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We calculate a\ A pairing gap in binary mixed matter of nucleons akcdhyperons within the relativistic
Hartree-Bogoliubov modelA hyperons to be paired up are immersed in background nucleons in a normal
state. The gap is calculated with a one-boson-exchange interaction obtained from a relativistic Lagrangian. It
is found that at background densjiy;=2.50, the A A pairing gap is very small, and that a denser background
makes it rapidly suppressed. This result suggests a mechanism, specific to mixed matter dealt with relativistic
models, of its dependence on the nucleon density. An effect of we&Rerattraction on the gap is also
examined in connection with the revised information of th& interaction.
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[. INTRODUCTION Some are expected to form pairs in the same way asltlie
pairing owing to the attractive'S, partial wave of the
Pairing correlation in hadronic matter has been attractindiyperon-hyperon YY) interaction. Moreover, interspecies
attention due to a close relationship between properties gfairing such ag\ -neutron pairing may be realized at the total
neutron stars and its interior superfluidity. Superfluidity in-baryon densities higher thaip=4p, where fractions of the
side neutron stars affects, for instance, heat capacity and netwo kinds of baryons are expected to be comparable. These
trino emissivity. These quantities relate to the cooling prokinds of pairings affect the properties of neutron stars
cesses of neutron stars. through, say, suppression of the hyperon direct URCA pro-
In neutron stars, several types of baryon pairings appeagesses. Whethek hyperons are in a superfluid state or not
It is strongly believed that neutrons form th&, pairs inthe  plays a decisive role for the microscopic understanding of
inner crust region[1-3]. At the corresponding density neutron starsA hyperons in a normal state would lead to too
10 3py=p=0.7p,, Wherep, is the saturation density of rapid cooling of the stars and force one to modify the cooling
symmetric nuclear matter, théS, partial wave of the scenarios. Conversely, one can extract information on bary-
nucleon-nucleon NIN) interaction is attractive: In infinite onic force and inner structure of neutron stars from these
matter an attraction, no matter how weak it is, brings abouphenomena. Thus studying neutron stars is the driving force
the BCS instability to the ground state. This type of pairingfor the study on baryon superfluidity.
has been most extensively studied for decades using various Unfortunately, the magnitude of the hyperon pairing gaps
models. Also important is théP, neutron pairing in the is still uncertain. More studies are needed exploiting avail-
outer core region up tpg~2py. The 3P, partial wave of able information from various sources such as the hyper-
the NN interaction is attractive enough there for neutrons tonuclear spectroscopy, direct observation of neutron stars, and
be in a superfluid statgl,4]. On the other hand, théS, SO on.
partial wave would become repulsive there so that tBg Our aim of this study is twofold. One is to explore an
neutron pairs would disappear. Instead, #8 proton pair-  effect of Dirac effective mass of hyperons on theA A
ing is expected to be realized owing to its small fractionpairing correlations in binary mixed matter composediof
[1,3]. hyperons and nucleons. In this respect, recognizing the sig-
In the inner core region, baryon density becomes muchificance of covariant representation led to the remarkable
larger (pg=2py) and various hyperons may apped]. developments in nuclear/hadron physics in the past three de-
cades. As is well known nowadays, cancellation between
large Lorentz scalar and vector fields provides a proper satu-
*Mailing address: Japan Atomic Energy Research Institute, Tokaifation mechanism of nuclear matter. Typical examples are the
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tion points predicted by the nonrelativistic BHF approachSince pairs are formed in medium, medium effects on a
towards the empirical one by a repulsive relativistic effect.particle-particle p-p) channel interaction should be consid-
This self-consistency is the key ingredient of the relativisticered. In the RHB model, bare baryon masses are reduced by
models. Then, we would like to ask a following question: the scalar mean field. This decreased mass is the Dirac ef-
What does the self-consistency bring to superfluidity in thefective mas$10,5]. The mass decrease may change the pair-
composite hadronic matter? This is an important issue of thé1g gap to some extent in comparison with that obtained with
study of the neutron star matter with complex composition ofthe bare masses. Although the two preceding studies also
baryons using relativistic models. introduced the medium effects, each had a purely nonrelativ-
The other is to investigate an impact of the recent experiistic origin. It has nothing to do with the Lorentz structure
mental finding on the\ A pairing. The KEK-PS experiment and the Dirac effective mass. We thus intend to compare with
E373 (especially the NAGARA everi6]) refuted the “old”  the results of the first study by Balberg and Barnea neglect-
information on theA A interaction, which has ruled hyper- ing, for the time being, complexity oA-3° mixing that
nuclear systems for three decades. The event unambiguougdyobably occurs in asymmetric nuclear matter; this mixing
determined the binding energy of the twohyperons3, , in  will be discussed in Sec. Ill E. Besides, other constituents
\SHe. Most importantly, it suggests that the\ interaction ~ predicted to exist in neutron stars and equilibration, such as
is weaker than it was thought before. If this is confirmed, thechemical equilibrium of neutron star matter, are ignored so
new information ought to have a significant impact on thethat we narrow down arguments to the impact of the revision
microscopic understanding of the properties of neutron star®n the AA pairing properties. Such a plain treatment should
Unlike theNN pairing, there are only a few studies on the be taken as the very first step of our study on the hyperon
hyperon pairing. It was first studied in a nonrelativistic pairing with the recently revised interactions in the neutron
framework by Balberg and Barndd&]. Then their results star matter.
were applied to the study on cooling of neutron stars by This paper is organized as follows. In Sec. I, we illustrate
Schaab, Balberg, and Schaffner-Bielig8]. They obtained the Lagrangian of the system and the gap equation for the
the AA pairing gap in symmetric nuclear matter using an "So AA pairing. In Sec. Ill, we present results of theA
interaction based on th® matrix in symmetric nuclear mat- Ppairing properties in the binary hadronic matter. Section IV
ter and an approximation of nonrelativistic effective masscontains a summary.
obtained from single-particle energies with first-order

