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Neutrino emission from Goldstone modes in dense quark matter
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We calculate neutrino emissivities from the decay and scattering of Goldstone bosons in the color-flavor-
locked (CFL) phase of quarks at high baryon density. Interactions in the CFL phase are described by an
effective low-energy theory. For temperatures in the tens of keV range, relevant to the long-term cooling of
neutron stars, the emissivities involving Goldstone bosons dominate over those involving quarks, because gaps
in the CFL phase are-100 MeV while the masses of Goldstone modes are on the order of 10 MeV. For the
same reason, the specific heat of the CFL phase is also dominated by the Goldstone modes. Notwithstanding
this, both the emissivity and the specific heat from the massive modes remain rather small, because of their
extremely small number densities. The values of the emissivity and the specific heat imply that the time scale
for the cooling of the CFL core is-10?® yr, which makes the CFL phase invisible as the exterior layers of
normal matter surrounding the core will continue to cool through significantly more rapid processes. If the CFL
phase appears during the evolution of a protoneutron star, neutrino interactions with Goldstone bosons are
expected to be significantly more important since temperatures are high ene@gh-40 MeV) to admit large
number densities of Goldstone modes.
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[. INTRODUCTION to pair which results in a gap in their excitation spectrum that
may be as large a8=100 MeV[10,11]. The quark Cooper
Neutrino emission and interactions in matter at highpairs are antisymmetric in color. If only two flavors partici-
baryon density play crucial roles in astrophysical phenomenaate, the pair wave functions have the structe?&u®d®,
such as core collapse supernovae and neutron[dfafdeu-  wherea,b, andc are color indices. This implies that color
trinos drive supernova dynamics from beginning to end: theysU(3) is broken toSU(2) by a Higgs mechanism and that
become trapped within the star’s core early in the collapsegne type of quark and three types of gluons remain massless.
forming a vast energetic reservoir, and their eventual emisThese degrees of freedom will dominate the low energy ex-
sion from the protoneutron star is prodigious enough—citations of the systerhlf the baryon chemical potentialg
containing nearly all the energy{(10°2 ergs) released in the s very large, we expect that all three light flavors participate.
explosion—to dramatically control subsequent evei@k In this case, the wave function of the Cooper pairs is ex-
The v-luminosity and the time scale over whials remain  pected to be color-flavor lockdd2-15. Color-flavor lock-
observable from a protoneutron star are also governed big implies that all quarks and gluons acquire a gap.
charged and neutral current interactions involving matter at Because the critical temperature associated with color su-
high baryon density3]. The long-term cooling of a neutron perconductivity is large, we expect that quark matter existing
star, up to a million years of age, is controlled by in the core of a neutron star will be in a superconducting
v-emissivity and the specific heat of the densest parts of thstate. This leads to the question whether one can infer the
star; during this time the star is observable through photompresence of a color superconducting core from astronomical
emissions, which may allow us to determine the star’s masgbservation, and whether such observations can distinguish
radius, and internal constitutigd]. The tabulation of surface among the different color superconducting phases.
temperatures and ages of neutron stars is currently one of the Color superconductivity is a Fermi surface phenomenon
primary goals of x-ray astronomy. and its effect on the equation of state is expected to be small.
Collins and Pern|5] noted that the superdense matter inThe impact of a diquark condensed phase on the long-term
neutron star cores might consist of weakly interacting quarkgooling of neutron stars was studied[it6,17]. These works
rather than of hadrons, due to the asymptotic freedom oéxplored the consequences of neutrino emission processes
QCD. Asymptotic freedom implies that, at very high baryonthat involved gapped quarks. The cooling of a pure quark
density, for which the baryon chemical potentialg star, considered ifi16], implied that cooling would occur
>Aqcp, QCD is amenable to perturbative techniques.very fast, indeed too fast to be consistent with the existing
However, recent studies have shown that the naive ground
state of the system, a Fermi liquid of weakly interacting
quarks, is unstable with respect to the formation of diquark !if the temperature is very small,<1 keV, the ungapped quark
condensate5—9]. Attractive interactions induce the quarks may acquire a gap and the gluons will be confined into glueballs.
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x-ray data. If17], in which a hybrid star with a mixed phase the specific heat of the ambient matter. We therefore assess
of hadrons and quarks was considered, large quark gaps retire contribution of the Goldstone modes in Sec. IV. Our prin-
dered quark matter invisible and vanishing quark gaps led tgipal findings are summarized in Sec. V. Utilizing our results
cooling behaviors which were indistinguishable from thosefor the emissivity and specific heat, we estimate the time
of normal stars. A possible connection between the occurscale over which a CFL phase core cools in the concluding
rence of quark matter in neutron stars and neutron stagec. VI. Here, we also comment on the expected role of
glitches was proposed [18]. Neutrino diffusion in the two-  neytrino interactions with Goldstone bosons in the evolution
flavor superconducting2SQO condensed phase was investi- of 5 PNS, in which temperatures in the range of 20—40 MeV

gated in[19]. _ are encountered.
In this paper, we focus our attention on the long-term

cooling stage, which begins when the star’'s temperature has
dropped to a few tenths of an MeV-(10° K or Tg=1) and
when most of its lepton content has been lost due to neutrino
radiation during the so-called protoneutron gaNS evo- The low energy excitations of the CFL phase are two
lution that lasts about a minute or so. The extent of a quarkinglet modes associated with(1)g and U(1), symmetry
phase is maximized when the trapped neutrinos have left thand an octet of Goldstone modes associated with chiral sym-
star[20]. Thereafter, the star continues to lose its energy bymetry breaking. The octet is described by a low energy
radiating low-energy neutrinos until it enters a photon cool-theory that bears strong resemblance to chiral perturbation
ing epoch and its surface temperature may be estimated hteory[22—24. The Goldstone modes are parametrized by a
the detection of x rays. Coupled with an independent esti3x 3 unitary matrixU which is a color singlet, transforming
mate of the star’s age, the cooling history of the star may beinderSU(3), X SU(3)g asU—g, UgL, whereU is related

inferred. to axial-like fluctuations of the left and right handed diquark
In a phase in which all quarks are gapped, the neutringie|ds:

emissivity from the direct Urca processels+{¢—f, C be i bl ck . e b ok
+v,f,—f,+€+v, wheref, andf, are quarks and is L~ e (qlar)*, R¥~e* %" (agaR)™,
either an electron or muon, are strongly suppressed due to q
the energy cost{A) involved in breaking the paitThe &"
modified Urca process, which contains an additional quark in _| pt

