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150 proton superfluidity in neutron star matter: Impact of bulk properties
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We study thelsO proton pairing gap in neutron star matter putting emphasis on influence of the Dirac
effective mass and the proton fraction on the gap within the relativistic Hartree-Bogoliubov model. The gap
equation is solved using the Bomhpotential as a particle-particle channel interaction. It is found that the
maximal pairing gap\hax is 1—2 MeV, which has a strong correlation with the Dirac effective mass. Hence
we suggest that it serves as a guide to narrow down parameter sets of the relativistic effective field theory.
Furthermore, the more slowly protons increase with density in the core region of neutron stars, the wider the
superfluid range and the slightly lower the peak of the gap become.
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I. INTRODUCTION relativistic models are attracting attention in researches on

Superfluidity in neutron star matter is one of the hot issyedreutron stars since they are suitable to describe the stars in

in nuclear astrophysics since superfluidity plays a key role ir{;ompliance V‘.’ith the Sp?Pia.' reIativitf;Q]. Most often used
affecting the coglir¥g of neutron spta[rk]. Un)filfe t>;1e180 n):au- among them is the relativistic mean figleMF) model, par-

2. . . ticularly owing to it nomical w f ription. Hen
tron pairing, thelSO proton pairing occurs in dense matter cularly owing to its economical way of descriptio ence

; . . . e choose the extended model of it, the relativistic Hartree-
with supranuclear density, where its properties are not mucElogoliubov (RHB) model as the framework of the present
known. Such a region is highly relevant to the URCA pro- study.

cesses that control cooling of neutron stars. The primary aim of this paper is to elucidate effects of
__In neutron stars, several types of baryon pairing are beg i properties on thdS, proton pairing correlation in neu-
I|eve1d to appear. In the inner crust region, neutrons will f(?rmtron star matteconsisting ofn, p, €, and &) using the
the3 S pairs [2-4]. At the corresponglr)g baryon density pB model with capability of handling the pairing correla-
10po=pg=0.7pp, Where py=0.15 fm* is the saturation on Here we show importance of environmental properties
density of symmetric nuclear matter, ti‘f% partial wave of ¢ ense matter that surrounds Cooper pairs of progtmes
the nucleon-nucleoiiNN) interaction is attractive. This at- pairs themselves are of course a part of the environnent
traction helps neutrons pair up through the well-known BCSyarticular, the Dirac effective mass of nucleons and the pro-
mechanism. In the core regigry=0.7po, the °P, neutron (o fraction are considered as accompanying quantities of
pairing may also appear since tffe, partial wave of theN  great importance since the bulk properties are influential on
Interaction becomes attractive enoughd]. In contrast, the  syperfluidity in neutron stars. Therefore we aim to address
S partial wave would become repulsive there so that thene pulk properties of neutron star matter and its superfluidity
neutrons would cease to pair in thg, state. Instead, thtS,  on the same footing within the RHB model.
proton pairs are predicted to appear owing to its fraction The present study covers the two aforementioned quanti-
smaller than neutronf2,4]. At much more higher baryon tjes: The Dirac effective mass has an effect on the pairing
density pg = 2po, various hyperons may emerge; some kindscorrelation via the density of states. The symmetry energy
of them possibly form pairs in the same way as nucleons d@efficient controls the proton fraction in neutron star matter,
[6-8]. We, however, stay on a picture of neutron stars with-especially its density dependence. Needless to say, they con-
out hyperons in the present study. nect with the equation of stal€09 of dense matter; it is
The size of the nuclear pairing gap in dense matter istrongly related to properties of neutron stars, such as their
controversial since many uncertainties remain regartiNg internal structure, mass, radius, and so on. These macro-
interactions in dense medium, methods of approximationscopic properties of neutron stars set stringent microscopic
sparsity of experimental data under extreme conditions, angsquirements for constituents; hence the pairing correlation is
so on. From the perspective of the present status of immatuyo exception. In this study, we use two distinct RMF models
rity, a great deal of study with diversity is absolutely necesyith two distinct parameter sets for each to compose neutron
sary. In the meantime, many studies of neutron stars havgar matter; thereby we have four distinct EOSs here. Two of
been performed using various frameworks so far. Recentlythem are for a comparison of the effect of the Dirac effective
mass, the other two are for a comparison of the effect of the
proton fraction.