Hartree-Fock corrections, though their motivation was appli- Il. MODEL
cation to the physics of neutron stars. Their conclusion was )
that the maximal pairing gap became larger as the back- A. Lagrangian

ground density increased; at the same time, the effective Our starting model Lagrangian of the system has the fol-
mass ofA hyperons became smaller. Since a smaller effectowing expression:

tive mass generally leads to a smaller pairing gap, this con-
clusion is against general expectations. Takatsuka and Tami—_ S Ui hM
gaki subsequently studied the problem using two types of™ g4 Vel yud B)¥e
bare AA interactions and two types of hyperon core models
[9]. Aiming at a better approximation of neutron star matter,
they used the nonrelativistic effective mass which was ob-
tained from theG matrix calculation for composite matter of
neutrons andA hyperons, and was dependent on a total
baryon density and A fraction. Their gaps were somewhat
smaller than Balberg and Barnea’s due to a smaller effective
mass and an appropriate choice of the interaction. They also
showed that the result had a considerable dependence on the
interactions and the hyperon core models owing to related _ _
uncertainties. An important thing common to these past stud-  —0o* A¥YAT™ YA —QpA Yr VP ¥r » 1)
ies is the use of thé\ A interactions that are too attractive
considering the consequence of the NAGARA event, whichwhere Q ,,=d,0,-d,0,, and S,,=d,¢,—d,¢,. The
was unavailable at that time. symbolsMy, My, m,, m,, m,«, andm, are the masses
Therefore, we study théS, AA pairing in binary mixed  of nucleons,A hyperons,c bosons,o mesonso* bosons,
matter of nucleons and hyperons using relativistic interac- and ¢» mesons, respectively. Table | displays these masses,
tions, which reflects the new experimental information forcoupling constants, and their ratios used in this study. The
the first time. TheA hyperons are immersed in pure neutronmodel Lagrangian used in the study of the binding energy of
matter or symmetric nuclear matter that is treated as a backloubleA hypernuclei within the RMF mod¢lL1] was origi-
ground. We use the relativistic Hartree-Bogoliub@HB) nally proposed by Schaffnest al. in the study of multiply
model in which density dependence of the interaction is austrange hadronic systems including baryon spadjes, and
tomatically taken into account via the Lorentz structure. TheE [12,13. The parameter set was determined by Marcos
density dependence that is an inherent mechanism in relatiet al.[11] to reproduce the bulk properties of hadronic matter
istic models may lead to a novel behavior of the pairing gapand finite nuclear systems including doulNehypernuclei
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TABLE |. Parameter set HS-mZ11]. We choose My  to study the possibility of thé A pairing and its dependence