X : o U=LR" 1)
both the entrance and exit channels, is additionally sup-
pressed. However, there are other mechanisms for neutrinorhe fieldsL andR carry color (jk) and flavor @bc), and

emission from this phase. One such process is the pair breagansform undeg;c SU(3); and g.C SU(3)c (wheref de-
ing and recombination of quarkE21]. This process can potes left or right handed flavoas
dominate over conventional cooling modes just below the

transition temperaturé.~A/2. We demonstrate here that as L—>gLLgE and R—>gRRgE, 2)

the temperature falls belov., neutrino emission will be

dominated by decay of massless or almost massless collerespectively. The low energy effective theory is governed by

tive modes, hereafter denoted By that are associated with the Lagrangian

the breakdown of a global symmetry. The low energy exci-

tations of CFL quark matter are an exactly massless mode

associated with the breakdown of th€1) of baryon num-

ber and a very light octet and singlet of Nambu-Goldstone

bosons associated with the breaking of the exa(3), wherev . is the Goldstone boson velocity and we have sup-

X SU(3)g chiral and approximaté (1), axial symmetry. pressed mass terms and higher derivative terms. The chiral
The purpose of this work is to provide benchmark esti-field U can be related to the octet meson field by

mates of the neutrino emissivity from the electroweak decays-= exp(#*A\%f ), where theSU(3) generatora® are normal-

of Goldstone modes. In Sec. Il, we employ an effectiveized as trA\P]=25%".

theory of CFL Goldstone modes coupled to electroweak In the weak coupling limit, we have?=1/3. As a con-

gauge fields. Specifically, we calculate the neutrino emissivsequence of the breaking of Lorentz invariance in matter,

Il. ELECTROWEAK INTERACTIONS OF GOLDSTONE
MODES IN THE CFL PHASE

f2
Legr=— T dUaU —0ZgUa U™+, (3)

ity from the processes: o there are two pion decay constants,and fg, which char-
D) 75 =1+, K="+, acterize the coupling of the pion to the temporal and the
) 7°(n,7')— v+, and spatial components of the.axial-vector current. Thezeffective
&) ¢>+¢>—>¢>+v+7, Lagrangian in Eq(3) implies thatf{=f_ and fg=v%f .

This result is consistent with axial-vector current conserva-
and compare our results to those from previously studiedion in the limitm,— 0. We observe thetrw?— f<g?=0 for
v-emission processes. In Sec. lll, we calculate the photoan on-shell pion.
emissivity from the pion electromagnetic radiative two- The extension to include electroweak interactions has
photon decays°—7y+7. This is followed by a discussion been discussed in previous work25,27. Here, we follow
of photon-Goldstone boson interactions in the CFL phas€26] in introducing the electroweak gauge fields via minimal
The cooling behavior of a neutron star is also governed byoupling:
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absolutely stable, was already discussed3|. Here, we

i
D,L=4d,L—-ieA,QL— i[W;(rHLW;a*]L will encounter a second one, the presence of the “helicity
V2 forbidden” decaym®— vv.
19 o s - _
) Cosngﬂ-[o- —2Qsirfow]L, (4) A. Neutrino emissivity from = (p)—1*(p,) +v,(p>)

Substituting Eq(4) into the effective Lagrangian, we ob-
ig tain the relevant interaction term for charged pion decay:
2 coYy

D,R=4,R—ieA,QR+ Z%[2Q sir?6y,IR. f
ﬁwﬂz%(wgaoﬁ+Wga07r—)—(fﬁfs,oﬂi).
Here, A is the electromagnetic fiefdwhich couples with -
strengthQ = diag(2/3;- 1/3,— 1/3) to theu,d, ands quarks, @)
WandZ are theSU(2) electroweak gauge fieldsg is the e pion decay constafit, has been estimated using various
weak c_oupllng constant,_arﬁi,\,_ls the Weinberg angle._The methods in the literaturf24,25. In Ref.[24], it was com-

o matrices a}re the Pauli matrices $1J(2) embedded into puted by matching a chiral effective theory with a micro-
flavor SU(3): scopic theory of quasiparticles and holes near the Fermi sur-

face. Explicitly,

0 1 0 0 0 O
o =0 0 0|, o= 1 0 O], f2:21—8ln2,u_2 ®
0 00 0 00 " 18 242
and In the following, we will outline the calculation of the
v-emissivity for thewr~ decay. Ther™ decay gives exactly
1 0 0 the same result. Th&-matrix element for the weak decay
1 process is
0'3=§ 0 -1 0. (5
0 0 -1 (1" (pD)wi(p2) | T|7(P))
_ 4 T
In the charged current coupling, we have only taken into =(2m)*6*(p—p1—P2)Grui(py)
account the first two flavor§26]. We will return later to X (¥°Pof1—7-Pfs) (1= ¥5)v,, (P2), (9)

comment on charged current decays of kaons. We observe

that the CFL pions, kaons, and etas have charged and neut(}%ere we have made the identificatiorGe/y2
current interactions that are very similar to those of ordinary_ g2/(8M2,). Using the equation of motion for the Teptonic
mesons. An important difference, however, is the fact thaf, Wi == Lo . o
CFL mesons are very lightgz=10 MeV [24]; see[28,29 helds, the neutrino emissivity from this process is given by

for a recent discussion. This implies that the pion and kaon

3 3
are lighter than the muon and dominantly decay into elec- € = J' d—pnB(w J&EF(pl)
trons and neutrinos. Another difference, as compared to the (271-)32(1;p P (27-r)32wp1
zero density case, is the fact that the Goldstone boson dis-
persion relation is modified from its vacuum form: d3p, 4
f(zw)gzw (@p,)(27)* 8% (p—p1—p2)

Ep:Meff+ \/méB_l_vaz-rpz' (6) P2

Here, ey is an effective chemical potential that depends on x> M2, (10

the quark massef30]. For pions,u.;s=0, but for kaons spin

Meft IS Sizeable and may have consequences. The modified
dispersion relation Eq(6) leads to a number of unusual ef- > |M|?=8G2(|¢|?p;- p2+|X|2{w§(wplwp2+ P1-P2)
fects. One of them, the fact that a very fast pion becomespP'"

