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Dirac sea effects on superfluidity in nuclear matter
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We study two kinds of Dirac sea effects on th®, pairing gap in nuclear matter based on the relativistic
Hartree approximation to quantum hadrodynamics and the Gor'kov formalism. We show that the vacuum
fluctuation effect on the nucleon effective mass is more important than the direct coupling between the Fermi
sea and the Dirac sea due to the pairing interaction. The effects of the high-momentum cutoff are also
discussed[S0556-281@8)06712-(

PACS numbsds): 21.60—n, 21.65:+f, 26.60+c

Superfluidity caused by the pairing correlation between Our formulation consists of three steps. In the first step,
two nucleons with the linear or angular momenta opposite tahe equations of motion of the normal and the anomalous
each other is a key ingredient to describe quantitatively th&reen’s functionsG andF are derived. We start from the
thermal evolution of neutron stars and the structure of finiteordinary o-w model Lagrangian density
nuclei. As a way of description, relativistic models are at-
tracting attention. The origin of relativistic nuclear models _ 1 1
can be traced back to the work of Dugtd. Since Chin and L= ¢(iy,9*~M)¢+ 5(d,0) (5" o)~ zmiaz
Walecka succeeded in reproducing the saturation property of
symmetric nuclear matter within the mean-field theory 1 1 _ _

(MFT) with the no-sea approximatid2], quantum hadrody- - ZQWQ“”Jr Emiw’uw“'i- Qoo h—Qg, 0y, 0"y,
namics(QHD) has described the bulk properties not only of

infinite matter but of finite spherical, deformed, and rotating

nuclei successfullf3,4]. These successes indicate that the Qpy=0,0,=d,0,. @)
particle-hole(p-h) interaction in QHD is realistic. However, ) ) o ) )
various observables of nuclear many-body systems are sehl€ Hamiltonian densityt is derived from and the chemi-
sitive to the single-particle properties around the Fermi surcal potentialu is introduced in the Hamiltoniakl’= [ (H

face. Knowledge of the residual particle-partiétep) inter-  — ' ¢)d3x. The equations of motion for

action is required to describe them. Since this is still less _ . 5
understood, nonrelativistic interactions such as Gogny force Gap(X—x")=—i(0| Tih(x)th5(x")|0),

are used in _the pairing channel in practical “relativistic”

MFT calculations. Foap(x—X')= —i<6|T¢ra(x)¢/rﬁ(x’)|6) ()

The first study of the relativistic p-p interaction for the

airing channel in the nuclear medium was done by Kucha- . . ,
Fr:)ek ar?d Rind 5]. They adopted, as the particle-partic)(e inter- & © d(?r|ved ffom'ﬁt‘ﬁ:[%”’H I Hefe we note that the.
action () in the gap equation, a one—boson—exchangeGreen s fungtlo_ns have tq be defined by the superflwd
(OBE) interaction with ordinary relativistic MFT parameters ground statg0) in order to introduce the antinucleon in the
which gave the saturation under the no-sea approximatiodlext step. Aside from this, this first step is essentially the
The resulting maximum gap was about 3 times larger thagame as the formulation of Ref5]. After evaluating the
the accepted values in nonrelativistic calculatigfs-11. ~ commutator with the interaction term k', the meson fields
Various modifications to improve this result were proposedare eliminated by using the inverse of the Klein-Gordon
They can be classified into two groups: One is to adopt th€duations. Here the gauge term in the propagator ofuthe
vppWhich is consistent with the p-h chanriéR—-14, and the ~Meson can be discarded sineecouples to the baryon cur-
other is to adopt effective ones which are not explicitly con-rent which is conserved on average in the present superfluid
sistent with the p-h channfl5,3,16. Among the former, we case. The result is
examined the p-h polarization ir,, which reduced the pair-
ing gap in 'Fhe nonrelatlwstlc mode]47,18. But the re_sult (p—M+ Yoﬂ)ayGyﬁ(X—X’)
was negative; this suggests that the nucleon-antinucleon