=938.0 MeV andM , =1115.6 MeV. on the density of background matter. We adopt to phe
_ _ channel interaction the one-boson-exchaf@8E) interac-
Mass(MeV) (Coupling constang)/(ratio «) tion obtained from an RMF parameter set with the help of

form factors. For convenience, we refer to this OBE interac-

m, 520.0 Uon 10.481 , . : =ehice, v _
@, =Gon /9un 0623 tion as “RMF interaction” in thls_ study..Th_e antisymme-
m, 783.0 Oun 13.814 trized matrix element of the RMF interactidhis defined by
aw:gw/\/gmN 213 T * . k _ 4] e r S e
= V|ks,ks)— V|ks,k
Mg 9750 @pr=goxalUon Varied v(M;p.K)=(ps’,ps’|V[ks,ks)—(ps’,ps'|V[ks, S>,(4)
m, 1020.0 ay=0yrlGun —\2/3

where tildes denote time reversal. Sincedepends on the
Dirac effective mass of\ hyperons in a baryon spinor, its
dependence is explicitly indicated in Eq8) and (4). Inte-
gration with respect to the angle betwegmndk has been
performed in Eq(3) to project out theSwave component.

Moreover, the form factors are included into regulate its
high-momentum contributions. We use a Bonn-type form

according to the old information. In Refl11], the original
nucleon Lagrangian HSan acronym of Horowitz-Serpt
with “ o-w” Lagrangian for theA sector, which is called
“model 1,” was supplemented with two additional boson
fields. One is a scalar-isoscalar bosoh (975 MeV) and the
other is a vector-isoscalar mes@n (1020 Me\). The La-

grangian that contains* and ¢ is referred to as “model 2.  factor:

Following Ref.[8], we call the model Lagrangian, E@.), as P

“HS-m2” in short from now on. Details of model 1 and f(q?)= Ac—m; (5)
model 2 are described in Rdfl3]. These additional bosons A§+ 9> '

were originally introduced to achieve strong attraction be-

tween A hyperons. Since it is, however, now probable thatwhereq is the three-momentum transfer amg (i=0o, o,

AA interaction is weaker than what has been believed, we™*, and ¢) are the meson masses. The cutoff massis
regarda™ as the device for controlling th& A attraction in ~ 7.26 fm ! for all the mesons employed, whose value was
this study. As a rough guide, we refer to Fig. 1 of Rdfl]  determined in our study of thidN pairing for a form factor

that shows the dependence of the bond energy, of a type different from Eq(5) [16]; an effect of varying the
cutoff mass will be examined later. We thereby aim at phe-
AByA=Br(112)— 2B, (" 12), (20  nomenological construction of the effectiveA interaction

usable in hadronic matter with a finite fraction, such as the
on the coupling ratiax,« =g,+ /g,n. On the contrary, the Gogny force in the nucleon sector. Note that the form factors

ratio a, =gy, /d,n is fixed by the S) relations. are applied only to the-p channel since we respect the fact
that the Hartree part is unaffected by a monopole form factor
B. Gap equation [Ed. (9) shown latet for which the value ofA; was deter-
) ) o mined in our study of thé&lN pairing.
Next, we explain the gap equation for theA pairing. Combining the equations for the Dirac effective mass of

The equations of motion are solved by the procedure i”us'nucleons,

trated in Ref.[14], except that pairing correlation is intro-

duced by the Gor’kov factorization and hyperons other than MY =Myn+gon(o), (6)
A are absent in the present study. The Fock contribution is

neglected and the so-called no-sea approximation is emhat of A hyperons,

ployed. This is the RHB model. As for the pairing gap, the

gap equation, MX=M+0,1(0) + g r (™), (7)
A(P) 1 (= A(k) and Eqg.(3), we obtain the coupled equations to be solved
p)=- _zf = OV numerically.
8m=Jo \/(Ek ~ Bk )" +A%k) Concerning the choice of thg-p channel interaction, it

has been still open to argument whether Genatrix or a
bare interaction is suitable for the gap equation. Fhp

) . ) . . channel interaction in Ref.7] is classified into the former

is solved numerically, wher&; ™’ is the single-particle en- 4 that in Ref[9] into the latter. As described in R€1L7],
ergy of A hyperons anad (M7 ;p,k) is thep-p channelA A the gap equation itself handles short range correlations which
interaction. Although the quality of bar& A interactions is the G matrix also does; this is the well-known double-
steadily getting higher, they still have room for improvementcounting of the correlations. Takatsuka and Tamagaki also
mainly due to sparsity of experimental data. Hence, also doesrgued that use of th@ matrix itself or the interaction based
predictability of theA A pairing properties. Following the on it in the gap equation cannot be justifigd]. Thus it is
same prescription as in our previous studiedNd pairing  widely received to use a bare interaction in the gap equation
[15,16, we therefore use the phenomenological interactiorwith regard toNN pairing in infinite matter.