+MA(py- P2 2wpwp,)}

The A field may be reexpressed in terms of the physicahs- +2|§||X|me(wpwp —p1-P2), (1)

sive) gluon and physicalmasslessphoton that arise as a conse- 2

quence of photon-gluon mixing in the CFL phase. _ \/—2—2—2 . o
3The weak gauge bosoi¥ andZ would also mix with the gluons where w,=ymgg+u7p® £=—imefr and y=—i(fy

through the diquark condensate. This mixing leads to corrections of_fS)' Here, m, is the electron maSSnB(wp) d~en0tes the
order asf2/M2 in the decay rates from Goldstone bosons, and ar30se occupation factor for the pion, andg(p;)=1
numerically very much smaller than those from the leading order— Ng(p;) is the Pauli blocking factor for the outgoing elec-
terms. tron. For the temperatures of relevance to long-term cooling,
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Pauli blocking of the outgoing neutrino may be neglectedwhereA=8GZf?mZ and the limitsw ) *,p3"", andpj**are
For bulk CFL matter alf=0, the electron chemicalt,—0 defined by Eq(13). In obtaining Eq.(14), we have utilized
[30,32. At nonzero temperature, there is a small electrorthe pion dispersion relatioa)gzyipz—l— m?2 to change the
chemical potential due to the fact that the energies of poSiyariable of integration apd p/wpzdwp/vi_ We have also

tively and negatively charged Goldstone modes are not thﬁsed the identityﬁp(x)znp(—x). For long-term cooling,

same. Folf <1 MeV, we findu.<T and the effect on neu- temperatures range from tens of keV to eV, much less than

tansseeSmVL?;:oCnh;f Qg%ﬂggﬁ' clc?n dpégtsc;tréiuéf: afst"?.‘[rggx];FLeither the pion mass or electron mass10 MeV and 0.51
P 9 MeV, respectively. In the following, we will therefore cal-

ter inside a neutpron star is i.n contgc,:t with afhadronic or uarlg]’T/T andm,/T>1. Unless the pion mass becomes very
; ; qual small,m_=m,, we can also neglect the electron mass in the
phase that has a large electron chemical potential. As dis-

cussed i 34], this will lead to a thin charged surface layer integrand of Eq(14). Within the range of the, integration,

which shields the CFL phase. In the following, we will as- we/ilwiys havep,<w. Iln theh IOWP te:m;leralt(gre “fm't'
sume thafu,=0 in regions well separated from this layer. m,/T>1, we can replace the Pauli-blocking factor
The squared matrix element in E@.1) consists of three n.F(_.X) .by unlty..ln this Ilmlt,'we can also replace thg B.OSG
terms. We will evaluate the emissivities from each in turn.c.“St”bUt'on f“F‘C“O” for the pion b.y the Bolizmann distribu-
The first term involveg £|? and has the Lorentz invariant tion. IEtroducmg the scaled variables=w,/T.y=p,/T,
structure familiar from its vacuum counterpart. This is theand y=m,/T, Eq.(14) now reads
only term that survives in the limit;=f5. We also observe ATS (v e 1—p2
that the emissivity is proportional to the electron mass egz_f "X ex(——( ’T)XZ)
squared, as expected. The momentum dependence is of the 647r3va W va
form p;-pa=wp, wp,(1-v1v,c086) with vi=|pl/wp v, ,
=|p2|/(up2, and 8= 2 (py,p,). The angular integral gives xf maxdy Y, (15)

Ymin

j dQpdQ, dQy (1-v10,0086)(27)25%(p—p1—p2) where ma=#/\1—v2. The vy integration yields
x\x>— ?I2v . with the result that

= i(20"p wp _(pz_pi_pg)) AT® 1 X X2—lﬂ2
PPiPawp,p, 1P =[x e
6430 )y 2
XO(p+p1—p2)O(p+p2—p1) , s
X (= (1=v7)X). (16)

XO(p1+p2—p), (12

where p is now to be understood dp| etc. The triangle
inequalities imposed by momentum conservation restrict th
range of thep, andp (or equivalentlyw,) integrals as fol-
lows:

As ¢ is parametrically large, most of the contribution to the
integral comes near the lower limit. The upper limit can be
Bxtended to infinity with little impact on the numerical value
of the integral. Using the substitutior= ¢ coshé (the limits

on 6 now run from 0 tow), the definition of the modified

2 Bessel function of the second kirid, and their recursion

— m + m,
@pP € < Py< @pTP c relation, we finally obtain
2 2(wptp) 2 2(wp—p)

2 2 A 2 1 (m"TT)SIZ -m_/T A 2 (17)
m2—m e=——m;—| 5| e |=——mn_
m,<wp=< . 2e (13) 641 w3\ 27 641
-0V
where we have used the asymptotic fori{,(z2)
When these conditions are satisfied, fheéntegration can be = /[;/27e2 valid for any v when z>1. The factorA is
done trivially using the energy-delta function. The expres—proportional to the interaction strength and the factor in the
sion for the emissivity then becomes square bracket is the number density of thermal nonde-
. generate pions. Note that the dispersion relation in (.
€.= A pr dw,ng(w,) introduces an extra factor ofuﬁ in the number density of
¢ eard2lm, P PP pions relative to the case with,=1.
The other two contributions to the emissivity in E40)
m2 ) (v2-1) ’ are evaluated along similar lines. The result for the mixed
X5 —Met V2 @p term (|| x|) and the quadratic term x|?) are
J' p?axd ! 14 5 m2n_ and c m2n (18
€ry =" €,= ,
X pg"in pzpzl‘f‘eXﬁpz_wp)/T' ( ) éx 647 T X 64771137 il
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respectively, withB=16GZf(fr—fg)mi andC=16G%(fr  nential suppression, but @s<T, the functionF approaches
—fg)?m, T. We observe that the coefficie@tis independent  exp(—2A/kgT) so that the emissivity from PBF becomes very
of the electron mass. The term involviarises purely as a small.

consequence of Lorentz symmetry breaking in dense matter.

