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Role of the tensor force in nuclear matter saturation
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In the fraamework of a relativistic Dirac-Brueckner analysis the pion contribution to the ground state energy
of nuclear matter is studied using pseudovector coupling. Evidence is presented that the role of the tensor force
in the saturation mechanism is substantially reduced compared to its dominant role in a usual nonrelativistic
treatment. The reduction of the pion contribution in nuclear matter is due to many-body effects present in a
relativistic treatment. In particular, we show that the damping of the one-pion-exchange potential is actually
due to the decrease d*/M with increasing density.S0556-28188)05310-2

PACS numbgs): 21.65:+f, 21.30.Fe, 21.45:v, 24.10.Jv

The basic understanding of the saturation mechanism qfyclear matter saturation we may WrEéA:Tf\,O)(p/po)m
nuclear matter has been the subject of numerous investigaFV(O)(p/pO)ﬂ+ Vies, Where Tf\‘°)=(3/5)k§/2M225 MeV

tions. More than four decades ago it was pointed out that iy the |ast term, which represents rest of the interaction
the absence of the tensor component in the nuclear force t%ergy, is taken to be nearly independent of density in the

saturation properties of normal nuclear matter cannot be Uheighborhood ofo~p,. Then the condition for saturation
derstood 1]. In particular, saturation then occurs at a de”Sity[equires 0

one order of magnitude or more higher than the empirica
saturation densitypy of normal nuclear matter, wittpg va(0)~_17 MeV @)
=0.17 fm 3. The effect of the pion, being given essentially m '

by the second-order one-pion-exchange potent@PER In the case of the Bonn C potential we ha)&xv(f)

contribution, is attractive and large at low density. Pauli’ C ) X
blocking reduces the attraction as density increases. In a non- 15 MeV, which is close to the right-hand side of Eq.

relativistic description of the nuclear many-body system this(z)' A very muqh smaller .value foﬂxVS?) woulql indicate
mechanism leads to saturation of nuclear matter at a densift;Pat the OPEP is not playing an important role in the satura-
well in correspondence with the empirical datahe tensor 10N mechanism. , _ _
force also plays a dominant role in the formation of the deu- In a relativistic t_heory one must f'r.S‘ specify the choice of
teron in a nonrelativistic framework. Thus for the deuteron the form of the pion-nucleon coupling: pseudovectGp,
=(9-nN2M) B(X) ys ¥y T(X) - 9, m(X), or pseudoscalar,
(D|Viotal D)=2(°D1|Viensol *S1) ~ — 22 MeV, L=t ()i ys77(X) (X). So far most of the published
. o _ _ _ relativistic calculations are based on the uselgf for the
while the kinetic energy is-20 MeV, adding up to a bind- simple reason that the problem of pair suppression is then
ing energy of ~—2 MeV. In a nonrelativistic Bethe- taken care of without special effort. In this paper we assume
Brueckner calculation of nuclear matter one finds typicallythat an effective hadronic Lagrangian using derivative cou-
(2] pling is the proper choice for describing the pion-nucleon
interaction.
(NMVINM) nonretaivisic= Vs (p/ o) ? The relativistic result for the contribution of . to the
045 deuteron, as obtained in the work of Hummel and T@his
~—34(plpo)™™ MeV. (1) (D|V,|D)=—22 MeV. This leads one to expect an equally
important role of the pion in the relativistic treatment. In
nominally expected value of 1 because of Pauli blocking sharp contrast, this seems not to be the_ case in a relat_ivistic
(0) . . " treatment of nuclear matter. The saturation mechanism is be-
The values ofv>” and 8 in Eq. (1) are particular to the jia\eq to rest upon the strong attractive, scaBrand repul-
Bonn C potential used in the calculation. Another reasonablgive, vector(V) fields of the order of a few hundred MeV that
NN potential may give noticeably different values. What is gre typical for relativistic theorief4—6] of nuclear matter.
important is the relationship between the two quant¥é8  These values are consistent with expectations based on the
and B and not their individual values. In a simplified view of stydies of scattering of 1 GeV protons by nucldi7—9]. At
the same time, they are reproduced by a reasonable meson
theoretical description of the nuclear force. The large scalar
The role of the tensor force mediated by a “tensor” coupted fields have far-reaching consequences in nuclear matter
meson is also well known. It generates shorter-ranged repulsiofirough the strongly medium-modified nucleon mags
which partially cancels the effect of the OPEP tensor force with=M +S. The saturation mechanism in a relativistic theory
increasing density and thus strengthens the saturation mechanisnarises from the decrease of magnitude of the scalar charge of