Xv(M* :p,k)k2dk, (3
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FIG. 1. AA pairing gap at the Fermi surface &f hyperons, for FIG. 2. Effective masses of hyperons and neutrons for pure
pure neutron background densitieg=0, po, 2.500, and 5,. The  Neutron background densitipg =0, po, 2.5p0, and S, The cou-
coupling ratioa,«=0.5 is used. pling ratio a,«=0.5 is used.

. . . . . coupling ratio can reproduce the bond energy, &), of
. Mear_wyhne, from a practical V'eWPO'”t such as appl'ca'about 1 MeV in the RMF model, which is suggested by the
tion to finite nuclei, the Gogny force is often used as ke NAGARA event. Contrary to the results obtained by Balberg

channel interaction as well as the particle-hole channel intery - 4 Barnea, tha A pairing gap becomes suppressed as the

action. While it is regarded as a reasonable parametrizatio'q G
- o : . ron density incr . AL=2. whereA hyperon
of the G matrix in the sense that it gives saturation properties eutron density increases. Af %o, WhereA hyperons

) ) .- —“already appear in some models of neutron sfar, the
of symmetric nuclear matter, it can reproduce the PAINNG A ximal pairing gap is about 0.15 MeV. Since there are
gaps obtained from bafeN interactions. In fact, the Gogny probably noA hyperons atpy=0 and pq in neutron star
force imitates bare interactions in the low-density limit s P . :
[18.19. With reference to practical usage, Matsuzaki an d?azlatter, the pairing gaps at these densities are quite hypotheti
Tanigawa sol_ved the gap equation N pairing using t_he Figure 2 shows the density dependence of baryon effec-
RMF interactions[15,16. In Ref. [16], phenomenological tive massesM* andM* . as functions of the total baryon
form factors were introduced to the-p channel, with the it ThNb K ' d tron densiti fi dyh
Hartree part unchanged, so that the constructed interactiorgsg ntﬂa{p\?a.\riati% nsci groggrr:SeuoL%n toe?hscl)is iir?hg(eFerri:e’
r_eproduced the results ob_tained from there Bonn poten- omenturm ofA hyg;?ons Siﬁce we ignore the chemical
tal. They sgpcessfully adjusted cutoff masses (o reproducg] uilibrium here, the curv.es of the effective masses have
b-Oth the pairing gaps and_ the coherence Ieng_ths at the Sarﬁ%’écontinuous 'u’m s; each piece corresponds to the fixed
time. The cutoff masses independent of density were quali- : d 't'] p—,O g q 5p Consid
tatively similar to those of the Bonn potential. This shows€UTON AeNSIESpy=U, po, 2.5p0, and 5.¢,. Consider-
the usefulness of the prescription. Nonetheless, we do ndtion of the chemical equilibrium should connect ther_n V\."th
use the same procedure in the present study since we have ﬁ_gc:l Oiheta Neverthﬁless,. W? obiain tTe \éaluis ?uzjganvely
model of theY'Y interactions to follow, and our primary in- similar to the ones shown in, for example, Fig. 4 of R&#].

terest is behavior of the gap; we use the cutoff mass for th!ﬁ:t is therefore c_onclud_ed that _the in-me_dium propert_y Qf the
AA interaction obtained from the study of teN pairing phenomenological A interaction used in this study is jus-

[16] instead, which is qualitatively similar to those of the&y tifiable. The effective mass of neutrons dec_reases steeply as
interactions7 the total baryon density increases, while mildly does the ef-

