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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 givef hyhich intermediates between the direct
Urca process oT® and the modified Urca process . [S0556-282(98)01910-9

PACS numbses): 97.60.Jd, 21.65:f, 23.40.Bw, 95.30.Cq

I. INTRODUCTION condition for momentum conservation g, + pge> Pen - If
the matter consists only of neutrons, protons, and electrons,
Neutron stars are made in the aftermath of type Il superthe charge neutrality requires thagi=n,, Whereni~p§i are
novae explosions which result from the gravitational corethe particle densities and thus the condition becomas, 2
collapse of massive stars. While the masses of type Il supers Pen, Or N,<8n,, and the proton fraction at threshold
novgg are greater tharMg, , where the solar madde=2  (n —gn ) is x,= 1/9. However, this threshold is not difficult
x10™ g, the masses of neutron stars are between one ang pe reached if there exist boson condensations sueh as
two solar masseldl]. The radius of a neutron stg2] is only [12] or K~ [13]. While the pion condensation due pewave

?Ezgt tlhoekcrz;'\;lrvahlllget::it;agtl)%sl dOIe(;LéLS;; r:?gﬁ}g??i\ll(ént.o tehr;teractions is not forthcoming because of the enhanced
times the normal nuclear densityy=2.65<10% g cm 3 any body effects, it may be still feasible to consider the

For comparison, the solar density is only 1.4 g¢cn kaon condensation due $owave interactions. In this review,
we thus present the calculations of the direct Urca processes

Neutron stars are born with interior temperatures of the . ;
order 20—50 MeV, but rapidly cool via neutrino emission to'" the presence of kaon condensation. We consider the con-

temperatures of less than 1 MeV within minutes. Then, thd/ioutions from both strange and nonstrange hadrons. Our
long-term cooling processes take place for abodttb01P calculations indicate that the role of hyperons is not negli-

years until the interior temperatures reacl koand photons ~ 9iPle compare to the role of nonstrange nucleons. We also
are emitted from the surface. The chief mechanism of |onggon5|der the weak neutral current contribution and find that

term cooling processes is the emission of neutrinos and arfl€ temperature deper;denc_e of the weak neutral current con-
tineutrinos from matter in the interior of the neutron star.fribution is given byT L which intermediates between the
Which reactions emitting neutrinos are most effective in re-d'BreCt Urca process of° and the modified Urca process of
moving energy from the neutron star has been the subject df - . ) .

numerous studie§3—6,8—11. The standard model of the In the'next section, Sec. I, the weak interaction for L)rca
long-term cooling is the modified Urca process, even thougProcess is reviewed in the presence of kaon condensation. In
the direct Urca process has a potential to be more effective ig€c- lll, we calculate the neutrino emissivity luminosity.
cooling neutron stars than the modified Urca process becaudd'® calculations of the averaged amplitude square and the
the temperature dependence of the direct Urca procé is phase space integration are shown in detail and the results
while that of the modified Urca process T8. The reason &€ presented for both strange and nonstrange hadrons. Then,

why the direct Urca process is not feasible in the ordinaryth® results on the weak neutral current are presented in Sec.
nuclear matter is because of the small proton fraction]V- The conclusions and discussions are followed in Sec. V.

x=n,/(ny,+n,)<0.03 [2], while the energy-momentum

conservation of the direct Urca process requires the mini-

mum proton fraction to be.=1/9. The minimum proton Il. WEAK INTERACTIONS FOR URCA PROCESSES
fraction is determined by the fact that at temperatures well IN KAON CONDENSATION

below typical Fermi temperaturesT ¢~ 102 K), fermions
participating in the process must have momenta close to the )
spond to neutrons, protons, and electrons, respectively. Sinderaction[14]. For the procesd’ —uev, the invariant ampli-
neutrino and antineutrino momenta arekT/c<pg;, the tude is given by