We also note that all emissivities appear to divergev as _

—0, which is the case near a phase transition. This is an B. Neutrino emissivity from #°(»,7")—>v+wv

artifact of the approximationyyax— in Eg. (16). At fixed In the previous section, we noticed that the emissivity for
T, all rates are finite as ,—0. Combining Egs(17) and 7~ _.e~+» process in matter contains a term that is not
(18), and using the perturbative resuff=1/3, we obtain the  proportional tomZ. This implies that the neutral current de-
neutrino emissivity from the electroweak decay of CFL plonsCays — v+ and (') — v+ v, which are forbidden by

as helicity selection rules in vacuum, can occur in matter. The
reason these decays are forbidden in vacuum is that the two

Er=€;T €5 T €, neutrinos have opposite chirality. Thus, the two neutrinos
5 have total angular momentum one in the rest frame of the

of 2m_T [ of : :

Ty T =T, decaying meson. Hence, a scalar meson cannot decay into

fo vv. In a dense medium, it is still true that a scalar meson
(19) which is at rest with respect to the medium cannot decay into

v?pairs. However, boost invariance is lost. This implies that
where 5f_=f;—fg. The rate fromr" decay is exactly the the wave function of a scalar meson which is moving with

same. This result is valid when temperatures fall below arfespect to the medium can have higher angular momentum

MeV. Numerically, the emissivity may be expressed as ~ admixtures when viewed in its rest frame.
In the following, we calculate the emissivity due to the

€,=1.18x 107812 miy(myoTe) 3% 116Mo/ To processm’— v+ v. The interaction term relevant for this

decay channel is given by
m,\( T
1+ 1.1A( —)
me/\m

e

1
= %(G,Z:ffrmg)minﬂ< 142

X

ergem 3 s71 (20 frg

£ 50.0= (23°7°%) — (fr—fg,0—i). (23

2 cosbyy
where wqgg IS the quark chemical potential in units of 100

MeV, 02110 is the pion mass in units of 10 MeV, an  The corresponding interaction for the decay has an extra
=T K. _ o factor of 1A/3 (1///6 for ' decay from the normalization of

It is interesting to compare the neutrino emissivity from o SU(3) generators. For simplicity, we ignore®-7-7'
pion decay with the emissivity from the quark direct Urca iying (24,29, We will outline the emissivity calculation for
process in a gapped_ superfluid, as well as the quark pajf,q .0 decay. The corresponding emissivity for thds ob-
bre_ak|_ng and formatlor(PBl_:) Process. Fron[3_5,3@_, the  tained by changing the overall factor and the mass. The neu-
emissivity from the quark direct Urca process is given by ;o pair emissivity fromz® decay is given by

n
€qp=8.8¥ 1026as< n—B) Y378 d3p d3p, d3p,
i GWZJ(zw)?’zw nB(w")J (2m)%20 J(ZW)SZw
x e AT ergem ® 571, (21) P Py P2
where a,=g?/4 is the strong coupling constantg is the X(wp,+ wpz)(27)454(p—p1—p2)2 IM[2Y M2
baryon density,n,=0.16 fm 3 is the nuclear equilibrium e s
density, and Y,=ng/ng is the electron concentration. :4NVG|2:|X|2w$)(wplwp2+ P1-P2), (24)

For ng=5n,y, as=1, Y,~10"% A=100 MeV, andm,,

=10 MeV, we find that pion decay dominates the Urca

emissivity forT<5x 10'° K. The emissivity from the quark WhereN, counts the number of neutrino flavors. The emis-
PBF, which is effective in rapidly cooling the star during its Sivity is proportional tof r— fg, so it is directly proportional

early hundreds of years, is given pg1] to Lorentz symmetry breaking in matter. The integrals are
performed in the limitm,—0 andm_/T>1 as before, and
- ng| %3 the emissivity from this process is found to be
er'=1.4<10°N,T{F a4 n—) egem st (22
0
— 4 2 2
whereN, is the number of neutrino flavors, is a tempera- Ty (GE(6f -)?m2)Tm,n,.. (25)

w

ture dependent function of order one that vanishes exponen-
tially with the gap, anda, is a flavor dependent numerical
factor of order 0.1. In the vicinity off ., there is no expo- Numerically, the emissivityfor one neutrino flavoris
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€,,=4.52x 10782 3 (myT4) 2 vk—1, the emissivity remai_ns fir_1ite becaus_e the terms con-
taining s breaks Lorentz invariance. In this case,
X e Mmo/Te ergem 3 s71. (26)
; 22
_ Sin(0c)GEf7 T2 29
C. Emissivities from kaon and massless Goldstone boson K= 4arv2 Mic=Nic= T Kers-

decays

In this section, we would like to provide a brief survey of FOr T~ 10° K, this contribution to the emissivity would
other processes that contribute to the emissivity of CFL matdominate over thzat of the first two terms in E@8) that are
ter. Neutrino pair emission from plasmon decays in a stellaProportional tomg. We note that the&<™ emissivity is not
plasma, first proposed i87] and subsequently investigated equal to theK™ emissivity. This implies that, strictly speak-
in detail in[38,39, can be the dominant energy loss mecha-ng, it is not legitimate to ignore the effects of a nonzero
nism for very hot and dense cores of red giant stars or Whit@lectron chemical pOtentiaI. We also note that, because of the
dwarfs. Blaschkeet al. [16] studied the analogous plasmon Smaller energy of a kaon compared to a pion, kaons will
decay of the massive gluon in the CFL phase. They foundikely dominate the emissivity despite the Cabbibo suppres-
that the rate is suppressed by expt,/T), wherem,~gu is ~ Sion. Numerically, we find
the effective gluon mass. This implies that the plasmon rate 2 2 _
is even more strongly suppressed than the quark Urca rate. ek =338 10 iofE 1 MyqTg) *oe HFi0'Te

The physical photor in the CFL phase is a linear com-

of
bination of the ordinary photof®) and gluon(G) fields X142 T i';eff
T Kt
A,=A cosfcr —G8sinfbcr,
M 1 CFL N CFL +2mK¢T 5fﬂ—+/-l«eff 2 L -
tanfcq, = 2€//3g, (27) o T, B ergcm® s, (30

wheree andg are the electr~omagnetic and strong couplingwheremlo andE, are the kaon mass and energy in units of
constants. The massive glu@? is the orthogonal combina- 10 MeV. In Sec. Il B, we saw that in CFL matter the decay

tion. In an electron plasma, the photon is dressed by particle;o_, ,, . is allowed if thew° has nonzero momentum. The
hole excitations and acquires an effective mass. As a conse- 0 — .
, L — analogous decalf”— v+ v, however, remains strongly sup-

quence, it can decay intev pairs. In CFL matter aT =0, = ressed because it requires a second order weadt tran-
the photon is dressed by both particle-hole and particlegion
particle excitations, and th_e dielectric constant is Iarger_ than  gince the CFL phase is characterized by unusually light
one, but it does not acquire a mgg®,41. As a result, it go|gstone bosons, there is a possibility for Bose condensa-
cannot decay intorv pairs. AtT+#0, the photons acquire a tion to occur. Indeed, it has been argued that CFL matter at
small mass, mainly because of thermedle™ pairs, but the  densities that can be achieved in neutron stars is likely to
correspondingy— v+ v rate is very small. support &K ° condensat§30,42,43. Furthermore, because of

