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Minimal relativity and 3S;-°D; pairing in symmetric nuclear matter
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We present solutions of the coupled, nonrelativist®;-D; gap equations for neutron-proton pairing in
symmetric nuclear matter, and estimate relativistic effects by solving the same gap equations modified accord-
ing to minimal relativity and using single-particle energies from a Dirac-Brueckner-Hartree-Fock calculation.
As a main result we find that relativistic effects decrease the value of the gap at the saturation density
ke=1.36 fm ! considerably, in conformity with the lack of evidence for strong neutron-proton pairing in
finite nuclei.[S0556-28188)51003-3

PACS numbefs): 21.65+f, 21.30.Fe, 26.66-c, 74.20.Fg

The size of the neutron-protomp) 3S,-3D; energy gap found it interesting to investigatéS;-3D; pairing in this
in symmetric nuclear matter has been a much debated issumodel and compare our results with a corresponding nonrel-
since the first calculations of this quantity appeared. Whilgativistic calculation.
solutions of the BCS equations with bare nucleon-nucleon The firstingredient in our calculation is the self-consistent
(NN) forces give a large energy gap of several MeV at theevaluation of single-particle energies in symmetric nuclear
saturation densitkz=1.36 fm 1 [1-4], there is little em- Mmatter starting from the meson-exchange pote_nFia_I models of
pirical evidence from finite nuclei for such strong np pairing Machleidt and co-worker§8]. For the nonrelativisti¢NR)
correlations. One possible resolution of this problem lies inf@lculations we use the BHF method, while the DBHF
the fact that all these calculations have neglected contrib cheme is used in the relativistiR) calculation. Details of
tions from the so-called induced interaction. Fluctuations in?Cth approaches are found in Refg,9,10. Since BHF and

the isospin and the spin-isospin channel will probably makéDBHF are computationally very similar, we will here content

the pairing interaction more repulsive, leading to a substan(-)urs’elves with giving a brief description of the DBHF

tiallv lower-ener alf5]. Another often neglected aspect is method. In this scheme, the single-particle energies and
Y dy gaps|. . 9 P binding energy of nuclear matter is obtained using a medium
that all nonrelativistic calculations of the nuclear matter

: . , renormalized NN potentiab defined through the solution of
equatlc_m of stateéE_OS with two-body NN forc_es fitted to_ the G-matrix equation
scattering data fail to reproduce the empirical saturation
point, seemingly regardless of the sophistication of the 1
many-body scheme employed. For example, a Brueckner- G(w)=V+VQ———
Hartree-Fock BHF) calculation of the EOS with one of the w—QHQ
Bonn potentials would typically give saturationlgt=1.6— _ _ _
1.8 fm L. In a nonrelativistic approach it seems necessary tgvherew is the unperturbed energy of the interacting nucle-
invoke three-body forces to obtain saturation at the empiricaPns.V is the free NN potentiald, is the unperturbed energy
equilibrium density. This leads one to be cautious when talk®f the intermediate scattering states, &nds the Pauli op-
ing about pairing at the empirical nuclear matter saturatiorf"@tor preventing scattering into occupied states. Only ladder
density when the energy gap is calculated within a pure tWo_g|agrams with Fwo—partlcle intermediate states are included
body force model, as this density will be below the calcy-" EQ- .(1|).dlnf.thlz v.vor%<_ Vg? szl\ée %qél) gs'”ghFhe Bonn'AI\
lated saturation density for this two-body force, and thus oné’Otgnf'a ? Ine h mTha e m 12 de[ ]_' ']:5 r?otgntrl]a
is calculating the gap at a density where the system is thednode! employs the omps@ ; | reduction of the Bethe-
retically unstable. One even runs the risk, as pointed out i|§alpeter eq“a“of" and is tailored f°f _re!at|V|st|c nuclear
Ref. [6], that the compressibility is negative at the empiricaIStrUCt“re calculations. For the nonrelativistic calculation we
saturation density, which means that the system is unstab 1plloy Rt)h‘;" Bgonq_rf'\ potecr;uial W'trl‘ parakr]netglrs fkrong) T?ble
against collapse into a nonhomogeneous phase. A three-bo in Ref. [8]. IS model employs the Blan enbecier-
force need not have dramatic consequences for pairin ugar(BbS) reduction of the Bethe-Salpeter equation, and is
which after all is a two-body phenomenon, but still it would herefore suited for nonrelativistic calculations. For further
be of interest to know what th&s,-3D; gap is in a model in det_l"f‘r']ls’ éeBT_'Einy’s’lq onal 4 h he singl
which the saturation properties of nuclear matter are repro- . ? s a vanatgong Zm%e ur?]w ere t € sing elf
duced. If one abandons a nonrelativistic description, the enpartlge energies are o talng t rough an |t'erat|ve set-
pirical saturation point can be obtained within the Dirac_consw_tency scheme. To o_btaln the r_elat|V|st|c smgle-partlcle
Brueckner-Hartree-FockDBHF) approach, as first pointed energies, we solve. the Dirac equation for a nucleon in the
out by Brockmann and Machleidi7]. This might be fortu- nuclear medium, witre=%=1,
itous, since, among other things, important many-body ef- _
fects are neglected in the DBHF approach. Nevertheless, we [p—m+2(p)Ju(p,s)=0, 2