A. Weak interactions for Urca processes
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g — 1 g — larly, in SU(3) X SU(3)g space, the kaon condensation can
M= ——=i,y*(1— 1 — —=ey*(1— v be described by the unitary transformation given[5y16
2\/§¢u7 (1-ys)thg Msvzﬁ‘/’” (1-ys)¢ y y given[5y16]
2 . U (6, 10) = expli ut Qem eXpli OF ), (2.11)
g —NgtiN, “1 @
= — - co .
2\2My Va 2 7 (1= ¥s) ¢rqcOF whereF ,(F2),a=1~8 are the vectotaxial-vectoy charges
which satisfy the current algebra a@m is the electromag-
+ Jq)“‘ 7#(1_ 75)‘//q3in0c> Yy (1= y5) ¥, , netic chargeQ = F3+ \1/3F 5. Here the ch?ral anglé rep-
resents the amount of the kaon condensation and the factor

2.1) is its chemical potential. As one can easily see from the
' meson octet representation,

where the Cabbibo mixing is given by

uu ud us

d,’) :( co§ 6. sin 00)(d) 22 %E: 40 dd ds

S —sin 6, cos 6, — - —
su sd ss

and the quark triplety, and antitripletZq are given by 0
r.n i K+
( u) e
o= g=(u,d,s). (2.3 0
S = T — ﬂ-_ + l KO ’
2 6

Now, if we define the following currents:

—N\,
V=g v, (2.9
f2 7 (2.12
—Ng the SU(3) generator
Ae=as s, (2.5 (3)9
0 01
=Yy (1= )4, 2.6 Ne=|0 0 0 (213
and the weak interaction coupling constant 100
2 yields bothK* andK ™. Thus, the vacuum expectation value
g Gw ion. is g
_ow 2.7) of kaon condensatiow is given by
2\2My/ V2
Ci0FSy = i orS) _ [SING
then the above invariant amplitude becomes Vk=(0e" """ aK=e'""a[) = iz (2149
M= Cw 4 (2.8  Where the factor/2 comes from the normalization of two

degrees of freedork* andK ™. Since the kaon condensed
vacuum|K) is related to the ordinary meson vacul@) by

—_ 1 1 21
J (V +2i A -)CO§ +(V‘ — A# .)sing | > ~ K(é ,LL)|O> ( 5)
1+2i 1+2i c 4+5i 4+ 5i c* )
(29) one Obta|niK|K |K> as follows:

where

The time reversed reaction is also given by the Hermitian sing
conjugate and thus the effective Lagrangian for the direct (K|K*|K)=e*'*}(0]e" 10F 3K * gl OF 4|0)= ——e* ',
Urca process is given by V2
(2.19
L= G_W(J;q +H.c) (2.10  Where we calculate the facter'#! from
o NaVIBAg\Agxihs [ Nt 13\g
exp —lut explut————
B. Kaon condensation 2 2 2
As it is well known in SU(2) X SU(2)x chiral theory, the NaEihg

_aTipt4
spontaneous symmetry breaking of chiral symmetry is de- =e' 2 (217
scribed by the degenerate ground state of the Mexican-hat

shape potential as a function of and 7 fields [15]. Simi-  for K=, respectively.
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C. Weak interactions in the kaon condensation d3p d3p’ dgﬁf
The weak interactions in the presence of the kaon conden- €»= f 3f 3 f Ey—
sation is given by the similarity transformation of the origi- (2m)>) (2m) (277) 2Be] (2m)°2E,

nal weak interaction Lagrangian given by E8.10 [5,16]. XE(27)8(E' +Eo+E;—E—w)(27)3

