can be replaced by the averag
valueuM̄abu2 that is averaged over the momentum directio
of electron and the antineutrino. We then obtain, modulo
factor GW

2 /2,

uM̄npu254cos2uccos2
u

2
~113gA

2 !. ~3.10!

The same result was obtained in Ref.@16#. Likewise, we
have computeduM̄nnu2 and uM̄ ppu2 and verified that our re-
sults are same with the ones given in Ref.@16#:

uM̄nnu25 1
4 sin2ucsin2u@413~gA23 g̃A!2#,

uM̄ ppu25 1
4 sin2ucsin2u@1613~gA13 g̃A!2#. ~3.11!

With the nominal values ofgA'1.25, g̃A'0.15, and sinuc

'0.22, the results ofuM̄npu2, uM̄nnu2, and uM̄ ppu2 are esti-
mated as
e

d
s
e

s
e

uM̄npu2'22cos2
u

2
, uM̄nnu2'0.07sin2u, uM̄ ppu2'0.3sin2u.

~3.12!

As we mentioned earlier, we have also considered
strange sectors from Eq.~2.20! and found the results fo
uM̄nS2u2, uM̄nS0u2, anduM̄nLu2 as follows;

uM̄nS2u25 1
4 sin2uc~12cosu!2@413~gA23 g̃A!2#,

uM̄nS0u25 1
2 cos2ucsin2

u

2
@413~gA23 g̃A!2#,

uM̄nLu25 3
2 cos2ucsin2

u

2
@413~gA1 g̃A!2#. ~3.13!

Thus, we find that the ratio ofuM̄nS0u2/uM̄nnu2 is independent
of the values ofgA and g̃A and if we just use sinuc'0.22,
then in the limit ofu→0 the ratio becomes

uM̄nS0u2

uM̄nnu2
'10. ~3.14!

If we now use the values ofgA'1.25 andg̃A'0.15, then we
also obtain

uM̄nLu2

uM̄nS0u2
'5. ~3.15!

Therefore, the strange baryon contribution is not suppres
at all in the cooling processes compare to the nonstra
contribution even thoughn→p1e1 n̄ process should still
be regarded as the dominant cooling mechanism.

B. Phase space integration

Now, let us describe in detail how to do the phase sp
integration in Eq.~3.1!. First, we separate the angular int
gration defined as

A5E dVpdVp8dVedVn̄d3~pW 82pW 2pW e2pW n̄ !,

~3.16!

so that the Eq.~3.1! becomes

en̄5E p2dpp82dp8pe
2dpepn̄

2
dpn̄En̄

3d~E81Ee1En̄2E2m!

3 f p~12 f p8 !~12 f e!uM̄ u2
A

~2p!8
, ~3.17!

where p, p8, pe , and pn̄ are the magnitudes of the mo
mentapW , pW 8, pW e , andpW n̄ , respectively, and the factors 2Ee
and 2En̄ from the Lorentz invariant phase space integrat
of e and n̄ are now absorbed inuM̄ u2 as we discussed in th
last subsection@see Eq.~3.9!#. Since the momentum of an
tineutrino is negligible compared to the Fermi momenta
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fermions, we can safely neglectpW n̄ inside the momentum
delta function in Eq.~3.16! and obtain

d3~pW 82pW 2pW e!5
1

pe
2
d~pe2upW 82pW u!d~Ve2Ve

0!

5
1

pepp8
d~cosup2cosup

0!d~Ve2Ve
0!,

~3.18!

whereVe
0 and cosup

0 are given by the products ofpW , pW 8, and

pW e . Then the rest of the angular integration is simply
duced to

A5
32p3

pepp8
. ~3.19!

After we substituteA in Eq. ~3.18!, we obtain

en̄5
32p3

~2p!8E pdpp8dp8pedpepn̄
2
dpn̄En̄

3d~E81Ee1En̄2m! f p~12 f p8!~12 f e!uM̄ u2.

~3.20!
s:

le
-

Here, the nonrelativisitic treatment of the baryons leads
the change of integration variables as

pdp5mdE, p8dp85m8dE8, ~3.21!

wherem andm8 are the masses of the initial and final bar
ons, respectively, and the relativistic treatment of the lept
yields,

pe5Ee , pn̄5En̄ . ~3.22!