QG(w), ()
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BHF, Bonn A —
DBHF, Bonn A --- /]

wherem is the free nucleon mass andp,s) is the Dirac 120 ' '

spinor for positive energy solutionp= (p°,p) being a four 100 b

momentum and the spin projection. The self-energy( p) % /]

for nucleons can be written as

S(p)=2g(p)— 02 %p) + ¥ p=V(p). &)

E/A (MeV)

SincexV<1 [7,12], we approximate the self-energy by

S~%g—y2%=Us+Uy, (4)

whereUg is an attractive scalar field andl, is the timelike
component of a repulsive vector field. The Dirac spinor then

reads FIG. 1. EOS for symmetric nuclear matter with the NN poten-

tials and many-body methods described in the text.

Xs w
Tp.)= Eptm o | ) Ao(k)=—f0 dk'k'zﬁ[voo(k,k'mo(k’)
2m = = Xs

Eptm ~Voa(k,K)A2(K")], ©)
where y, is the Pauli spinor and terms with tilde like o 1
E,= Vp?+m? represent medium modified quantities. Here Az(k):_fo dk'klzﬁ[_vzo(k-k')%(k')
we have defined7,12) m=m+Ug. The single-particle en-
ergies'gp can then be written as +Vaoo(k,k")Ay(Kk")], (10

©6) where the subscripts 0 and 2 den&andD states, respec-
tively, V. is the free momentum-space NN interaction in the
relevant channeld, andA, are theS andD state gap func-

where ,,th_e smgle—partlclg potentlaup_ 1S ) given by tions, respectively, ande(k) is the quasiparticle energy
u,=Ugm/Ey+ Uy and can in turn be defined in terms of the given by

G-matrix

gp:<p|7' p+m|p>+up:Ep+UVv

E(K)= V(&= m)*+Ag(K)*+A5(k)?, 11
2
m - ~ . . . .
Up= Zk == (pp'|G(w="¢,+ 8"))|pp’>, (7)  whereu is the chemical potential. The quantity
p'<kg =p’tp

De=vAq(ke)?+An(ke)? (12

where p,p’ represent quantum numbers like momentum, iilin the followind be referred h d
spin, isospin projection, etc., of the different single-particle!’!! I" the following be referred to as the energy gap, accord-
to the conventional definitionl—4]. For °S;-°D pair-

states andkg is the Fermi momentum. Equatiof®) and(7) Ing 1o | ! .
are solved self-consistently starting with adequate values fgPg 1t Is also necessary to solve the equation for particle
the scalar and vector componeitds and U, . The energy NuUMPer conservation

per particle can then be calculated from

2k3 1 (= €—
=—T-_ dkk2<1—k—“ (13
£ 1 mm-+p'? 3w w2lo E(k)
A Ap’sk,: Ep/ for u self-consistently together with Eq&) and (10).