Thus, the hadronic current in the weak interactidhgiven oL L ,

by Eq.(2.9) is now changed to the new curredit, X 8%(p' = p—Pe= Py)IM o4l *fu(E)[ 1= f4(E")]
Tr=UM(6,1) Uk (0,10). (2.18 X[1-Te(Eel, @D

where the Fermi-Dirac distribution functions for the initial
Substituting Eq.(2.11) to Eq. (2.18 and using the SU(3) and final baryonsB, andBg, respectively, and the electron

algebra, we obtaifil7], moduloe™'~t, are given by (=B, ,Bg,€)
he 4 " fi(E)= (3.2
J = COY,CoS5 (V12— AL o) BT 1t exd (BEj— ) T '
+sinA (V4 — AL) +ising.cosh(VE — AL) In Eq.(3.1), p, p’, Pe, andp, are the momenta d,,, B,
0 e, and v in the process oB,—Bg+e+v andE, E’, E,,
—icoshesing (VE_ . — AL ) and E; are the corresponding energies. It should be noted

that the energy conservation is modified by the chemical

i potential u, which stems from the time dependence of the
+§sinecsine[V§—Ag‘+ V3(VE-AB)]. (219 K~ condensation. For example, the process(K™)—n

+e~ + v requires this modification due to the appearance of

the K™ condensation in the initial state. However, this modi-

Each term in the curren§* is responsible for a specific fication should also be understood in accordance with the
channel of direct Urca process. The following summarlzes tharge conservation. For instance, the proa:esap+e+v

which current governs which channel: involves theK™ condensation in both initial and final states
due to the charge conservation and thus the cancellation of

Vi = Al Noptetr, the factoru in the energy conservation of this process is
implicit in Eq. (3.1). Before we show explicitly in the sub-
VE—AE, VE—AE, no3 +et+v, section Il B how to do the phase space integration of Eq.

(3.1, we will present first the calculations of the relevant

0 amplitude squardM ,z|?, for various baryon®, andB;.

V'g_i7_A'g_i7; n+<K>%(A +e+V,

A. Calculation of amplitude square

In order to calculate the relevant amplitudié,;, one
should know the rules to calculate the matrix elements of
_ vector and axial currentsy4 and A%, for a=1,2,...,8.
p+(K")—p+e+wr. (220  From SU(3) algebra, these are given[ig]

VE— AL+ \B(VE-AL);, n+(K )—n+e+v,

Here, it should be understood that all the processes are under " T E T )
the influence of théK ™) condensation even though we ex- (Bel ValBa)= sy (//"ITr( 2 [BaBpl), 33
plicitly write (K ™) only for the processes requiri¢l ™) in

the initial state for the charge conservation. Thus far, only
the relevant terms for the nonstrange nucleonic matter such
as the first and the last terms in E§.19 have been studied
extensively{16]. In this work, we consider the rest terms in FETY E[B BT]” 3.9
Eqg.(2.19 as well. As we shall see, it turns out that the terms 2 LT TR '
responsible for the cooling modes due to strangeness are not

negligible compared to the ones considered only for the nonwhere F+D=g, and F—D/3= ga. With these rules at
strange nucleonic matter. hand, we now show explicitly how to calculate the relevant
amplitude square. To do this, we have to consider a specific
process. As an example, we consider here the prooess

—p-+e+v. Then, the matrix elemerp|J*|n) is obtained
Since we have obtained the effective weak interaction Lafrom Eq.(2.20 as

grangian for the Urca process in the presence of kaon con-

densation, we now apply this to calculate the neutrino emis-

sivity or luminosity. From the Fermi’s “golden ruleT18],

the neutrino emissivity in the presencekof condensation is

given by|[3] Since the baryon octet is given by

_ Na
(BplA%|B,) = 11/57“751!/4 DTf(j{Ba ,BL})

[ll. NEUTRINO EMISSIVITY

<p|‘]M|n> COSHCCOS (PIVEiia—Afsialn). (3.9
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0 _ 0 _ _
A s+ p |an|2~22co§§, [Mnn|?~0.07sirf6, |M,,|?~0.3sirfé.
V2 Ve (3.12
_ 30 A . _ .
B= b ——t— n , (3.6 As we mentioned earlier, we have also considered the
V2 e strange sectors from Eq2.20 and found the results for
- o - \EA IMns-12, [Mpsol?, and|M,|? as follows;
3

[Mps-|?= § Sin?6o(1—cosd)’[4+3(ga— 39 )],
it is straightforward to calculate thé-A current matrix ele-