Also, the Pauli factors for the fermions are given by

f p5
1

11exp@~E2mp!/T#
,

12 f p85
1

11exp@2 ~E82mp8!/T#
,

12 f e5
1

11exp@2 ~Ee2me!/T#
. ~3.23!

Thus, the Eq.~3.18! becomes
en̄5
32p3mm8

~2p!8
uM̄ u2E dEdE8EedEeEn̄

3
dEn̄d~E81Ee1En̄2E2m!

3
1

11exp@~E2mp!/T#

1

11exp@2 ~E82mp8!/T#

1

11exp@2 ~Ee2me!/T#
. ~3.24!
ical
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up-
IM

el
on-

b-
ian
Now, let us define the dimensionless variables as follow

x15
E2mp

T
, x252

E82mp8
T

, x352
Ee2me

T
, x45

En̄

T
.

~3.25!

Then, by substituting the energies by these dimension
variables and using theb-equilibrium conditionmp81me
5mp1m (m is the chemical potential of theK2 condensa-
tion.!, the phase space integration is reduced to

en̄5
32p3mm8me

~2p!8
uM̄ u2T6E

2`

1`

dx1E
2`

1`

dx2E
2~x11x2!

`

dx3

3
~x11x21x3!3

~11ex1!~11ex2!~11ex3!
5

457pmm8me

1632520
uM̄ u2T6,

~3.26!
ss

where we neglected the temperature compare to the chem
potentials of the fermions. This result is consistent with wh
others obtained in the literature@4–6#.

IV. THE WEAK NEUTRAL CURRENT

The procedure that we took for the weak interactions w
W6 exchanges can be applied to the weak neutral cur
mediated byZ0 similarly. One of the reasons why it is inter
esting to investigate the weak neutral current is because
usual standard model without any kaon condensation s
presses the flavor changing neutral current due to the G
mechanism@7#. It is worth checking if indeed some chann
of flavor changing neutral current is open via the kaon c
densation.

After taking into account the GIM mechanism, the Ca
bibo mixing angles do not appear in the effective Lagrang
for the Z0 interaction;

LZ05
GW

A2
$~JZ0,u

m
1JZ0,d

m
1JZ0,s

m
!l Z0,m1H.c.%, ~4.1!
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where the currentJZ0,u
m , JZ0,d

m , andJZ0,s
m are given by

JZ0,u
m

5
1

3 F S 12
8

3
sin2uWDV0

m2A0
mG

1
A3

6 F S 12
8

3
sin2uWDV8

m2A8
mG

1
1

2 F S 12
8

3
sin2uWDV3

m2A3
mG , ~4.2!

JZ0,d
m

5
1

3 F S 12
4

3
sin2uWDV0

m2A0
mG

1
A3

6 F S 12
4

3
sin2uWDV8

m2A8
mG

2
1

2 F S 12
4

3
sin2uWDV3

m2A3
mG , ~4.3!

and

JZ0,s
m

5
1

3 F S 12
4

3
sin2uWDV0

m2A0
mG

1
1

A3
F S 12

4

3
sin2uWDV8

m2A8
mG . ~4.4!

In Eq. ~4.1!, the leptonic currentl Z0,m is given by

l Z0,m5c̄ngm~12g5!cn , ~4.5!

anduW is the Weinberg angle in Eqs.~4.2!–~4.4!. The effect
of the kaon condensation to the neutral currentsJZ0,u ,JZ0,d ,
andJZ0,s can be obtained by the similarity transformation
shown in Eq.~2.19!. Interestingly,JZ0,d is invariant under
the similarity transformation, whileJZ0,s is transformed to

J̃ Z0,s
m

5UK
21~u,m!JZ0,s

m UK~u,m!

5
1

3
~ Ṽ0

m2A0
m!1

1

2
sin2

u

2
~ Ṽ3

m2A3
m!

1
A3

6 S 123cos2
u

2D ~ Ṽ8
m2A8

m!

1sin
u

2
cos

u

2
~ Ṽ5

m2A5
m!, ~4.6!

where Ṽi
m5(12 4

3 sin2uW)Vi
m . The invariance ofJZ0,d under

the similarity transformation leads to the absence ofn→L

1n1 n̄ andn→S01n1 n̄ processes among the flavor ne
tral changing currents even if the kaon condensation
turned on. However,JZ0,u is transformed as follows:
is

J̃ Z0,u
m

5UK
21~u,m!JZ0,u

m UK~u,m!