*Email address: tanigawa@tiger02.tokai.jaeri.go.jp This paper is organized as follows. In Sec. Il, model
"Email address: matsuza@fukuoka-edu.ac.jp Lagrangians and the gap equation for ﬂ‘ﬁg proton super-
*Email address: sachiba@popsvr.tokai.jaeri.go.jp fluidity are illustrated. In Sec. lll, results of the pairing prop-
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TABLE |. Parameter sets used in the present study. We fix the bare nucleonM8389.0 MeV and thep meson massn,
=763.0 MeV, except for TM1 wherb!=938.0 MeV andm,=770.0 MeV are used.

Parameter set m, [MeV] m,, [MeV] Js Jo g, [fm™1] O3 C3 9
NL3-hp (A,=0) 508.194 782.5 10.217 12.868 -10.431 —28.885 0 4.461
NL3-hp (A,,=0.025 508.194 782.5 10.217 12.868 -10.431 —-28.885 0 5.376
7271 (A,=0) 505.0 783.0 7.031 8.4065 -5.4345 -63.691 49.94 4.749
Z271(A,=0.040 505.0 783.0 7.031 8.4065 -5.4345 -63.691 49.94 5.008
TM1 (A,=0) 511.198 783.0 10.0289 12.6139 —-7.2325 0.6183 71.3075 4.6322

erties in neutron star matter are presented. Section IV corbe nonrenormalizable. This leads to, in principle, unrestricted
tains our summary and conclusions. inclusion ofany terms of meson self-interactions consistent
with symmetries of the underlying theory, QCD. These terms
are completely absent in the standard RMF Lagrangians that
Il. MODELS respect renormalizability. Recently, Horowitz and Piekare-
wicz proposed an RMF Lagrangian along with concepts and
methods of the EFT and the DFT. They extended the stan-
rd RMF Lagrangian with a nonlineas-p coupling par-
ficularly from the viewpoint of the symmetry energy. The

As is well known nowadays, the RMF model Lagrangian
with nonlinear cubic, quartic terms ef bosons, and a quar-
tic one of w mesons has achieved remarkable successes

studies on nuclear/hadronic physics. This type of Lagrangial X i
was initiated by Bodmef10] and has matured steadily N€W coupling paves the way to change the density depen-

[11,12. A parameter set is determined so as to reproduce thdence of the symmetry energy, and hence the proton fraction
saturation properties of symmetric nuclear matter and? Neutron star matter. For the extended Lagrangian, the
ground-state properties of typical finite nuclei. A prominentPrésent study employs an additional interaction Lagrangian

feature of the model is that scalar and vector self-enefgies ©f the form[14]

Hartree fields follow the density dependence of those ob-

tained by the Dirac-Brueckner-Hartree-Fo¢RBHF) ap- EEFT:£+4gf,b#-b”Awgf)wVw”, (2
proach even in moderately supranuclear density. Hence, the

model is considered to have the capability to deal with neuwhere A, signifies a nonlinear coupling constant. We name
tron star matter at such density. This model Lagrangian is ofq. (2) “EFT-inspired Lagrangian.” The important thing is

the form that the Lagrangiari2) gives the symmetry energy coeffi-
— cient
L=yliy,d - (M+0,0) = 0,7,0" = 9,77 b1y

1 1 92 93 kE g Kk

+2(0,0) (o) - ~mlo? - =2 0* - 2ot = =t 5. 3
2( HU)( 0') 2l 30' 40‘ a'sym 6\'W 3772mp2 ( )
1 nv 1 2 “w Cs w\2 *

- ZQ’”Q + Emww,uw + Z(%w ) The symbolm, denotes the effective mass pfmesons
1 1 2 _ 2 2 2 2

- ZBMV " B'uV+ Ernzpb,“ " b'u, (1) mp - mp + SgpAwga)<w0> 1 (4)