. _ 0 ~
ment: M s0|?= %C0320C3in2§[4+3(gA_3gA)2];

(PIVE 1 ia— Afyialn)

: : : — 0 -,
— [ NgFiNy[NgFiNg Ng—ikg Ml =§co§acsm2§[4+3(gA+gA) 1. (3.13
= 'pp'y#‘/fnl-rr )
2 2 2
o Nitidy NgHiNy As—ils Thus, we find that the ratio oM n.§0| /|Mnn| is mdgpendent
Y ¥s¢n DTr| — R of the values ofg, and g, and if we just use sif~0.22,
then in the limit of 6—0 the ratio becomes
ANi+iNo[Agtihs Ng—ik _
L e SM |M 0|2
TNCiae (3.14
T - nn
:“ﬁp'yﬂlpn_(D"'F)lﬂp')’M'YSIﬂn- (3.7

If we now use the values @fy~1.25 andg ,~0.15, then we
In order to calculate the square of the relevant amplitudeyso obtain

M,z, the hadronic current tensét*”,

o ol .
H#=(n|3#"|p)(p[I*|n) (3.9 IMpsol2 :
is then multiplied by the leptonic current tensor Therefore, the strange baryon contribution is not suppressed

at all in the cooling processes compare to the nonstrange
L= 2{pep“+ pp = (Pe.P,)g*"H (P3P, (3.9  contribution even thoug— p-+e+» process should stil
be regarded as the dominant cooling mechanism.
where we took into account the factorE2and Z&; from
the Lorentz invariant phase space integration of electron and B. Phase space integration
antineutrino in Eq(3.1). Since the baryons can be treated as

nonrelativistic particles, the momentum dependence of the Now, let us describe in detail how to do the phase space
reduced-squared-matrix elemedtL,, tums out to be S0 integration in Eq.(3.1). First, we separate the angular inte-

small that the square d&fl ,; can be replaced by the average gration defined as

value| I\Waﬁ|2 that is averaged over the momentum directions B —B—B—1
of electron and the antineutrino. We then obtain, modulo the A= | dQpdQ,rdQedQ,6°(p" —p—Pe—Py),
factor G5,/2, (3.16

- P so that the Eq(3.1) becomes
|an|2=4co§¢9ccosz§(1+39,2_\). (3.10

€= f p2dpp'2dp’ pidpep’dpE,
The same result was obtained in REL6]. Likewise, we

have computedM ;|2 and M ,,|? and verified that our re- XO(E'+Ee+E,—~E—w)
sults are same with the ones given in Réf]:

X fp(1=for)(1—fo)|M|2

12— 1 . ~ 5 28’ (3.1
IM 2= 2 sirfo,sirf6[4+3(ga—394)%], (2m)

wherep, p’, pe, andp, are the magnitudes of the mo-
mentap, p’, Pe, andp;, respectively, and the factore2

_ and &, from the Lorentz invariant phase space integration
With the nominal values ofj,~1.25, ga~0.15, and sifi.  of e and v are now absorbed ifM|? as we discussed in the
~0.22, the results ofM |2, [M,|%, and|M,,|? are esti- last subsectiofisee Eq.(3.9)]. Since the momentum of an-
mated as tineutrino is negligible compared to the Fermi momenta of

IM 2= § sirP6.sir? [ 16+ 3(ga+30a)%]. (3.11)
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fermions, we can Safe|y neg|e&1}— inside the momentum Here, the nonrelativisitic treatment of the baryons leads to
delta function in Eq(3.16 and obtain the change of integration variables as

- s s 1 > s pdp=mdE, p’dp’'=m’'dE’, (3.2
8*(p'—p—pe)=—8(Pe—|p’ — P (Qe— Q)
° wherem andm’ are the masses of the initial and final bary-
1 0 0 ons, respectively, and the relativistic treatment of the leptons
= p_— 5(coa9p—coa9p)5(ﬂe—ﬂe), yields,
€