(N-N) polarization should be taken into account simulta-
neously[14]. Before doing this, the antinucleon degrees of
freedom have to be taken into account in the OBE step as
done by Guimares et al. [12]. In this paper, we discuss a .
more important effect of the Dirac sea than what they dis{ —P—M+7%u),oF ,5(x—X')

d. . - _ — — -~
cusse =V o slBI Tty Ua(ty) i (X) (") [B),

= 80 (X=X ) +1V 4y, 5¢

X O Tot,y) ¥s(t,y) ,(X) 5(x")|0),

_ 2 2
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. A - = 0 ’ 0 ,V ’ ’ - . 6
Di: T (l =0',w), (3) uzy(x y) Yoo 777 a’ b,y er‘ie(X y) ( )
' The Fourier transform of the equations of motion goand f
~ . 0 0 0 :
with x=(t,x) andp=iB(d,—a- V). Here we introduced an defined by G,5=0,p 755 and Fyp=T,p7, 75, IS
instantaneous approximation since it was reported in the pregiven by
ceding workg 12,13 that retardation effects are small. The

time-ordered products on the right-hand side are decomposdd @ ~ N+ #)ay —Aay (gyﬁ) _ ( 511[3) @)
in the manner of Gor'’koy19] by extending Wick’s theorem, A7, (0+h* =),/ Top o)
OIT gty hs(t,Y) () Yp(x")[0) whereh=a-k+B[M+X(K)].
o . ) In the second step, we derive the equations for the
== Pes'(0) V551G p(X=X") + p, s (X—Y) Bogoliubov transformation amplitudes by expressinand f
0 . , _ , in Eq. (7) in terms of them. We introduce the Dirac field in
XYV 6 GCeply=X') = Ky X=Y)IF 55y —x"), the Schrdinger picture,

O| Ty (t,y) rs(t,y) o (X) b 5(x')[0 1 . .
(O] Tor(t,y) s );)%( )a(x")[0) O W= = 3 [aUn)ecbivine ], ()

= e (0092 F (XX ) F peyr(y=2072,, W

to manipulate thé dependence. Here the normalization_bf
andV is chosen to conform to Ref20]. The Bogoliubov
(4)  amplitudes are defined by

XiF 55(y =X )+ K5 (Y= X) Vg0 Y50 i G ey —X'),

where the normal and the anomalous densities are ~ frx St 4w
A,=(0la,7,|0), B,=(0[bl, 7,/0),

Pap(X—Y) = (0|} (t,y) #,(x)[0),

Cx:<6|aix7ht|6>v DA:<6|b>\”II|6>: 9
Kap(X—Y)=(0l15(t,y) o(X)[0). (5)  as the overlaps between the quasipartige
The self-energy and the pairing field are defined by these _ _ _
densities as H' 71[0)=&#!|0), H’[0)=0, (10)

0 and the nucleon or the antinucleon. These give explicit ex-
an(x_y):[Vay,66p65’(0)_Vae,ﬁypeé’(x_y)]75!5! pressions fog andf:

1
9y = T—g e 2 {IAIPU, U0 F BV, (=M VE(= M) +ABIU,(MVE(-D)

FBAATV, (- MUF (M)} + 2 2 {ICAPU,00UE00 +[D V50

w+5k—i

XVE(=N)+D_,C* \U,(MVE(=\)+C_,D* V(=M US (M)},

1
fp(@k)= o= 7e g {CAAF U (= NU%(N) +D,BEVE(MVE(—N) +CBF U (= NVE(—))
FDAIVI VU0 Coe g {C_\A* \UX(=M)UE(N)+D_\B* \VX(\)
XVE(=N)+D A\ US (= N)VE(=N)+C_ B, VE(MUF (M)} (12)
|
The former describes the normal propagation and A A()\):e—iaM)UZ()\)AMTVBUB()\),

=0 pairing, and the latter describes the ordina}=2

pairing. ThisAN=0 pairing appears because Cooper pairs

can be formed regardless of the sign of the single-nucleon Z()\)=e“"*("‘)VZ(—A)AwTﬂ;Vﬁ(—)\),
energy. Substituting Eq11) into Eq. (7) and defining the _

matrix elements of the pairing fieldl as S\ =e 1 e=NUT (V)AL T, eV a(—N), (12
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for the Fermi sea pairing, the Dirac sea pairing, and the ey Uy (M) =EU4(N),
AN=0 pairing, respectively, with the phase factors associ-
ated with time reversd21],
ha‘yvy(_)\): - Ekva(_}\)v
TUN)=ea+My* (=),
E=Vk?+M*?,
TV(—\)=€e“-Mv* (), Th*=hT, TA*=AT. (15)