whereQ,,,=d,0,~d,», andB,,=d,b,~3,b,. The symbols where(O) represents an expectation value of a fiéldfor
¥, 0, w,, b,, M, m,;, m,, andm, signify the fields of nucle- the ground state of the system. In this study, we pick out the
ons,o bosonsw mesonsp mesons, the masses of nucleons,NL3-hp and Z271 parameter s¢ts4,15; each set gives the
o bosonsw mesons, ang mesons, respectively. We call Eq. lower or upper limit of commonly accepted range of the
(1) “standard RMF Lagrangian.” effective nucleon mass in symmetric nuclear mattepgt
As an extension of the well-established standard RMPAM* =(0.6—0.8M. Most RMF parameter sets yield the mass
model, the effective field theoEFT) [13] provides a mod- within this range. Note that we rename the NL3 set by
ern aspect of the RMF model; an energy density functionaHorowitz and Piekarewicz in Refl14] here because of their
obtained from the RMF Lagrangian approximates éixact  slight modification of the well-known NL3 parameter set
energy density functional of the ground state of a hadroni¢16]. We will also mention the TM1 parameter gé2] for
system in the sense of the density functional theg@¥T). the standard RMF Lagrangian in addition to the above two
Adding apt interaction terms, absent in the standard one, teets. Table | shows the parameter sets.
the RMF functional advances it to the exact functional little  In neutron star matter composed by the models, we solve
by little. In this EFT-inspired approach, mesons and baryonshe gap equation for thjé0 proton pairing correlation at zero
are not taken as elementary degrees of freedom, so thattemperature using the BorBipotential [17] as a particle-
Lagrangian composed of corresponding fields is allowed tgarticle (p-p) channel interaction,
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FIG. 1. lSO proton pairing gapsleft scale, solid curvegsand
Dirac effective massegight scale, dashed curveas functions of FIG. 2. Proton fractions of the four distinct models of neutron
baryon density in neutron star matter using the standard RHB modéitar matter as functions of baryon density. The thin region hatched
with the NL3-hp, Z271[14], and TM1[12] parameter sets. in gray represents a threshold of the proton fraction for the direct

URCA process, about 13—-15 %. The number in parenthesis in the

w legend indicates the value of,.
1 A(k) _

Alp)=—— Jkidk, (5

P="52], V(Ex—E)?+ x” P ©

properties of typical neutron stars of mass M follow
from the sets on the other hand. For comparison, we also
where E,=Vk2+M*2+g,(wp)+9,(b>). The p-p channel in-  present the result of the TM1 set in Fig. 1 with the light gray
teraction between protongp, k) is obtained through angular curves. The effective mass obtained by the TM1 se_t_lies in
integration with respect to the angle between linear momentB€tween those by the other two sets, so does the pairing gap;
p and k. This serves as a process of projecting out thdl IS consistent W|th_ the_ above statement as weII._ In view pf
Swave component of the interaction. Its original form is the pairing correlation in neutron star matter, using the dif-
nothing but the antisymmetrized matrix element of the emferentp-h interactions and the sanpep interaction gives the
ployed interactionV, which is defined by significant difference shown in Fig. 1. Hence, t_hls suggests
that we can use the strong correlation as a guide to narrow
o(p,k) = (ps’,ps'|VIks ks) - (ps’,ps'|Viks,ks), (6)  down the parameter sets favorable for a calculation such as

. . ) the present study.
where a tilde over its argument denotes time reversal. We use Next, we show the proton fractiong,=p,/pg in Fig. 2

the lowest approximation as to tipep channel interaction t0  for the variations of Lagrangian. The solid black curve de-
study exclusively the effect of the bulk properties on superygies the proton fraction obtained by the NL3-hp set, the
fluidity. It is, however, known_ that the polarizgtipn effects gq)iqg gray curve by the Z271 set, botithoutthe new non-
bring about significant reduction of the gap within nonrela-|inear coupling. Their characteristic is the large proton frac-
tivistic frameworks[18,19. tion, which is the typical result obtained from the standard
The models employed here should be regarded as hybrigpmr |agrangian. The result obtained by the TM1 set is
models because we use different interactions in the particlesimilar to the one by the NL3-hp set without the coupling
hole (p-h) and the particle-particle channel. This prevents and hence is omitted hereaftein contrast, using finite\,
ambiguity in choosing the pairing interaction. Thus we CON-namely, the EFT-inspired RMF Lagrangian, we have ob-
centrate on the study of the effect of the Dirac effective massgained smaller proton fractions at densities corresponding to

and the proton fraction on the proton superfluidity. the core region of neutron stargg=0.1 fm 3, than using
A,=0; these fractions are drawn with dashed curves in Fig.
IIl. RESULTS AND DISCUSSION 2. As the original intent of this kind of Lagrangiga4], it