(3.18 Pe=Ee, P;=E;. (3.22

whereQ and co# are given by the products @f p’, and

R . L Also, the Pauli factors for the fermions are given by
pe. Then the rest of the angular integration is simply re-

duced to
1
30,3 T~ T ex (E— up)/T]"
A= - (3.19
PePP
1
After we substituteA in Eq. (3.18, we obtain 1-fy= ,
1+exd — (E'—pup)/T]
327° - 2
€= 8f pdpp'dp’pedpep,dp,E, 1
(2) 1—f = (3.23
_ © 1+exg— (Ee—ue)/T]" :
X S(E'+Ee+Ey—u)fo(1—fo)(1—fo)|M|%
(3.20  Thus, the Eq(3.18 becomes
|
327mm’ 3
ej=—|M|2f dEJE EdE.E>dE, 8(E'+E.,+E,—E—pu)
(2m)® Y
1 1 1
(3.29

“ T+ exd(E—pup)/T] 1+exi— (E' —pp)IT] 1+exd— (Ee— o)l T’

Now, let us define the dimensionless variables as follows: where we neglected the temperature compare to the chemical
potentials of the fermions. This result is consistent with what

others obtained in the literatufd—@].

_E_Mp __E’_lup’ __Ee_/U«e _E
Xi= = Xo= T T T T T o KT IV. THE WEAK NEUTRAL CURRENT
(3.29 The procedure that we took for the weak interactions with

W= exchanges can be applied to the weak neutral current

Then, by substituting the energies by these dimensionles®ediated byz® similarly. One of the reasons why it is inter-
variables and using thg-equilibrium condition . + e esting to investigate the weak neutral current is because the
=pp,+p (uis the chemical potential of thé~ condensa- usual standard model without any kaon condensation sup-
tion.), the phase space integration is reduced to presses'the flavqr changing ne_utra_l current due to the GIM
mechanisnj7]. It is worth checking if indeed some channel
of flavor changing neutral current is open via the kaon con-

32w mm pe o [+ oo o densation. .
e;=—8|M| T f dxlf dxzf dxs After taking into account the GIM mechanism, the Cab-
(2m) m *°° ~Oatx) bibo mixing angles do not appear in the effective Lagrangian
0; .
y (X1 +Xp+X3)3 _457Tmm e, e for the Z” interaction;
(1+€1)(1+e*2)(1+e*3) 16X 2520 ' : G

w
(32@ L20: E{(‘JILZLO,U—'—‘]lZLO,d—*—J‘ZLO,S)IZO,M_’_ H.C.}, (41)
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where the currendyo ,, J% 4, andJyo ¢ are given by I = Ugl(a,,u)J‘Z‘O WUk(6,0)

. VE— AR . 0 VE_— AR
=3(Vo—Ag)+ 500525(\/3_'%)

1 8
I50.,= 3[(1—§sinzaw)vg—Ag

V3 0 _
3 8 +— 3c0§——2) VE—AY
+—\/6—[<1—§Sin20W)V§—A§ 6 22| Vem )
1 8 in2 cost (Vi AL) 4.7
—SIN; COS3 - , .
+3 1—§sin29W)vg—Ag, (4.2 5008, (Vs —As

whereV#=(1- gsirf@,)V*. Thus, we find that the channel

of n+(K~)—3 "+ v+ is indeed open in the presence of
(K™) condensation. While the charge of the final state is

1 4
350 4= 5[( 1- §sinza\,v)vg—Ag
obtained from the kaon condensation, this channel is one of

J3 4 the flavor changing process for tZ interaction. The rel-
+ B 1- §S|n29w Vg—Ag evant amplitude square averaged over the initial and final
spins is given by
1[(1 . in? 6 )v” A”“} (4.3 8 3
— || 1= 5sirbyw| V55— AL, . — .0 0 ) ~
2 3 |an—|2=sm2§co§§“1—§sm20W)+Z(gA—3gA)2}