Note that we adopted notation such that Etyd) took the
same form as that of Reff12] and chose a phase convention
such that all the matrix elements were real. Among the ei-
genvalues,

T=iy'y’, (13

we obtain the equation of the Bogoliubov amplitudes:

—E+ 0 —A(AN —S8(\ 1 ~
w KT M ( ) ~( ) (l)2: EE+ILL2+_(A2+A2)+52
0 w+Ectu =8N —A(\) 2
_ _ +E,.— 1 = =
i((;‘)) 2(()‘)) @ 'Zk H s -3 V(AEu— A2+ 822+ 457 4E2+(A+4)2]
— — N W—E— M
A (16)
N
B, corresponds to the Fermi sea pairing in the decoupling
| ¢, | =0 (14 (5—0) limit.
D, In the third step, we expresg and subsequently the ma-

trix elementsA(A), A(X), and&(\), in terms ofA,-D, . The

Here we used Fourier transform ofc in Eq. (5) is given by

K5 0,K) =280+ &) 2 {A_C_\UL—NUsN)+B_,D_,V(ANVs—\)

+ALD U= MVs(—N)+B_,C V(MU (M)} 17

Substituting this into the Fourier transform of the second equation of (Bygives

i d3p 1 _g‘z" * * ia (N\)
A()\):_E (277)3 4EkE |k—p|2+m2 [Tr{(k+M )(p+M )}e * A)\C)x
p o
2
*\ (" * fa_(— Yo * *

+Tr{(k+M*)(p—M*)}e'*-"MB, D, ]+ m[Tr{(I»HM )Yu(B+M*) y,}

x WA Cy +TH{(K+M*) v, (p—M*) v, e'*-("VB,D,] |,
A i dp 1 _glzf ¥ * i@ (N)
A()\):_E (271_)3 4EkEp |k—p|2+m2 [Tr{(k_M )(ltH—M )}e * A)\C)\

2

FTHR=MIB-M"e VB o TR MY 7, (B+ M)y,

w

xel*+MA, C\ +Tr{(R—M*)y,(p—M*)y,}e'*-("MB,D, ]/,
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5(>\)=—i—f o 2 ¢ [Tr{y®(k=M*)y%y°(p—M*)y°}e'*+MB,C
2 ) (2w 4EE, \ [k—p|Z+m2 A
2
—Tr{y*(k—=M*)y°y°(B+M*) el - ("MA, D, 1+ “(_m—gijz[Tr{v‘r’(k—M*)7°7M75(¢>—M*)7°7M}
x el @+ MB, C, —=Tr{y°(k—=M*)9°y,y°(p+M*)1y, }e' - "VA D, ]/, (19

where bothy,, in each line are covariant due to time reversal.corresponds to that of Ref12]. Here we note that we adopt
Here we usedd_,D_,=—-B,C,, and so on, derived from the Hartree approximation with or without the Dirac sea con-
the definition ofx, thes independence of'“+(MA,C,, and tribution as in the no-sea study of Rg5] although the Fock
so on, and terms are also included in Rgfl2].

Now we proceed to the numerical results. The parameters
used areM =939 MeV, m,=550 MeV, m,= 783 MeV, and
g%=62.89 for the RHA or 91.64 for the MFB2="79.78 for
the RHA or 136.2 for the MFT20], and y=4 (symmetric

— 1 nuclear matter First we look into the relative magnitudes of
> V(—MV(—N)=s=—(k—M"), < : _

S 2E, the gapA(k), A(k), and (k). SinceA, andC, are domi-

nant among those associated with the eigenvalue (),
— N A(k) andA(K) are much larger thad(k). From the defini-
z UMV(=N)=~— 2E, Y(k=M")", tion of x in Eq. (5), two kinds of terms—one is antisymmet-
ric in spin space and even with respect to the inversion of the
_ 1 ~ momentum, and the other is symmetric and odd—are pos-
> V(-MUN)= f?’s(kﬂL M*) %2, sible in k5(w,k). If finite-range effects are neglected, only
S k six terms of the former type are possible as discussed in Ref.
~ [13]. They correspond to scalar, pseudoscalar, and four-
k=(Ex,—k). (19 vector terms inkT. Among them, the scalar and the time