yields gentle increase of the fraction at these relevant densi-

To begin with, we calculate th&b pairing gaps and the ties owing to the symmetry energy adjustable via the isovec-
Dirac effective masses of protomgthoutthe isovector non- tor nonlinear coupling\,, indicated by Eqs(3) and(4). Not
linear coupling. The results are shown in Fig. 1, which ap-shown are curves of the proton fraction that lie in between
parently shows that the gaps strongly depend on the Dirathe two extreme condition& ,=0 and 0.0250.040 for the
effective masses. The smaller the mass is, the smaller thHeL3-hp (Z271) set, when it is varied between them. To wind
pairing gap is. The NL3-hp set makes symmetric nucleaup the account of Fig. 2, we should note how each curve of
matter saturated with the Dirac effective mass of W59 the proton fraction depends on baryon density, with its influ-
while the Z271 set does with that of 0/80 According to  ence on the pairing correlation in mind.
Ref. [15], both sets give similar properties of typical finite  To offer more direct information on tHé:b proton pairing
nuclei and low-mass neutron stars on the one hand, differemfaps at the proton Fermi surface and their relation to the
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FIG. 3.'s, proton pairing gaps as functions of the proton Fermi  FIG. 4. 'S, proton pairing gaps as functions of baryon density in
momentum in neutron star matter using the RHB models with théeutron star matter using the RHB models with the NL3-hp and

NL3-hp and Z271 parameter sets with and withdyt The legend ~ Z271 parameter sets with and withoft,. Solid curves and the
is the same as in Fig. 2. legend are the same as in Figs. 1 and 2, respectively.

proton fractions, we present the gaps as functions of the pro-

ton Fermi momentum in Fig. 3. An apparent difference be-gptained by the set. As to the NL3-hp set, the proton frac-
tween the gaps obtained with the NL3-hp and Z271 setgqns for A.=0 and 0.025 nearly coincide there, so do the
stems, again, from the difference of the Dirac effective airing gaps

masses between the sets, as shown in Fig. 1. In addition, e (3) For 0.1 fnT3= pg=0.2 f3, the high proton fractions

two curves for each parameter set with and withdytre- - - L
flect the increase rate of the proton fraction as functions off@ke the corresponding pairing gaps large. This implies that

baryon densitysee Fig. 2 Comparing the property of pro- richness of protons favors the pairing correlation by taking
tons at the same Fermi momentum explains further detailddvantage of an attractive part of the proton-proton interac-
about that: WithA ,, where the rate is moderate at the rel-tion in this region.
evant densities, the proton Cooper pairs are immersed in (4) At pg=0.2 fm 3, an opposite situation to the previous
denser background than those withdys, where the rate is  case(3) is realized; namely, the high proton fractions make
rapid. Meanwhile, the higher the baryon density is, thethe corresponding pairing gaps small. This implies that rich-
smaller the Dirac effective mass of protons is. We thus obtaimess of protons disfavors the pairing correlation by virtue of
the smaller pairing gaps at the same Fermi surface for thg repulsive part of the proton-proton interaction in this re-
g?g?g}gfr sets witth,, namely, for the EFT-inspired La- ion, As a result of the difference between the effective
We compare the pairing gaps as functions of baryon denlr—g%ss e-?-b tgl(jmpipr)lnt%eg&psg&\gino: yofthlfigZZ471ths: tmlzrztlgevrilr;/
sity obtained with and without the isovector nonlinear cou- roto.ns multiply in the core region of neL.Jtr(;n stars, up to the

pling A, in Fig. 4. Since the density dependence of the Dirac_. ; - .
effective masses obtained from the respective parameter s ggher density superfluidity SUrVIves and the somewhat
smaller the peak of the gap one obtains.

is almost the same for any values A&f, the obtained gaps L h hree fi | he phvsi f
reflect the respective proton fractions presented in Fig. 2. As et us here present three figures relevant to the physics o
eutron stars. One is Fig. 5, which represents the density

a whole, the pairing gaps survive in higher density region for"! o h
the EFT-inspired Lagrangian with finité,, and have lower dependence of the critical temperatures of the superfluids.

peaks than for the standard Lagrangian with=0. Figures  The critical temperatureS, are obtained by the universal
2 and 4 give indications as follows. relation for a weak-coupling BCS superconductor Tat