In CFL matter, the usual spectrum of meson masses ithe presence of trapped neutrinos, CFL matter in a proto-
partially inverted 24,30. In particular, we expect that Gold- neutron star may have charged pion or kaon condensates
stone bosons with positive strangeness, K eand theK *, [33]. In neutron matter, pion condensatighit occurs) leads
are lighter than nonstrange Goldstone bosons such as piot a substantial increase of the neutrino emissivity through

and etas. Th&K™ contributes to neutrino emission via the processes liken+ 7" —n+e* +v [44,45. In CFL matter,

decay|<+_>e++; The emissivity for this process can be there are no ungapped fermions and the analogous process is
computed along the same lines as the emissivity fronsuppressed by exp A/(kgT)).
charged pion decay. However, there are two differences. If charged pions or kaons become lighter, then the emis-
First, kaon decay is suppressed by the Cabibbo anglgivity from the decay process™—e™+ v will initially be
sinf(6c), wherefc~15°. The second difference is related to enhanced. There is, however, no neutrino emission from the
the fact that the kaon dispersion relation is modified by thejecay of a massless charged pion or kaon in a Bose con-
effective chemical potential term; see Eg). We find densed phase. The reason is that the decay of a massless
boson with dispersion relatiom=(1/y/3)|k| into pairs of
leptons is kinematically forbidden. Indeed, we observe that
the emissivity for the process™—e*+v is of the form
5 m%exp(—m,./(kgT)) and vanishes as,—0.
), (28) The processr™ 7~ — vv, which involves two Goldstone
bosons(GB) in the initial state, also contributes to the neu-
trino emissivity. If meson condensation does not occur, this
where A, = 8 sirf(6c)Gfang is the effective coupling, and process is suppressed by the factor expgg/T) compared
Ex==mgF wess With ,ueff:mgl(z,uq) is the energy of a to the emissivity from single meson decays. This is because,
kaon at rest. Note that in the limin,—0, 6f,—0, and for T<mgg, thermal occupation factors severely diminish

Ak

ofn  Mets
eK+:—E§+nK+(1+2 T+

f
f__
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the probability of processes involving two or more massiveaxial anomaly. The photon emissivity due to this process is
Goldstone bosons in the initial state. In the presence of magiven by
son condensation, in which one species forms the back-
ground condensate, the mass of the charge conjugated spe- 1 d%q N(wq) d3p(1+ N(wp))
cies is increased relative to that in the condensate. This once €= Ef 3 wqf 3
again leads to an exponential suppression compared to the 20q(2m) 2wp(2)
single meson decays unless-mgg.

Instead, we have to consider neutrino bremsstrahlung in
Goldstone boson scattering, or Goldstone boson scattering

followed by the decay of a Goldstone boson imoor e .

3
X f M(Zw)“é“(q—p—k)

2w (2m)3

In the case of massive Goldstone bosons, these processes are X 2 IM(m0—=2%)122) M(7°—27%)|2
suppressed by an additional power of éxpngg/(kgT)) spin spin
with respect to the direct Goldstone boson decay process. A2 2

\ Ve =2A%(p-k)2. (33
For massless Goldstone bosons, however, neutrino emission Y

is dominated by Goldstone boson scattering. . . .
In CFL matter, there is always at least one exactly mass‘_l’he factor 1/2 accounts for the two identical bosons in the

less Goldstone boson which is associated with the breakinfégileséitﬁénzzz dT'Shtgtng:]os': of ighrcétlgrt]es dl?ot?hee fcl;rézlﬁ?g?étre]t IS
of theU(1)g of baryon number. Thel(1)g Goldstone boson : ay

contributes to the neutrino emissivity through the procesénc the electromagnetic anomaly for_ the isospin a?<|al vector
current. Anomalous electromagnetic processes in the CFL

gb+(¢/?12ﬁ+”gv\s-]);h$;f;p”£g 0;‘{’ t(t)hthS%lb)OSg” iSgiven  phase can be studied in analogy with the vacuum case
y (9/[ 12 cos wheref is the g decay con- ~ 4
stant[24]. The 77 zfnd KK scattering amplitudes are fixed [26,47 through the replacemest—e=e cos¢.” We have

by the leading orde®(p?) chiral Lagrangian. Theb¢ scat- ~5
tering amplitude, on the other hand, vanishes at leading order g, ji3=— € B E F (34)
in the low energy expansion. Thi¢ scattering amplitude is s 3272 wppr
on the order oA~ p*/(f??) [46]. The emissivity will then
scale as which leads to the identificatioA;=e®/4m>f  [48]. Unlike
in vacuum, the matrix elemenp(k)? now depends on the
GE .. pion momentum:
€GB~ f2ﬂ4T ) (31
(P K= (4 (1 0220 22 (1 - 02) D).

Including numerical factors associated with the scattering 4v,
amplitude and the phase space integral, (39

€cp=10"1Ux T, 8 ergem® sL. (32) In vacuum, this expression reducesnd/4, which is also

the case for a pion with zero momentum in the rest frame of
dense matter. Note that the matrix element vanishes if either

of the photons become soft. This helps to tame potential

peratures considered in t_his work, t_his process is not likely todivergences from the Bose enhancement factors. The emis-
play an important role. Since there is no exponential SuIOpress'ivity calculation proceeds similarly to that of the elec-

Isa:(t);'tigevgn’ however, dominate neuirino emission at Ve troweak decay, where we had ignored the electron mass in
' the kinematics. Rescaling energies by the temperature as
=wq/T,y=w,/T, andggy=m_ /T, we obtain

312 X
j\ dx
W e“—1

This estimate is adequate for<A. For the range of tem-

lIl. PHOTON EMISSIVITY AND PROPAGATION IN THE
CFL PHASE AST7
Y

So far, we have identified sources for neutrino emission
from CFL quark matter. Another interesting issue is the pho-
ton emissivity from this phase. A first step towards comput- ( o2 ( 1_vi> )2

X 2

7,3 2
2'mn

ing the emissivity of photons from the CFL phase was taken
in [41], where the contributions from pair-correlated quarks

and qqg annihilations were found to be comparable in mag-
nitude to the rates from a hot hadron gas, at temperatures of « J' ymaxdy 1 _ (36)
several tens of MeVs. At keV temperatures, however, the Ymin  l+e X—e Y—gV X
rates are vanishingly small due to the fact that quark gaps are
of order 100 MeV. e
Another source of photons in CFL matter is the anoma- “Note that the sum of the left and right-handed chiral currents

lous 7°—y+7 decay, which proceeds via the non-Abelian considered in Ref47] also leads to Eq(34).