Equations(14) and (18) form a system of self-consistent componegt of the vecto-r are dominant and conseqL.JentIy
equations. The nucleon effective mads is determined by A(K) andA(k) are determined by these two terms as pointed
the self-consistent condition for the scalar part of the selfoutin Ref.[13]. Basically this applies also to the calculations

_ 1
g U()\)U()\)=2—Ek(k+M ),

energy, the first equation of Eg&), of Ref.[12] and ours in which the terms of the latter type are
also included. In contras§(k) which measures thAN=0
2 A * pairing is given by the pseudoscalar and pseudovector terms
M*=M 9o 7 M C2p%dp in «T. Since they contairB,C, and A,D,, their typical
=M~ = > —C, KT. kCk kP
m, 27" Jo p?+M values are the order of I6 MeV or less both in the RHA

and in the MFT. Therefore, as for the magnitude of Mg
—M?(M*—M) =0 coupling effect oM\ (k), our calculation does not agree
with that of Ref.[12]. The origin of this disagreement is that
5 11 their Eq. (54) does not have this structure, that different
—=M(M*=M)%— —(|\/|*—|v|)3], (200  types of products of the Bogoliubov amplitudes appear in
2 6 S8(k). The present result indicates that the Fermi sea pairing
and the Dirac sea pairing decouple in accuracy of ®10
ccordingly, we use the expressions fétk) =0 hereafter.
ince the equations fok, andC,, decoupled fronB, and

2 *
g, 1 3 M
+—— * -—
mzwz[M In(M

o

within the relativistic Hartree approximatigRHA) in which
the divergence due to the Dirac sea is renormalized using t

counterterms ! .
Dy, are equivalent to a gap equation
1 1 1
L= 10+ — 0%+ = a30°+ — a 0%, (21 1 (A A(p)
87" Jo V(Ep—Ex)*+A%p)
Hereafter we suppress the argumentind therefore the di- F (22)

rection ofk which defines the direction &, of the gaps and
the Bogoliubov amplitudes because they affect only thehe numerical task is greatly simpified to solving the coupled
overall sign. The expression of the vacuum contribution inequations(20) and (22). Here v,(k,p) is an antisymme-

Eq. (20) is taken from the nonsuperfluid cag20]. We will  trized matrix element of the adopted p-p interaction,
discuss this later. Then the actual task is to solve the coupled

equations(14), (18), and (20). If we neglect the vacuum vpp(k,p)=(ks' kS| V|ps,ps) — (ks KS'|V|pS,ps),
fluctuation contribution in Eq(20), the system of equations (23
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Pairing gap at the Fermi surface Cutoff dependence
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FIG. 1. Pairing gap in symmetric nuclear matter at the Fermi  FIG. 3. Pairing gap at the Fermi surfaég=0.9 fm %, as func-
surface as functions of the Fermi momentum. Solid and dashetions of the cutoff parameter in the numerical integrations. Solid
lines indicate the results obtained by taking and not taking intcand dashed lines indicate the results obtained by taking and not
account the vacuum fluctuation contribution, respectively. taking into account the vacuum fluctuation contribution, respec-

tively.

whereV is the Fourier transform of the one in E¢8), with fluctuat tributi th fluid
an instantaneous approximation and an integration with reyacuum fluctuation contribution as the nonsupertiuid case as
mentioned above. We believe that this approximation is

h I i h : - ) -
spect to the angle betwegrandp to project out thes-wave practical because the effect of the pairing\fi is negligible

component. ! . O
b Tnumerlcally except at very low density. This indicates that

Next we compare the results of the RHA and the MF he bulk * aff he Fermi-surf
obtained by adopting. .= 15 fm~! which is large enough for e bulk propertyM™ affects the Fermi-surface property, su-
perfluidity, whereas the opposite is not true.