(1) Up to pg=0.05 fn73, the proton fractions are almost =0 K, kBTC:O.57A(k(p);T:O), where kg is the Boltzmann
the same except the one of the NL3-hp set with fiditg ~ constant. Since the temperature inside evolved neutron stars
which is a little larger than the othefsee Fig. 2 The en- is about 18 K, Fig. 5 signifies that the superfluidity is likely
hancement of the gap due to the large proton fraction cancet® exist in the all cases considered. The other two are Figs. 6
out the smallness of the effective mass given by the NL3-h@nd 7, which depict the neutrino emissiviti€s and their
set. Hence, the pairing gap obtained by the NL3-hp set withieduction factorR by the 150 proton superfluidity as func-
A,=0.025 is almost the same as those by the Z271 set. Wions of baryon density, drawn at the internal temperatures
note, however, that this region roughly corresponds to thd=1.0x 10° K and 3.0x 1¢® K. We now take, for example,
inner crust of neutron stars, where tt® proton pairing is  the nucleon direct URCA process as a cooling agent of neu-
much weaker than the neutron counterpart. tron stars. The neutrino emissivity of the nucleon direct
(2) At pg=0.1 fn3, as the proton fractions of the Z271 URCA process in normal flui@, has the following form in
set start to deviate from each other, so do the pairing gapsnits of erg §* cm™ [20]:
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The legend is the same as in Fig. 2. FIG. 7. Same as Fig. 6, but for the Z271 parameter set without
A, Also note that the right scales are different from those of Fig. 6.
*28 %2

Qo=7.55X 103°MeTg#&9(pFe+ Pep— Py (7) small kinks after the ignition of the process involving elec-
trons(abrupt increase of the emissivitjga Figs. 6 and 7. It

where u, is the chemical potential of electroiand muons sh*ould* be noted that we approximate the effective masses
due to the condition of beta equilibriynily is the tempera- M,=M =M* in Eq. (7): To distinguish between them in the
ture in units of 18 K, and 6(pre+Prp—Pry) is the triangle  RMF model, we must introduce isovector-scalar mesons and
condition for particle momenta. After the appearance ofshortly discuss this issue later. The neutrino emissivity in
muons, they also contribute to the neutrino emission so thgguperfluid is thus written aQ=QgR, the reduction factor
the emissivityQ, just doubles, which manifests itself as the used here being

R=exgd~ AKP;T)/kgT]

30 & - — 10°
Toasty " = ex~ A(K?; T = 0)/kgT]
< a0f % i ] 10 =~ expl - 1.76T(k?)/T], (8)
¢ % H x
§ 15t 3 ; normal fluid 1 107 which is the form often used in the past studies. It should be
?D 1 | — el | mentioned that the reduction factor of the fo(B) leads to
i) o8 T TeFisetar an overestimate of the suppressive effit,22. Although
5 e ' ' 107 we have employed the pairing gapsTat0 K for a qualita-
30 = . — 10° tive estimate in the present study, one should use the pairing
o o gaps at finite temperatures for a quantitative study of thermal
g B N, j107° evolution of neutron stars.
~ 20| 11020 As shown in Figs. 1 and 2, both the NL3-hp and the 7271
o = set with A,=0 yield the relatively large proton fraction.
15 normalfluid 1 107" Meanwhile, the pairing gap for the NL3-hp set closes around
?D 10t superfluid 1100 the density at which the direct URCA process takes effect.
e red. factor Therefore, the reduction effect is not much larger, which is
50 o 0‘1 0‘2 0'3 0‘4 0 510’50 clear forT:_3.0>< 10% K as shown in Fi_g. 6 By comparison,
’ ’ F‘)B [fm_g] ’ ' the superfluid range for the Z271 set is wide enough to cover

the density region where the direct URCA process is turned
FIG. 6. Neutrino emissivities of the nucleon direct URCA pro- ON- Hence the process is strongly suppressed by the interior
cess(left scale, solid curvesand the reduction factor fdi, proton  Proton superfluid as shown in Fig. 7. For both sets with finite
pairing (right scale, dashed curyas functions of baryon density in A, ON the other hand, the density regions of the superfluid-
neutron star matter for the NL3-hp parameter set withoytSolid ity and the direct URCA process do not overlap each other;
gray curves represent the neutrino emissivities in normal fluid. Théhe latter starts apg=0.442 fnt® with Y,=0.136 for the