Last but not least, we neglect effects beyond the meaﬁective mass ofA. hyperons due to the weaker _coupling[of
field approximation, such as the dispersive effd@®,21] yperons to the scalar bosons than the F:ouplmg of nucleons.
and the polarization effecti22,23, to concentrate on the For thep-p channel, we use the RMF interaction as stated
effects that stem from the bihar)’/ character of the rnattel;ibove. The interaction contains the Dirac effective mass of
Both are, however, very important for tieN pairing since hyperons, Eq.(7), through which the medium effects are

they turned out to reduce the pairing gap. Work in this direc-'ntr_Oduced; the coupling ofA hyperons too bosons, to
tion is necessary in the future. which nucleons also couple, brings about the dependence on

the background density. Figure 3 represents Ahe RMF
interaction derived from the parameter set HS-m2. It is
[ll. RESULTS AND DISCUSSIONS shown that increasing the background neutron density sup-
presses attractive contribution from low momenta. This is the
main reason why thé\ A pairing gap is smaller in denser
Figure 1 shows the resultingS, AA pairing gap at the background.
Fermi surface in pure neutron matter of densitigsat 0, pg, This new mechanism of the suppression is inherent in
2.5, and 5y, with a,+=0.5 chosen. This value of the relativistic models that respect the Lorentz structure as

A. Effect of Dirac effective mass decrease
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comes less likely than before. The result is almost the same
with the background of symmetric nuclear matter.

In the light of the neutron star cooling, the absence of the
" v . . AA pairing might call for the pairing of other hyperonic
densities py=0, po, 2.5, and %o, corresponding toMy species and a modification of its scenarios. More realistic

=1068, 813, 660, and 605 MeV, respectively. The coupling ratio . . . .
a,+=0.5 is used. The legend is the same as in Fig. 1. The insedPProximation of the internal composition of neutron stars

shows a magnification of the region around the repulsive bumps. N€€dS @ condition of chemical equilibrium, which plays a
decisive role. Under the condition, other hyperons will

shown in Eq.(7). It is shown that the decrease of the effec-emerge as the background density increases. Takattua

tive baryon mass plays an indispensable role when it is usegfudied theX "%~ and 2~ =~ pairings and showed their

self-consistently in the baryon spinor. possibility[25]. Nevertheless, the possibility of thieA pair-
What is important is that relativistic models naturally leading in neutron star mattestands unsettled in our model. As

to a density-dependent interaction through a self-consisterlucidated above, both the increase of the baryon density and

baryon spinor, where the bare mass in a free spinor is rghe weakening of thé\ A attraction reduce thé& A pairing

placed with the Dirac effective mass. An apt example is thegap in the binary matter. On the other hand, it is likely that

saturation of symmetric nuclear matter in the DBHF ap-complex composition of baryons in neutron star matter af-

proach [24]. Requirement of the self-consistency for the fects relevant scalar boson fields, namely, the Dirac effective

nucleon spinor, that is, use of the Dirac effective mass in thénasses of the baryons. In our present model of the binary

nucleon spinor effectively gives repulsion to the binding en-matter, one cannot thereby estimate how the above two

ergy of symmetric nuclear matter. Consequently, it pushesnechanisms toward closing the gap work in neutron star

the saturation points predicted by nonrelativistic models tomatter.

ward the empirical one. It seems that our finding is similar to

this repulsive effect. Furthermore, the mechanism is appar- C. Comparison with nonrelativistic study

ently not restricted toAA pairs. It is probable that other

kinds of Y'Y pairs have the same trend.

FIG. 3. AA RMF interactioruT(M* ;k,kg) at the Fermi momen-
tum of A hyperons kg=1.0 fm 1), for pure neutron background

Now we make a comparison between relativistic and non-
relativistic predictions. For the comparison with the nonrel-
ativistic results of Balberg and Barn¢d], we calculate the

B. Effect of the NAGARA event AA pairing gap in symmetric nuclear matter. Figure 5 rep-

Next we explore the effect of the NAGARA event on the resents our result. Slightly smaller gap than that obtained
AA pairing. With relation to the revised information on the from the calculation of pure neutron matiéig. 1) reflects
AA interaction, we vary the ratia « =g« /g,y between the smaller Dirac effective mass &f hyperons in symmetric
0.4 and 0.6, referring to Fig. 1 of Refl11]: Thereby, we nuclear matter than that in pure neutron matter.
control the attractive component of the interaction. Figure 4 We would like to note two remarkable differences be-
represents the maximalA pairing gap at the Fermi surface tween their result and ours. One difference is the dependence
of A hyperons as a function of the strength/oA attraction ~ of the gap on the background density. Strikingly, ours is op-
and the background density of pure neutron matter. From thigosite to theirgcf. Fig. 4 of Ref.[7]). This is brought about
figure as well as Fig. 1, one reads that the suppression of tHéirectly and indirectly by decrease of the Dirac effective
gap occurs in denser background of neutrons. Moreover, inass. We intend by the word “directly” that we can grasp
may even vanish in the erfthough the result depends on the the decrease of the gap through an expression in the weak-
choice of RMF parameter sets and a cutoff mass as will b€oupling approximation,
shown latey. This varyinga,« reveals likely closing of the
gap at smallew .« (i.e., weakerA A attraction and its strong A B 1