5
1

3
~V̄0

m2A0
m!1

1

2
cos2

u

2
~V̄3

m2A3
m!

1
A3

6 S 3cos2
u

2
22D ~V̄8

m2A8
m!

2sin
u

2
cos

u

2
~V̄5

m2A5
m!, ~4.7!

whereV̄i
m5(12 8

3 sin2uW)Vi
m . Thus, we find that the channe

of n1^K2&→S21n1 n̄ is indeed open in the presence
^K2& condensation. While the charge of the final state
obtained from the kaon condensation, this channel is on
the flavor changing process for theZ0 interaction. The rel-
evant amplitude square averaged over the initial and fi
spins is given by

uM̄nS2u25sin2
u

2
cos2

u

2 F S 12
8

3
sin2uWD1

3

4
~gA23 g̃A!2G .

~4.8!

As one can expect from the standard model, this proces
suppressed in the limitu→0. The usualn→n1n1 n̄ pro-
cess depends also on the kaon condensation and its spi
eraged amplitude squareuM̄nnu2 is given by

uM̄nnu254H F S 12
1

2
sin2

u

2D2
4

3
sin2uWcos2

u

2 G2

13S gA1
1

4
~gA23 g̃A!sin2

u

2 D 2J . ~4.9!

Following the procedure presented in Sec. III B, we a
calculated the neutrino emissivity from the interactions
weak neutral current and obtained

enn̄5
16p3mm8

3~2p!8
uM̄abu2T7

3E
2`

1`

dx1E
2x1

1`

dx2

~x11x2!5

~11ex1!~11ex2!
. ~4.10!

By noting

E
2`

1`

dx1E
2x1

1`

dx2

~x11x2!5

~11ex1!~11ex2!
5720z~7!,

~4.11!

wherez(7)'1.00835, we find

enn̄5
15z~7!mm8

p5
uM̄abu2T7. ~4.12!

It is rather natural to expect that the temperature depende
in this case isT7 because, compared to the processBa

→Bb1e1 n̄ discussed in the last two sections, the electr
is replaced by the neutrino and thus the chemical potentia
electron,me , is replaced by the temperatureT, in the process
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Ba→Bb1n1 n̄. Thus, we observe that the temperature
havior of the weak neutral current process intermediates
tween the direct Urca process and the modified Urca proc

V. CONCLUSION AND DISCUSSION

In this paper, we have presented the derivation of
effective Lagrangian for the Urca processes in the prese
of kaon condensation and applied to the calculations of
neutrino emissivity. We have shown explicitly how to do t
phase space integration in the calculation of neutrino em
sivity and computed the relevant average amplitude squ
uM̄nbu2 for the neutron decay to various baryon octet me
bers,Bb , including both nonstrange and strange sectors.
found that the ratiouM̄nS0u2/uM̄nnu2 '10 independent from
the values ofgA andgÃ in the limit of zero chiral angleu.
This leads us to estimate the importance of the hyperon
the cooling mechanism with the kaon condensation, whic
comparable with the nonstrange nucleon contributions.
have also extended our calculations to include the weak n
tral current contributions generated byZ0. We find that the
kaon condensation influences the currentJZ0,u

m for u→unn̄,

while the currentJZ0,d
m for d→dnn̄ is not affected by the

kaon condensation. Thus, then1^K2&→S21n1 n̄ channel
is indeed open in the presence of kaon condensation e
though this channel is absent in the standard model du
e
,

se

C

ys

tro
-
e-
ss.

e
ce
e

s-
re
-
e

in
is
e
u-

en
to

the GIM mechanism. The results of the spin averaged inv
ant amplitude squares forn1^K2&→S21n1 n̄ and n→n

1nn̄ processes are presented in Eqs.~4.8! and ~4.9!. How-
ever, the most interesting observation in the weak neu
current contribution is that the temperature dependence
neutrino emissivity,enn̄ , is given by T7. One may easily
understand this behavior by noting that the chemical pot
tial of the electron in the direct Urca process is replaced
the temperature due to the replacement of electron by
neutrino in the weak neutral current. In any case, we t
observe that the temperature behavior of the weak neu
current contribution intermediates between the direct U
process ofT6 and the modified Urca process ofT8. Further
detailed numerical computations would be necessary to g
a more definite assessment of which cooling modes are m
efficient in the neutron stars.
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