2 2

v T

v
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For the restricted range of and x above, the exponential

factors in they integral can be dropped, which is equivalent (N)=—
. . . _ A"'m3 nﬂ_

to neglecting Bose enhancement factors. Any possible diver S M

gence from this factor is tamed by vanishing matrix elements_ ,
and phase space. Theintegral is then easily performed This result clearly displays the dependences on the vacuum

64 c 5

(43

yielding decay rates and on the baryon dengityoughf ;. andm_ in
A;) and temperaturéhroughn;, andn). Inserting the ex-
APT? - pression for the number density of thermal photons,
== 73 3valz‘/’dx x & X\x2— 2 =2¢(3)T3/ 72, into Eq.(42), we obtain
20y i

(N)=1.89x10" " ufooTs My %t 16Mo’Te) cm. (44)

2 _.2 2

X ( lﬂ— — ( ! U’T) xz) . (37) For the temperatures of interest, this number is exponentially
large. Thus, photons in the CFL phase are extremely unlikely

to recombine into arP.

With the substitutiorx= ¢ coshé, the above integral can be  Unlike photon-photon interactions, the processes that con-

expressed as a combination of modified Bessel functiongibute dominantly to the mean free path are Compton scat-

K,(¢), in the limiting case ofn,/T>1. As their argument terings off charged mesons in the CFL phase. Since photons

is very large, we can utilize the asymptotic formskof to  stem from the decay of thermal pions, most of the photons

obtain the result would have energies well belowgg, since T<mgg<A.

Thus, the Compton cross section may be taken to be ad-

gym‘; 1 (m_T\%? ju Agymi equately represented by the Thomson scattering limit:
€,= —|—=—] e™''=——n_.. (39
Y 64w vil 2m 641 mo\2 1
05 0F ) 20077
For purposes of numerical estimation, we note that for the Mee
typical central densities db—10n,, whereny is the nuclear )\ 2
saturation density, the value of the strong couplinig still Ue:§ € —66.5 fir? (45)
much larger tham, so thatf.g, is small. The emissivity can T3 mMeC? ' '

then be expressed as
The mean free path from scattering off charged pions can be

€,=5.1X 10%m1y(mygTe) ¥ 2u 1 estimated as
X e 1Mo/Te ergem 3 571, (39 1
_ _ _ | = ~2x10% km. (46)
Since thermal pions have an extremely small number density 0Ny
at keV temperatures, the photon emissivity is negligible de- . ]
spite the large cross section for this process. Since the density of scatterers, charged Goldstone bosons, is

It is amusing to estimate the mean free path of photon§xponentially small, the mean free path is very large. Hence,
due to the inverse proces~)8+3/—>1-r°. For the purpose of at low temperatures, the CFL phase can be regarded as being
illustration only, we consider a thermal distribution of pho- transparent to photorisl2] even in the presence of Gold-

... _stone bosons.
tons. The thermally averaged mean free path may be writteR . . .
y g P y The mean free path of a photon is essentially the size of

as the CFL quark core of the neutron star, since photons equi-
(N =v7(7) (40) libriate rapidly by interacting with the surrounding ordinary
7 matter. For normal nuclear matter at a density= 3ng, with
where the photon velocity 0] no=0.16 fm 3, a similar estimate as above yields
=2 2 1
o ~ ~_ & p |'= ~10"8 cm. (47)
vy;=Cc/NV1l+k, k= 872 AZ<1. (41 U‘?”B

We conclude that both photon emissivities and opacities
in the CFL phase are negligible at the temperatures relevant
for the long-term cooling of a neutron star.

Settingv~c and utilizing the thermal average of the in-
verse rate

1 1 d3p Nw, 1
p
(42 IV. SPECIFIC HEAT OF CFL MATTER

(1 3l (2m)® @y’

In order to determine the cooling history of a neutron star,
where 1f(wp) is the typical inverse lifetime of a photon we also need the specific heat of CFL matter. The specific
interacting with other thermal photons to formrd excita- heat of ordinary quark matter is dominated by the quark

tion, we find contribution
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, [keT w?=v2k?+m?) in the CFL phase is modified by the factor
Cq= E T Ng| —— 1/1;?T relative to the case with ,=1. For example, for pions

fruds H in the nondegenerate limit, we have
2/3
= s 73 Kt 3 5T
—2.44><102°T9<no ergcm® K™l (49 Cop(M#0)=on |1+ 2—4...
2 2m
where for si_mplicity all quarks have been taken as massless =7.12< 105 (m,gTe) 32
and thusu; is the same for all quark flavors.
The gluon contribution is xe Mimo/Te ergem 3 K1 (51)
A2 The contribution of a Goldstone mode with dispersion
cg=NgET3=3NgX 10°T3 ergem® K™Y, (49 relation wgg=v,k is also modified by a factor a7 over

that of a massless mode with=k. With v .=1/y/3, we find

with Ng= NZ—1=8. The photon contribution is identical to 61372

the gluon contribution witiN,=1. Cop= T3=7.8x 1013T3 ergecm 2K L (52
In ordinary quark matter, there is a nonzero electron 15

chemical potential. As a result, electrons provide a signifi-at temperatures on the order of several MeV, there are 10

cant contribution to the specific heat: almost massless Goldstone modes. When the temperature

KT drops below 1 MeV, the specific heat of CFL matter is domi-
2 ( B ) nated by the exactly massletq1)g Goldstone boson. If
CFL matter is kaon condensed, then there are two massless
Goldstone bosons.