In the nonrelativistic calculation, we have used the Bonn
et YN TP it Bt - A potential with parameters from Table A.1 in R&8)]. The
n 1 D m*(p’p |G(E: ejj+ €p)P'P >As_m_ results are shown in Fig. 2. We found a large energy gap at
2A, ke By Epr the empirical saturation density, around 6 MeV at
(8) keg=1.36 fm !, in agreement with earlier nonrelativistic cal-
culations[1-4].
In Fig. 1 we show the EOS obtained in our nonrelativistic Recently, several groups have developed relativistic for-
and relativistic calculations. The nonrelativistic one fails tomulations of pairing in nuclear matt¢d3—15, and have
meet the empirical data, while the relativistic calculationapplied them ta'S, pairing. The models are of the Walecka-
very nearly succeeds. type[12] in the sense that meson masses and coupling con-
Having obtained in-medium single-particle energies, westants are fitted so that the mean-field EOS of nuclear matter
proceed to solve the coupled gap equations 18;-°D; meets the empirical data. In this way, however, the relation
pairing. Employing an angle-average approximation, thesef the models to free-space NN scattering becomes some-
can be writter{ 3] what unclear. An interesting result found in Rets3-15 is
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instead of the nonrelativistic one. We will now consider the
. - saturation density, and takg=1.4 fm 1. The nonrelativis-
2 - tic single-particle spectrum was parameterized as
2 e=k22m* + U,. At ke=1.4 fm ! the values of the param-
& = eters werem*/m=0.6751, Uy,=—97.2755 MeV. For the
Q relativistic single-particle spectrum the relevant quantities
g . were Ug=—384.89 MeV, U,=300.18 MeV. We found
Es Nr(ke=1.4 fm 1)/Nyr(ke=1.4 fm 1)~1, and then
E i
DR ;{ 1 E2 1)
e CXp o | =5
0.8 1 1.;@ (fm_l%A 1.6 1.8 DR NNR(L.AVpair | m2
FIG. 2. 3S,-3D; energy gap in nuclear matter calculated in a DNR) 14
nonrelativistic(full line) and a relativistigddashed ling approach. %< F )
26e| '’

that the 1S, energy gap vanishes at densities slightly below

the empirical saturation density. This is in contrast with nonyhere the superscript R refers to relativistic quantities, NR to

small, but nonvanishindS, gap at this density, see for in- 5.— MR and useD~6 MeV, we obtain

stanceg[16—-19.
With these results in mind, we found it interesting to con-

sider relativistic effects ofS,-3D, pairing in nuclear mat- Df ~05
ter, which, to our knowledge, has not been done before. A Dl';lRN s

simple way of doing this is to incorporate minimal relativity

in the gap equation, thus using DBHF single-particle ener- _ . L .

gies in the energy denominators and modifying the free NNNUS, the introduction of relativity in the gap equation sup-
interaction by a factom?/E,E, [20]. With this prescription, PrcoocS the gap at the saturation density by a factor of two.
we obtained the results shkole(/n in F.ig(dhshed ling As can’ This argument makes it reasonable that relativistic effects

. : o reduce the gap. That the reduction is larger in the full calcu-
be seen, the gap at the empirical saturation density is reduc? ion than in this simple estimate is understandable, since
from 6 MeV to nearly zero. ¥

. we in the weak coupling approximation neglect the
. _Le_t us try to understa_ngl t_he d|fferer_1ce be_tween the relar’nomentum-dependence of the interaction. More specifically,
tivistic and the nonrelativistic calculation. First of all, we

point out that it is well known that the introduction of rela- the repulsive high-momentum components are left out, and

tivity in the many-body problem leads to increased re ulsionthese will reduce the gap further.
Y y-body b P It is also interesting to obtain the ratidf/DFR at the

at densities at and above the saturation der&ity. Even a . . - P
naity respective saturation densities for the relativistic and nonrel-

slight increase in the repulsion might have large conseﬂ ivistic calculations. The nonrelativistic EOS saturates at
uences for the ener ap, as the gap depends exponenti _ o ) )
d gy gap gap dep P ag,:wl.S fm~1. At this density, we had numerical problems

on the interaction at the Fermi surface. One can obtain ith solving th " thi hich
numerical estimate of the effect as follows. If one takes the"'!! Solving the gap equalions, Something which may occur
when the gap is small. However, using the weak-coupling