the numerical integrations to conver@ee Fig. 3 These are ) . ;
9 rgee Fig. 3 Since QHD is an effective theory of hadrons, form factors

ted in Fig. 1. This sh that the Di tribut . . .
presented in Fig 's shows that the Dirac sea contriby egr cutoffs related to the spatial size of hadrons might be

to reducing the gap at low density while to enhancing it at ;
high density. This can be understood as follows: AIthoughnecessarizz]' On the other hand, an important feature of

bothg, andg, are reduced in the RHA in comparison with the gap quat_ion is that it has SU(.:h a form that a short-range
the MtIT:T, altu())gether they act to reduce the repulsion a orrela_ltlon IS |nvo!ve_c[23,24,9. This leads to an os_czlllatory
shown in Fig. 2. Since both the low-momentum attraction ehavior ofA (k) similar to that OfU_PF’(k.’kF) as fur_1ct|ons of
and the high-momentum repulsion give positive contribu-K [8:15,16. Materaet al. found that their formulation for the

: : ; _ pairing gap gave a cutoffLl3]. This is interesting in the re-
tions to Alkg) as discussed in Ref$15,16, the abovg ppect that both, which originate from the pairing correlation,

act to evade repulsion at high momentum. They reported that
tméa values they obtained were 1.7—1.9fmThese values
mean that the repulsive part was completely cut; see Fig. 2.

; s ; Since our formulation does not have any means to choose a
at high density in the MFT than in the RHA. Here we note
that this RHA calculation was done by assuming the samtgUtOff as those of Ref$5,12], here we show the dependence

of A(kp) atke=0.9 fm™1, where it becomes maximum, on
) o ) the cutoff momentum\ . as a free parameter. The result is
Particle-particle interaction presented in Fig. 3. This shows that the MFT result decreases

A(kp) in the RHA. Besides, the low-momentum attraction
decreases steeply as the density increases especially in
MFT (not shown. This leads to a steeper reductionofkg)

10 steeply as the cutoff decreases. This can be understood as

follows: The difference between the RHA and the MFT in

) the low-density case in Fig. 1 mainly comes from the differ-

_“i ence in the magnitude of the high-momentum repulsion. In

£ other words, the contribution of the high-momentum repul-

2 sion is more important in the MFT case. Consequently, as

L the cutoff momentum decreases, théky) of the MFT cal-

S culation decreases more. The plateaus around

Vpp!

=2-3fm 'in the RHA andA,=1-2 fm tin the MFT are
due to the sign change of,, around thergsee Fig. 2 A
: : : : : : : comparison with the Bonn-B potentigR5| which repro-
o 2 4 6k ] 8§ 10 12 14 duced the maximum pairing gap accepted in nonrelativistic
(frn) studieg[ 15,3 is also shown in Fig. 2. This indicates that the
FIG. 2. Matrix elemen(kkg) as functions of the momentum high-momentum repulsion of the MFT without a cutoff is too
k, with a Fermi momentunik-=0.9 fm %. Solid and dashed lines Strong and the low-momentum repulsion is too weak both in
indicate the results obtained by taking and not taking into accountheé RHA and in the MFT to give reasonable pairing gaps.
the vacuum fluctuation contribution, respectively. The Bonn-B po-This is because the parameters of éhe model are adjusted
tential for the'S, channel is also shown by the dotted line. to mean-field calculations to which only momenta below the
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Fermi surface contribute as pointed out in R&f]. A pos- and the Dirac sea pairing. The former is a bulk effect while
sible improvement in the p-p channel would be to take intothe latter affects only the Fermi surface. Our calculation in-
account the nucleon-antinucleomM<N) polarization. Our dicates that the former is more important. The dependence of
MFT case corresponds to the no-sea case in Fig. 4 of A(kg) on the high-momentum cutoff was also discussed and

Ref.[12], but the gap values there are about twice larger tha.htehMF;L reél;:;\has been shown to depend more strongly on
ours. The origin of this difference might be the Fock contri-'* than the one.

butions. Discussions with Prof. M. Nakano and Prof. R. Tamagaki

To summarize, we have studied two kinds of Dirac seaare acknowledged. The author also thanks T. Tanigawa for
effects on the pairing gap in nuclear matter. One is thealculating the Bonn potential. Numerical calculations were
vacuum fluctuation effect on the nucleon effective mass andione using the computer system of the Information Process-
the other is the direct coupling between the Fermi sea pairingng Center, Fukuoka University of Education.
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