(4.9
and
As one can expect from the standard model, this process is
1 4 suppressed in the limi#—0. The usuah—n+ v+ v pro-
I0 = §[<1_ —sinzew) V{,‘—Ag} cess depends also on the kaon condensation and its spin av-

eraged amplitude squal® |2 is given by

2

1 4
+—H1—§S|n20W)V§—A4. (4.4

_ 1 0\ 4 0
2_ _ a2 — i el
3 IMpn|2=4 (1 2smzz) 3S|n2¢9Wcos°-2
. - 1 ~  ,0\?
In Eq. (4.1), the leptonic currentzo , is given by 3 gat Z(gA—SgA)smzz . 4.9
MZ%Yﬂ(l— ve) b, (4.5 Following the procedure presented in Sec. Ill B, we also

calculated the neutrino emissivity from the interactions of
weak neutral current and obtained

and 6,y is the Weinberg angle in Eq&1.2)—(4.4). The effect

of the kaon condensation to the neutral currelts,,Jzo 4, 167 mm’

_ 2 7
andJzo ¢ can be obtained by the similarity transformation as €vv= 3(2m)8 Mgl T
shown in Eq.(2.19. Interestingly,Jzo 4 is invariant under
the similarity transformation, whildo ¢ is transformed to +oo +oo (X1 +X5)°
1 o T e
—or -x(1+e1)(1+e%)
qJu J*
‘JZ U ( ) ZOVSUK(eiﬂ) By nOtIng
1 5
_ — M A + — M + oo + o0 X1+ X
3(V6—Ap) sm2 5> (V5—AL) f dxlf dx, (X1+X) _720(7),
7 -x (1+e)(1+e%)
3 0\ ~ 4.1
+?<1—3co§§)(vg—Ag) “-13
where {(7)~1.00835, we find
0 6 _
+sinzcosz (VE—AE), (4.6 15(7)mm’ —
277208 T e;:%waﬁﬁﬂ (4.12

Wherevi“z (1—$sirfA,)V*. The invariance oflz0 4 under It is rather natural to expect that the temperature dependence
the similarity transformation leads to the absencenef A in this case isT’ because, compared to the procé&s
+v+v andn—3°+ v+ v processes among the flavor neu- —Bg+e+ v discussed in the last two sections, the electron
tral changing currents even if the kaon condensation iss replaced by the neutrino and thus the chemical potential of
turned on. HoweverJzo , is transformed as follows: electron,u., is replaced by the temperatufein the process
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B,—Bs+ v+ v. Thus, we observe that the temperature bethe GIM mechanism. The results of the spin averaged invari-
havior of the weak neutral current process intermediates beant amplitude squares for+(K )—3 " +v+v andn—n
tween the direct Urca process and the modified Urca process. ,,,, processes are presented in E@s8) and (4.9). How-
ever, the most interesting observation in the weak neutral
V. CONCLUSION AND DISCUSSION current contribution is that the tempe7rature dependence of
. o neutrino emissivity,e,,, is given by T'. One may easily
e e e o prosop deSIand hsbehivir by noing ha he chemica pten-
fal of the electron in the direct Urca process is replaced by

g;ﬁ?ric;:) (;Or;]iiiirllsita“c\)/?/eaﬂgvzpspr:fv(\j/rfoe;hﬁcict?lcr?cl)zy?:Zooirfg%he temperature due to the replacement of electron by the
Y plicitly neutrino in the weak neutral current. In any case, we thus

p.hgse space integration in the calculation of neutrino €MiSsphserve that the temperature behavior of the weak neutral
sivity and computed the relevant average amplitude squa

el _ '€urrent contribution intermediates between the direct Urca
[Mpgl? for the neutron decay to various baryon octet mem-yrqcess off® and the modified Urca process ©F. Further

bers,Bj, including both nonstrange and strange sectors. W@etajled numerical computations would be necessary to give
found that the ratigM ,s0|%/|M,;|> ~10 independent from a more definite assessment of which cooling modes are most

the values ofg, andg, in the limit of zero chiral angle.  efficient in the neutron stars.

This leads us to estimate the importance of the hyperons in

the cooling mechanism with the kaon condensation, which is ACKNOWLEDGMENTS
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