Co=TNg
Me

Yen
=0.56><1020T9( . 8

2/3
) ergcm 2 K™t (50

0 V. PRINCIPAL FINDINGS

In CFL quark matter, the contributions from quarks are We have studied neutrino emission from the decay and
suppressed by exp A/(kgT)), whereA is the gap in the scattering processes of Goldstone modes in high density
appropriate channel. In additiol,,<1 in the CFL phase. quark matter in the superconducting color-flavor locked
Note, however, that alg=1,cc>C4+cC,, till Y= 1079, (CFL) phase. Such a phase might occur in the core of a

The specific heat of CFL matter receives significant con-neutron star whose mass is near its maximum allowed value.
tributions from the Goldstone modes. The contribution of The neutrino emissivities from the new processes that we
massive thermal bosonghat obey the dispersion relation have identified scale as

L .= 9o o o of .\ 2m,T(&f )2
7=+ e, ~(Ggfomymon, | 1+2| —|+ -
f7r vimé f77
2
_ St 2mg=T | 5f
K=ol =470 e (SIPOCGA2MA)E2 .| 1+2| S7 2o oK | T fetd
T EKi UKme f7T EKt
()= vty e~ (GEMZSt2)Tmn,
_ G?
P+ dp—d+v+v: egg~ F TS (53
f2/-L4

where 6f ,=f;—fg with fg=f_/3, andn, andny are the CFL phase. The hierarchy of physical scaleg>A>mgg
number densities of pions and kaons, respectively. Since the T (for the most part, we have takem,=0 in the CFL
masses of these Goldstone bosons are expected to be of orgdyasé thus assures that the neutrino emissivities from mas-
10 MeV andT<0.1 MeV, these Goldstone bosons are non-sive Goldstone modes dominate over those from gapped
degenerate and obey Boltzmann statistics. Hence, their nunguarks. -

ber densities scale as(T)*?exp(—m/T). This is in contrast The unique feature of ther®— v+ » process is that it

to quarks, which are degenerate sincg/T>1. However, requires Lorentz symmetry breaking, which manifests itself
emissivities from gapped quarks are suppressed by a factan the difference of the spatial and temporal pion decay con-
exp(—A/T), with the gapA being of order 100 MeV in the stants,fg and f;. This emissivity is thus proportional to
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82 In vacuum, helicity conservation forbids such a decay, 1 9 T T
but in matter where boost invariance is lost, this process is - E( rZKW) :CVE: —(e+H), (54)
allowed for all nonzero pion momenta. r

The emissivities from the massive Goldstone modes are
expressible in terms of simple products interaction strengthyereT is the temperature, is the radial coordinatégeneral
< relevant energies< the number density of thermal rejativistic corrections have been suppressed for simplicity
bosons, mainly because bosons are nondegenerate. Such sifiys the thermal conductivity, ant, is the total specific heat
plicity is lost when tk_u_ese modes exist in partially degeneratq:,er unit volume. The total emissivity due to photons and
or degenerate conditions because of Bose enhancement gfsyrinos is denoted by and possible internal heating
fects. It must be stressed that the emissivities from the massyrces are contained k. We can estimate the cooling time

sive Goldstone modes, even though they dominate thosgsesat of the CFL phase in isolation with the expression
from gapped quarks, remain rather small, chiefly because of

their very small number densities at the temperatures of rel-

fevv;r;(;(eléti)ssl(;&gig?rm cooling. For example, B§=1,n_ At— _J’ dT?. (55
Neutrino emission from the scattering of massless Gold-

stone modegnumbering one in the CFL phase and two in the

kaon condensed phase not exponentially penalized. How- In a strictly electron-free CFL phase, the largest contribu-

ever, this process appears only@(p?) in a chiral effective  tions to the specific heat comes from those of gluons, pho-

Lagrangian, which leads to a numerically small emissivity.tons, and the massless Goldstone modes, since those of the

Nevertheless, it is likely to be the principal source of neu-massive Goldstone modes are severely suppressed. For the

trino emission from the CFL phase. same reason, the emissivity is dominated by the scattering of
We have also calculated the photon emissivity from themassless Goldstone modes. Using cy=3.5

CFL phase. The anomalous decay proce®ss5+7 yields X 10Tg ergent® K™* and e= 1071 Téf’grgﬁcm* 57.1

an intuitive expression for the emissivity, e;  from Secs. Il and Ill, we find thatt~10°°Tg g0 y. This

=(A3ymf7/64ar)n7, whenm_>T. This emissivity may be {ime scale is extremely long

readily understood as the product of the energy per unit time 'Note _that, were the massive Goldstone bosc_)ns to operate

carried by the photons times the number density of thermal! isolation, the cooling time would be vastly different. Us-

pions from which they are emitted. Numerically, the emis-"9Y

sivity is exponentially small, not because the cross-section

for the anomalous process is small, but becaus@gatl, Cy="7.2X 10" (mygT4)%?
the thermal pion density is exceedingly small. Our estimation e
of the photon mean free path, due to Compton scattering in X exp(—116m;/Tg) ergem = K

the Thomson limit, shows that the CFL phase is transparent
to photons even in the presence of Goldstone bosons. How
ever, photons are thermalized quickly in the high density
normal baryonic matter that surrounds the CFL phase.

Since electrons are strictly absent in bulk CFL matter, its €=1.2X T23u2,gm2(MyoT) 32
specific heat per unit volume, is dominated by the mass-
less U(1) mode associated with superfluiditywo such
modes exist for the kaon condensed pha3éis bosonic
excitation () is relatively easier to excite than all other e obtain
massive Goldstone modes, which are exponentially sup-
pressed by thermal occupation factors. Thermal gradients
arising in the CFL phase are rapidly reduced due to the large At=6X10"*X (To(i) —To(f)) p10Myg S.
thermal conductivity, which is a consequence of small cross
sections forg ¢ scattering as well as their low number den-
sity. As expected, the transport properties of the CFL phas
are controlled essentially by its superfluid nature.