allet _ (kp)cexg — ———————|, (8)
suppression in the denser neutron background. This result N(ke)|v (ke ke
implies that the aforementioned mechanism acts in concert
with the weakened attraction for closing the gap. Hence, thevhere N(kg) = E(kﬁ)kFIZWZfi2 is the density of states at the

015801-5



TANIGAWA, MATSUZAKI, AND CHIBA PHYSICAL REVIEW C 68, 015801 (2003

20 —— 4.0 : |
| [T PN = 0 ] 35 L PN=P0 — a
== Pn=Po ’ -‘\\ (kF:U~90)
wemnpy = 2.5 \
15[ _g:zspop" N . B0F\ oN=2500 i
/ \ \ (kp=0.80) ~
I’ \ A Y
- / | — 25\
3 / ‘\‘ > \ pN=5.0p0
2 10l / \ . 2 \ (kp=0.75) |
g /'I' \\ fﬁi
< / \ < i
! \
! \
05T / LTS Y T ]
/I /’, \\\ \
’I //, \\\ \\ |
// == .. AN \
0 Lo 4 I, AN L
Qo 05 10 15 20 A —
ke [fm™] 5.0 6.0 7.0 8.0 9.0 10.0

A [fm™1]

FIG. 5. AA pairing gap at the Fermi surface Af hyperons, for

nucleon background densitipg =0, pg, 2.5, and 5. The cou-
pling ratio «,«=0.5 is used.

FIG. 6. Cutoff mass dependence of the\ pairing gap at the
Fermi surface in pure neutron matter. The coupling ratjo=0.5
is used.

Fermi surface. Equatio(8) shows that the smaller the Dirac

effective mass becomes, the smaller the density of stat uide to determine the cutoff mass in the form factors for the
does, which makes the ;gap smaller. Note that we use tﬁ%A pairing. Hence, we adopted the value from our previous

approximation for rough estimation here and the full integra-s'tUdy of theNN pairing [16]

tion of the gap equatiofi3) is done throughout the present
study. Meanwhile, we intend by the word “indirectly” that

the gap decreases as the density increases due to grad
weakening of the attraction in the-p interaction, which is

However, the type of the form factor and the value of the
cutoff mass significantly affect the magnitude of the pairing
ap- We therefore calculate the dependence ofAthepair-
INng gap at the Fermi surface on the cutoff massin the
form factors of the Bonn-type, Eq5). The cutoff mass is

shown in Fig. 3. The other difference is the region of thet ken to be | than 5 fm. which hl ds t
Fermi momentum of\ hyperons where the gaps are open. aken fo be farger than » which roughly corresponas to
mass of the heaviest meson employedmely, ¢); other-

While the regions in their result are similar in all densities . . o . . i
presented, Fig. 5 shows that the regions in our result narrox@"se the interaction is unphysical. The result is shown in Fig.
as the bac;kground density increases , in which the Fermi momenta of hyperons are fixed to

Finally, the result afpy=po may have relevance to the Ke=0.90, 0.80, and (_)'75 f;nl for bac;:kground den;itylof
AA pairing correlation around the center of hypernucleipure neutron mattein = po, 2.9, and 5.4y, respectively.

[26]. We obtain the maximal gapA(ke=0.9 fm 3 As expected, varying the cutoff mass changes the gaps
~0.5 MeV steeply since it changes the balance of the attraction and the

. . . 71
Prior to the present study, Elgaret al. studied[27] rela- repucllsmr: of the mtt:._ractlon. The_peal;stharOLﬁw gnm
tivistic effects on the neutron and proton pairing in neutron'€ CUE 10 consecutive suppression of the attrac o-

star matter, and made a comparison with a nonrelativisti€®" @nd the repulsiong meson by the form factor. None-
result [28]. Their result shows a large effect of “minimal theless, the importance of this result lies in the fact that the

relativity” [29] on the P, neutron pairing while a small one gaps become smal_ler n denser backgroundaioy Cutoff_
on the 150 proton pairing. They explained that using DBHF mass. Thus the arbitrariness does not alter our conclusions.