weak-coupling limit of the gap equations, E¢8) and(10), ; ; h d timat
it is easy to show that one obtains the same form for th&(pression 1ol [ae = gap, ~we  cou estimate
Dr(ke=1.4 fm *)/Dg"(ke=1.8 fm™ ). First we used the

energy gap as fol'S, pairing,
gy 93p o P g nonrelativistic gaps in the density range=1.2-1.4 fm!
1 to calculateNngr(ke) Vpailke), and fitted the results with a
DF:25eex;<——), (14  quadratic polynomial inkz. From this fit we estimated
N(kF)Vpair

Nnr(Ke=1.8)Vpaid ke =1.8)~0.257. Then
where Jde is an appropriate energy interval,
N(kg) =m* ke/27%%? is the density of states at the Fermi Nnr(1.8)Vpaid1.8)  0.257
surfacem* is the nucleon effective mass. The pairing inter- Nnr(1.4)Vpaid 1.4 0.333
action at the Fermi surfac¥,,,;, is given by

Nyng(1.4) 0.257
Voo Vpp)2+4Vi— VsV . — NRUT P90,
Vpair:\/( ss— Vbp . soVssVso g =Vpai(1.8) Nu(19 03337rail( 19
where Vss=Voo(Ke ,Ke), Vsp=VooKr ,kg) = Vao(Ke , Kg), ~0.69%/pqi( 1.4)

andVpp=Vao(ke ,kg). With our relativistic approach to the

gap equation, the corresponding weak-coupling expressiojnere we have usedm* (1.4)/m=0.675, m*(1.8)/m

for the gap is obtained by replacing,y;, with m?% EEFVpair =0.5834 in the densities of states. We then formed the ratio
and using the relativistic expression for the density of state®F(1.4)/D}7(1.8) and obtained
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DR 1 where the system is theoretically unstable. If one looks at the
—NFR=e “N(1l8V (14 gap at thecalculatedsaturation density, it is in fact close to
De NR(1.8)Vpail1.4) zero. In the DBHF calculation we come very close to repro-

ducing the empirical saturation density and binding energy,
and when this is used as a starting point for a BCS calcula-
tion, we find that the gap vanishes, both at the empirical and
the calculated saturation density. That the DBHF calculation
~1, meets the empirical points is perhaps fortuitous, as important
_ _ many-body diagrams are neglected and only medium modi-
since we foundNyg(1.8)/Ng(1.4)~1.15, E§(1.4)/m2(1.4) fications of the nucleon mass are accounted for. However, a
~1.25, thus making the expression in the inner parenthesagcent investigation where medium modifications of meson
~0. Although this argument is only indicative, it makes it masses were included, showed that the results of the DBHF
reasonable to assume that the nonrelativistic gap will be vergo not change very much, and in particular the saturation
small at the calculated nonrelativistic saturation density.  properties are still very god@2]. Nevertheless, the essential
In this work, we have presented nonrelativistic and relaproperty which is needed in all nonrelativistic models to get
tivistic calculations of the®S;-3D; np gap in symmetric to the empirical point is an increased repulsion at and around
nuclear matter. The nonrelativistic calculations gives a largéhe empirical saturation density. Regardless of the mecha-
gap of approximately 6 MeV at the empirical saturation den-nism, this may reduce the pairing gap dramatically. The main
sity. In the relativistic calculation we find that the gap is point we wish to make is thus that the inclusion of these
vanishingly small at this density. This is our main result.additional repulsive effects may suppress pairing at the em-
Nonrelativistic calculations with two-body interactions will pirical saturation density. We should add that one should
in general give a saturation density which is too high, aninclude higher-order many-body effects in the pairing inter-
example of which is shown in Fig. 1. Thus, in the nonrela-action. The first correction to the bare force, coming from the
tivistic approach we are actually calculating the gap at denso-called induced interaction, is probably repulsive, and will
sities below the theoretical saturation density, and one mathus reduce the energy gap further. A study of this contribu-
guestion the physical relevance of a large gap at a densitijon is under way{23].
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