X exp(—116m;o/To) ergem 3 s 4,

In this casec, /e becomes independent &f which leads to
a cooling rate that is linear i, and also exceedingly rapid.
The CFL phase is characterized by a very large thermal
conductivity due to the smallness of both the Goldstone bo-
V1. IMPLICATIONS FOR THE COOLING OF COMPACT son number dens.ities. and cross sectiqns in CFL matter. The
STARS temperature gradient in the CFL core will thus be very small,
and the CFL core will be nearly isothermal, with its tempera-
Our results for the neutrino emissivity in the CFL phaseture pinned to that of the surrounding hadronic mdfttieis is
lead naturally to the issue of their efficiency in cooling the easily verified by seeking separable solutions to&4)]. In
interior of the star. The thermal evolution is determined bythe realistic case in which a neutron star has a small CFL
the equations of radiative transport and energy balance whictore, the thermal content and the emissivity of the CFL core
may be cast to read 49| will be negligible compared to those of the surrounding
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hadronic mattet.The picture that then emerges is that such aoth the CFL and 2SC phases. If the entire star is in the CFL
star will cool nearly identically to a star without a CFL core. phase, which permits no electrons, cooling occurs chiefly
The presence of a CFL phase in dense matter will apparentijyhrough processes that involve the Goldstone modes. As
leave no observable trace in the long-term cooling history ofhoted above, the cooling times for this case are too long to be
the star. observable. If the CFL phase is surrounded by the 2SC phase
The interface between electron-rich nuclear matter anét lower densities, cooling is dominated by neutrino emission
electron-deficient CFL quark matter was analyzed in Reffrom direct Urca processes involving unpaired quarks in the
[34] with the conclusion that a thin charged layer10 fm) 2SC phasdwhich allows electrons to exijsand by the an-
separates the two bulk phases if the surface energys  nihilation of e" e~ pairs produced by an intense electrical
large (dimensional estimates plaee,~400 MeV, which is  field which binds electrons to the surface of quark matter.
too costly for a mixed phageln this case, electrons can leak This is essentially the Schwinger mechanism in the presence
in to the CFL phase. Owing to the partially inverted massof a Fermi sea of electrons, and can occur only at finite
spectrum of Goldstone bosons in the CFL phéseparticu-  temperaturd53]. Beginning at a temperature of 10'* K
lar, mg<m,), electrons can decay into kaons through elec{~10 MeV) down to ~1C® K, the temperature versus age
troweak interactions near the CFL side of the interface, recurve for the case with the 2SC phase in which gaps are of
sulting in neutrino emission and the formation ofKa order 100 MeV differs little from that of the normal phase,
condensate. This causes the proton concentration on tidiefly because pairing reduces neutrino emission and the
nuclear side of the interface to rise substantially in order tespecific heat by similar amounts. Substantial differences
maintain charge neutrality. Consequently, there is the possfrom the cooling of the normal phase occur, however, if
bility that, within this very thin layer, the direct Urca process quarks not participating in 2SC pairing also pair through
n—p+e +» would occur as long as the proton fraction is residual interactions, but with gaps Qf order 1 MeV. In this
of order 11-14% for which momentum conservation be-c2S€; the hard x-ray spectrum with a mean energy of
tween the participating fermions becomes possibl@. In- ~10? keV is proffered as an observational signature of bare
asmuch as this thin interface is embedded within the star, th@ark stars. _
occurence of a such a rapid cooling process would be N this work, we have focused on the long-term cooling
masked by cooling from the much thicker exterior layers in€P0ch when most neutrinos have left the star and tempera-

which similar processes are also possible. From an observires are in the range of hundreds of keV to tens of eV. In a
tional standpoint, such cooling would resemble cooling fromProto-neutron star, neutrinos are trapped and temperatures
normal stars. range from 20—40 MeV. The CFL phase is likely to appear

In Ref.[34], the phase structure of baryon and CFL quarkduing the PNS evolution. During this stagegg/T<1 and
matter was also studied as a function of the magnitude, of hence the Golds_tone modes are in the partially degenerate or
For a sufficiently smallos, a homogeneous mixed phase dégenerate regime. Asngg/T<A/T, both neutral and
with domains of CFL quark matter and nuclear matter wa<Lharged current neutrino interactions with the Goldstone
found to be preferred over a wide range of density. In thig?0SOns offer new sources of opacity. Some examples of pos-

case, neutrino emission would be dominated by the nuclesgible processes are(v)+m™—v(v)+7", v+m —e"
bubbles which can cool via the rapid processes characteristie 7°, v+ 7" —e"+ 7% and v(v)+ 7°—e*+ 7. Note

of the nuclear phasesee footnote 8 _that, with fast neutrinos, the processess°+v and v
Recently, the cooling of a self-bound quark star with a_, .+ 1 ¢~ glso become allowed and contribute to the opac-
bare surface has been studied in R&R2] by considering iy The resultant neutrino opacities are expected to be sig-
nificantly larger than those from scattering and absorption on
gapped quarks, since temperatures are high enough to admit
®In baryonic matter, the simplest possiblemitting processes are |arge pion densities. For example, in the rangecZ0MeV
the direct Urca processe§+¢—f,+v,,fo—f,+{+v,, where <40, the number densities of a given species of a Goldstone

f, andf, are baryons and is either an electron or a muon. These mode whose mass lies in the range Mg/MeV< 10 are
processes can occur whenever momentum conservation is sa1t|sf|i?1c(;I35~ 103—10"% fm3, substantially more than those en-

amongf,f, and{. If the unsuppressed direct Urca processdioy countered in the long-term cooling epoch.

component occurs, a neutron star will rapidly cool because of large Note added(a) Concurrently and independently of our
energy losses due to neutrino emission: the star’s interior temper%Ork Reddy éadzikowsky and Tachibaf&d] have per-
ture T will drop below 10 K in minutes and reach 1K in about ’ . C e
. : . . formed a detailed study of-opacities and emissivities in the
a hundred years. This is the so-called rapid cooling paradig FL phase at tens of>l</lev ?em eratures encountered in the
[50,51. If no direct Urca processes are allowed, or they are all p' P . L
evolution of a protoneutron star. Their quantitative results

suppressed due to baryon superfluidigith gaps of order 1 Mey, - ok
cooling instead proceeds through the significantly less rapid modidnderscore the important role of Goldstone boson excitations

fied Urca process in which an additional fermion enables momenin the CFL phase and provide the groundwork for calcula-
tum conservation. This situation could occur if no hyperons ardions of observable neutrino luminosities to be performed.
present, or the nuclear symmetry energy has a weak density depetl?) Shovkovy and Elli§55] have performed a calculation of
dence[50,51). Comparatively less rapid, but faster than that due tothe thermal conductivity in the CFL phase at temperatures of
modified Urca cooling occurs in the presence of Bose condensatd€levance to long-term cooling. They find that the dominant
[4]. contribution to the conductivity comes from photons and
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Goldstone bosons. This result is a necessary ingredient in
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