single-particle energies and factors of the minimal relativity On the other hand, a form factor of monopole type,

are the causes of much smaller neutron pairing gap. As for A2
our model, the factor corresponding to the minimal relativity f(qg?)= __c (9)
is already included in th@-p interaction owing to the nor- Af+q

malization of the Dirac spinoy'u=1. _ . o N
with moderate cutoff masses does not give a finite pairing

gap in our model with the HS-m2 set; using other RMF
parameter sets may give finite gaps, and their gentle depen-
Also noteworthy is a form factor: In this section, we in- dence on the cutoff mass is expected in the manner similar to
vestigate a dependence of the gap on the cutoff mass for eage NN pairing [16].
type of the form factor. We use the purely phenomenological We would like to stress that we do not intend to provide
form factor at each\ hyperon-meson vertex to regulate the the optimal parameter sets for the descriptiom\a{ pairing
high-momentum components of thgp interaction as in  for the time being; or rather, we intend to present its general
Ref.[16]. So far, we have chosen in this paper the Bonn-typarend of density dependence within the present model irre-
form factor, Eq.(5), with the cutoff mass\.=7.26 fm L. In  spective of a given set of parameters. Determining them pre-
contrast to theNN pairing, there has yet been no proper cisely is inevitably deferred until the guide is available.

D. Choice of form factor
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E. A-X mixing both in the particle-hole and the particle-particle channels;

Before concluding the discussions, we present relevan’® have used it to naturally incorporate the medium effect
issues for further study. We have employed pure neutrofto the latter, as well as the former, via the Dirac effective
matter and symmetric nuclear matter as background in thi§!@ss OfA hyperons in theA spinor. Two noteworthy con-
study. The physics of neutron stars requires isospin asyrrp_lusmns are therepy drawn. First, we have found that the
metricity of the background matter, which should be consid-valueé of theA A pairing gap decreases as the background

ered in the next study. In connection with this, coherent and'Ucleon density increases. This result is opposite to that re-
incoherent A-3 couplings should be mentioned. Akaishi Ported in Ref.[7]. It should be emphasized again that the
et al. argued that they are important to understarshell origin of the medium effects is different from each other.

hypernuclei and, in particular, resolve the longstanding probS€cond, in concert with the effect of increasing the back-
lem of overbinding inf\He [30]. Furthermore, the coherent ground density, the weaker theA attraction becomes, the

A-3, coupling predicts the coherent-3° mixing in dense more theA A pairing gap gets suppressed. The present model

neutron-rich infinite matte{31]. As a consequence, the ShO.WS Fhe possibility that it may eyentuallly dis_appegr. Some
A-3° mixing shall come into play in asymmetric nuclear arbitrariness of the form factors still remains since it has yet

matter, which may change the critical density of hyperonbeen virtually difficult to determine the cutoff mass pre-

emergence, and eventually scenarios of the evolution of ne&-'sely' The magnitudes of theA pairing gap consequently

tron stars. It is therefore important to introduce it into theémain uncertain because they have the strong dependence

models of dense hadronic matter. Concerning relativisti®" tTtetﬁutt?;f n;jass. Wg, h;)weve(rj, ha:jve Sh%‘m the edsseIPtlfll
models, the introduction into both infinite and finite systemsres’u ha ed fensg_:cf ac tgrO‘fn refut?]es tenf"; gra uaFy 0
has been performed using the quantum hadrodynamics alorl?i unchanged for différent values ot the cutoll mass. ~or
with the concept of effective field theor{32,33; these transparency of the investigation, we have ignored the

works also show the importance of the mixing. On the othertChemiSa][ eﬁuilit;)rilum. Thlis ShIOL:jld bef (;gnsri]dered inhthe fu-
hand, the QCD sum rules predict that relatively weak mixing_ure' nfortunately, our knowiedge of the nyperon-hyperon
interaction is somewhat limited at the moment. We notwith-

would be realized fo and>° of the positive energy state, . o o
while strong mixing would be realized for the negative en_st.andlng. expect that qughtaﬂve trends presentgd In t_h_|s study
will survive in more refined models, and also in pairing of

ergy stateg[34]. Hence, room for arguments over this issue ) .
still remains, and the effect of the mixing on the pairing is another hyperonic species.
unknown so far. In all cases, we have ignored the mixing

since it is beyond our scope of this study. ACKNOWLEDGMENTS
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