The exponent of the density is markedly less than the
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a nucleong, (p) = g,nnS d3ru(p)u(p), with increasing mo-  treatment, the damping in nuclear matter must be due to
mentum, while the Correspond|ng vector Chargemany bOdy effects. We find that it can be attributed to the

gunn/ d3rut(P)u(p) remains constarftOf course, it is the decrease oM*/M with increasing density.
only possible mechanism for saturation in a mean field Assuming that the nuclear matter is uniform in space and
theory (MFT) like QHD [11,12). constant in time with a given densw the baryon current is

The radically different explanations of the saturationgiven byB¥=pu*, with u#=(0,1) being the unit vector in
mechanism in nonrelativistic and relativistic studies Ofthe nuclear matter frame. Relativistic covariance |mplles that
nuclear matter constitute a puzzling issue. A valid nonrelathe self-energy contribution of the nucleon with momentum
tivistic treatment must reproduce the main physics of a valid® can be characterized by
relativistic treatment in leading order wv/c. Although the
issue is a long-standing one, no resolution of it has been 3=35-3".u-X"y-p. 3
given up to date. In this paper we address this question. A
Dirac-Brueckner(DB) analysis[4,5] is at present the best The medium-modified mass of the nucleon is then given by
tool we have for a relativistic study of nuclear matter. We
examine here the role of the OPEP, using pseudovector cou- M*=(M+325)/(1+3").
pling, in the DB analysis and show that it is substantially
reduced due to relativity. Since the contribution of the OPEPThe ground state binding energyA is given in terms of the
to the deuteron binding energy remains large in a relativistitNN G matrix as

E/A=M*

372 8ij/M* dp . .
k3 . 2 )3[ (p)—M*]

+}2 ij/M* d3p13 { JkF/M* d3p23 {
(2m)° E(py)Jo (2m)° E(p2)

2()\ i)
whereE(5)= v 52+ M*2, The G matrix satisfies the Dirac-Bethe-Brueckner-Goldstone equation. Within a relatigisiisi-
potentialapproach it has, in thBIN c.m. system, the form

<511)\11il;621)\21i2|G|511)\11i1;521)\21i2> ’ (4)

<p'|V||5” YSx(p"){(p"|Glp), (5)

(p'|Glp)=(p’ |V|p>+2 f P

where we sum over thg spin, helicities, and isospin and integrate over the relative monﬁihm‘ allowed intermediate
states.

The quasipotential is a fairly complicated object. It involves summing over all irreducible graphs and containing in principle
also resonances in the intermediate state. In practice, one approximates this by a sum of OBEP’s to represent the nuclear force
and fixes the parameters by fittifgN data. Through all of these the form of the OPEP remains exactly the same as that due
to the original Lagrangian, since none of the higher order graphs will generate a term with a pekm%l

The quantityS, in Eg. (5) is the two-nucleon GreEn function, including the Pauli-blocking operépé[u“. Using a
Blankenbecler-Sugar-Logunov-Thavkhelidze prescripfgrhas the forn{13,14]
mM* [Eryo—Ky+M*I[EyotKky+M* ]

< = .
SZ( ) (1+2v) (E*"‘Ef)z(E:_Ef_lﬁ) QPauIn (6)

with Es=W,/(1+37) andWS=(p1+ p,)2, W, being the total invariant energy of the final state. Furthermore, ir(EEqV
are the quasipotential matrix elements in Dirac space,

(p'IVIP)=M*?Lu(p")}} u(=p")}) VU, u(=p)i2 ], Y
P 2'72
whereu’s are the positive and negative energy=(+1/2) spinors for masM* fermions, satisfying
(PE* yo—v-P—M*)uy ,(p)=0, ®)

with E* = (p?+M*2)12,

2Actually the quark structure of the nucleon makes both charges density depgh@lelmy small but interesting amounts.
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Using an angle-averaged Pauli-blocking operator we may see that the two-nucleon Green function has the approximate
form

— M*Z N 1 (9)
SZ_E* 2(F—S,5)_E* Z(F—S,l—()) - (5/M*)2_(|Z/M*)2

The last line of Eq(9) shows the emergence of a new scale in the problem,Miz., The contributions of intermediate states

of relative momentunp; to second- and higher-order terms in an expansion of the right hand side @) Edll be suppressed
asp/M* increases. The effect is best seen by introducing dimensionless molpreptdM*. Then the expression fdE/A

becomes
3m? 8JkF/M* d®
2k o (2m)?3

1 fk,:/M* dil; 1 ko/M* dail, 1
2<m> 2m3E(i)Jo (22 E(l,)

E/A=M*

< [1N 101572, 00,02]Gl T A 1,015 2 h00) | (10)

whereE()=VI2+1.