upper panel is drawn for the internal temperatiirel.0x 10 K, NL3-hp set and apg=1.028 fnr* with Y,=0.141 for the
the lower forT=3.0x 108 K. Z271 set. Thus the superfluidity is of no suppressive effect
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on the direct URCA process for both with finite,. this context, extracting the EOS from direct observation of
Now we develop a brief discussion on the cooling of neu-the stars and experiments of neutron-rich nuclei is indispens-
tron stars relative to the above results. From the aspect able.
surface temperature of neutron stars, we can classify ob-
served neutron stars into hotter and colder ones. Broadly IV. SUMMARY AND CONCLUSIONS
speaking, this means that there exist two major cooling sce- We have investigated thtS, proton pairing in neutron
narios; the so-called “standard” and “nonstandard” coolingstar matter using the relativistic Hartree-Bogoliubov model.
[23]. The standard cooling is dominated by the modifiedSince proton Cooper pairs reside in extremely dense sur-
URCA process, which cools neutron stars slowly and thusoundings inside neutron stars, special care should be taken
results in hotter stars. In contrast, the nonstandard coolingf the effects of the bulk properties, as well as pairing inter-
includes the nucleon/hyperon direct URCA processes, viactions and levels of the approximation. Therefore, we have
which neutron stars cool faster and lead to colder stars, istudied the effects on the pairing correlation using the lowest
conjunction with the suppression due to superfluidity. Con-approximation with respect to the pairing interaction. We
cerning this classification, the pulsar PSR J0205+ 6449 wasummarize and conclude the following: First, using the stan-
recently discovered in the supernova remnant 3C 58 by Murdard RMF parameter, we have obtained that the maximal
ray et al. [24]. Slaneet al. subsequently deduced a strong pairing gap is about 1-2 MeV, dependent on the parameter
upper limit on the surface temperatuf25]. They showed sets used, which is comparable or larger than the values ob-
that the limit falls below the prediction of the standard cool-tained in the preceding studies. This clearly shows the strong
ing model, which suggests that PSR J0205+6449 seems torrelation between the effective mass of nucleons and the
follow the nonstandard cooling scenario. In the first placepairing gap, which was also concluded within nonrelativistic
the proton fraction higher than about 13-158hown by the models. Although the relativistic model tends to have a
hatched region in Fig.)2activates the direct URCA process smaller effective mass of nucleo(the Dirac effective mags
involving nucleons in neutron star matter with the standardhan those in nonrelativistic models, the value of the maxi-
RMF Lagrangian. However, our results from the Z271 setmal gap is not much smaller against general expectations.
show that the proton pairing gap is large enough to suppressecond, we have studied the problem also using the extended
the process, so that the resulting cooling of neutron stars isagrangian proposed in line with a concept of the EFT by
not much effective to meet observational data of colder neuHorowitz and Piekarewicl4]. The proton fraction obtained
tron stars. This calls for the cooling that results from hyper-can be controlled by the additionally introduced parameter
ons or meson condensates; the latter consequently means do;. We have found that the more slowly protons increase
existence of superfluidity and meson condensations. In thwith density in the core region of neutron stars, the wider the
second place, using the EFT-inspired RMF Lagrangian wittsuperfluid range and the slightly lower the peak of the gap
the Z271 set, neutron star matter is composed with the protobecome.
fraction lower than the direct URCA threshold up t67p,. In this study, we have ruled out direct effects of the bulk
This prohibits neutron stars from cooling by the directproperties on thg-p channel interaction: For instance, self-
URCA process involving nucleons; the modified URCA pro- consistent(or in-medium) Dirac spinors in thep-p channel
cess dominates their cooling instead, given the present co@re not used here though they probably affect properties of
stituent particles. In this regard, Horowitz and Piekarewiczthe pairing correlation at high densif@]. Furthermore, we
studied the direct URCA process in detail using the EFT-have included no isovector-scalar meson, which may play
inspired RMF Lagrangian with intermediate values /of  important roles in high-density and isovector physics through
[26]. Bear in mind that we have put aside the Cooper pailarger effective mass of protons than that of neutrf@. In
breaking and formation processg®7,29 that work as a general, the isovector-scalar meson increases protons in the
cooling accelerator, while we have taken superfluidity intohigh-density region, which is an effect opposite to that of the
account as a cooling retardant alone: Since the neutrin&FT-inspired Lagrangian employed here. Last but not least,
emissivity of these processes sensitively depends on the dehaving clarified the effects of the bulk properties on super-
sity and the temperature dependence of the pairing gap, offiuidity by solving the gap equation at zero temperature, we
approximate treatment at the moment does not allow us tare prepared for solving it at finite temperatures. It will be
estimate this emissivity and to determine the scenario thanandatory to consider these issues. With attention to the
the pulsar follows. bulk properties of neutron star matter, a study of baryon su-
Finally, we should note preceding works on ﬂ% proton  perfluidity therein and accompanying neutrino emissivities is
superfluidity in neutron star matter. According to them, non-in progress.
relativistic approaches and the Dirac-Brueckner-Hartree-
Fock approach give similar results with the maximal pairing ACKNOWLEDGMENTS
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ing been exposed, with the reservation of the lowest approxief the research group for many-body theory of hadron sys-
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