Interdependence of the nucleon self-energy andGhmatrix, for a fixed given nuclear matter density, requires self-
consistency in solving the DB equations. As stated earlier,Nhequasipotential is taken to be given by the relativistic
one-boson-exchang®BE) model with#, p, w, o, §, andn mesons. We also remind the reader that we use derivative
coupling for the pion. We do the same fgr We have, ignoring the isospin factors, for the scalar, vector, and pseudoscalar
meson exchanges in nuclear matter

ZMpmmWM(pm(mW> 1 L Lu(Mu)]®u(=T"u(-1)1?

(P IVelP= (p'—p)2+m; CMF2T (D24 (m /MR 4
= ~ 2| A ; fV ’ v - “ Y ~ Mmoo fV UV~ - @
(p'[Vau,lP)=0ylu(p") Yuti oy TP —P) ]u(p)} m/ u(=p ){7 i o(p _p)v]u(_p)}
__ 2_rr‘ +|f_VM_* 17— V] r) @ 1
_M*ZgV U( ) ’Y,u 2 M G-p,y( ) U( (I—>,_I—>)2+(mV/M*)2
_ . fV M * R (2)
x u(—I’)(y“—iM - aMV(|'—|)Vju(—|)} , (12)
~ N\ 9p ’ (1) 1 ~ ’ ~\1(2)
(P'IVelp)=—{ 5y [U(p )7s(p' = p)u(p)] G premll u(=p")ys(t’ =Hu(=p)]

Slu(=T)ys(t =Hu(=NH1?@. (13

z|<

=

‘1 (1)
)M—()[ww%u—nwm]( S m—TYE

We will assume that the possible density dependence derms of Eq.(5) are suppressed by powers iif*/M.3 So

meson-nucleon couplings and meson magt@kcan be ne-  with increasing density and, therefore, with decreasiy

glected in the present context. these matrix elements have suppression factors not present in
As can be seen from Eq$11)—(13) the corresponding oOther matrix elements generated by exchanges of even parity

matrix elements of the tensor force have two extra powers ofesons likeo and the time components @f. We should

momentum in the numerator compared to other potential ma-

trix elements. After scaling, these result in extra factors of

(M*/M)2. Thus the contributions of the, 5, and the Pauli  3These couplings have only minor contributions in the first order,

coupling of the vector mesons to second- and higher-ordetoming entirely from the Fock term.
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expect that the tensor forces will play a less important role in 0
a relativistic theory.
Given the solutions of th& matrix the binding energy
can be obtained using E¢). The contributions of the vari-
ous meson-exchange potentials to the binding energy can be 4
calculated using the Hellmann-Feynman theorem =
3
J <
(NMIV,INM) = gZn———(E/A). (14) oo
J 9NN -8
In a DB calculation with the interactions of R¢&] we find,
for the scalar field,
Spe=—308(p/po)*** MeV (15 18,02 0.06 0.10 014 0.18 0.2
and, for the vector field, pifn 1
0.97 FIG. 1. Plots of the Dirac-Brueckner predictionsEfA (curve
Voe=233p/po)”~" MeV. (16 &) andE/A—(NM]v,|NM)—17 MeV (curve b.

This reduction in the rate of increase of the strengthSof

compared to the increase Wfwith increasing density is the )
saturation mechanism in the DB analysis. dependence of and V in the two treatments. Thus when

In a MFET the vector field and the scalar field arise from!adders are summed the saturation mechanism need not be
the exchange of the and thes meson{11,12). The relevant ~ €Xclusively due tar exchange.

equations for the fields are We find for the pion contribution t&/A
2
vMFT=p%, a7 (NMIVINM) iaisic= V' (p/ po) P~ = 20(pl po) °*° Mfz\éj
S, = —@ (18) We note that in this particular relativistic calculation the
MFT= POs m2 product BxV{®=—-32 MeV, far short of the estimated
value of—17 MeV required for saturation and quoted in Eq.
where the average scalar Cha@ileis given by (2). Another interaction model and different treatment may
lead to different values o and VSS). But the product is
— 3 [k, M* likely to remain small.
qS:47Tk3 fo pE*(|5) (19 Thus we find that the pion contribution and its role in the
K saturation mechanism are considerably suppressed compared
and to the corresponding results, given by Ei), for the non-
relativistic case. Subsequent discussions will make clear that
M*=M+S, (20)  the suppression of the OPEP is generic and not particular to
the present calculation. The fact that the OPEP has only a
E*(p)=VM* 2+ p2, (21) ~ minor role in the saturation mechanism is illustrated further
by Fig. 1 where we plot our calculated resultskgfA (curve
The energy functional is a) and E/A—(NM|v ,|NM)—17 MeV (curve b. The two
curves have practically the same density dependence, verify-
K2 1 1 ing that the OPEP contributes little to the saturation mecha-
E/A=¢ PV +5V+ 534S (22)  nism. The subtraction of 17 MeV in curve b makes the scale

more compact.

The above results can be understood qualitatively by ex-
.amining the second-order contributions to tke matrix.
Keeping only the positive energfl* state contributions in
the intermediate states we have, in terms of the dimension-

Equationg17)—(22) are solved self-consistently to obtain the
results for MFT treatment of nuclear matter. Using the inter
action of Ref.[5] we obtain

Svrr=—358p/po) % MeV, (23) less momenta,
VMFT:295(p/pO) MeV. (24) d3|”
The reduced rate of increase 8f;zr with increasingp is (lelh=(rivii >+; f(27-r)3<| V)
entirely due to the decrease of scalar charge of the nucleon. -
In a DB study, the ladders include exchanges of other Qpaui o
mesons and they contribute to b&landV. As a result there X _—< "IVIT), (26)

are significant differences in both the magnitude and density Wo—L 'fa—i"2
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FIG. 2. Plots of NM|V .|NM) with the parameters of Reff5]. FIG. 3. Plots ofE/A with the quasipotential of Ref5] from a

In the G-matrix calculationsSis replaced byS. The plots are for ~ Dirac-Brueckner and a MFT calculation using E¢k7)—(22).
a=0, 0.5, and 1.0. The last one is the result of a DB self-consistent

calculation. The other two are not self-consistent. . .
the same interaction the strengths of the scalar and vector

fields found in the MFT treatment are distinctly different
from the predictions of DB calculations. Undoubtedly, if one
releases oneself from the constraint of fittiNgN data and
freely chooses theé\N interaction one can obtain proper
binding and saturation of nuclear matter with a MFT calcu-
lation.
v T gon| f(M* |4 — 1@ IAII blished relativistic studies to date of | tt
(I Ty=— — | [u(D)ys(+’ —=Hu(NHv published relativistic studies to date of nuclear matter
2 M have been based on using the pseudovector pion-nucleon in-
teraction. We must point out that our results are also based
1 — . . - .
—  [u(=T")ys(t’ —Hu(=1]? on this. Unfortunately there is no study of nuclear matter
(r’—r)2+m727 5 ’ using a pseudoscalar coupling. We prefer not to speculate
about the possible outcome of such a calculation.
(27 In conclusion, the results presented in this paper are the

h , th i . Similar to th first explicit calculations showing that in a relativistic treat-
whereus are the positive energy spinors. simiar o € ,ont the tensor force contributions are reduced in size in

nonrglativistic case the second-order pion cpntribution Shuclear matter. Because of this, in complete contrast to the
density dependent because of the Pauli blocking. HOVVevehonrelativistic situation, they cease to play an essential role

as r.“e”“"”e%’ carlier anq now exhibited in E20), the 'ef'- ._in the saturation mechanism. The reduction of the tensor
feCt'VE.E coupling of the pion to the nucleon in the rGIEJ""V'SJ“Cforce contributions is principally due to the relativistic
case is suppressed by a factorMf'/M when the expres- M* /M effect. But even the reduced role of the OPEP is not

sions are*wrltten in term_s OT dlmenS|onIess_var|abIes. .. negligible in the actual saturation properties of nuclear mat-
TheM*/M suppresssion is corroborated in more detail by,

. ) ) . r.As n i ntri 20 MeV toE/A. Th mi-
the following calculation. Let us modify th® obtained from ter. As noted, it contributes- 20 MeV to £/ e do

th i istent DB calculation b ltiolving it by th nant mechanism of the saturation of nuclear matter is basi-
f et s€ ﬁcinstlr? en C‘? culation d¥£li le)I/IEQ IS é’ € cally very different in the two approaches. In the
actora=2, thus generating a modiieu” = > BY  nonrelativistic approach it is mainly the density-dependent
using the modified scalar self-energy in the nucleon prop

%eduction due to Pauli blocking of the second- and higher-
gators we recalculate first th®@ matrices and thei&/A and g g

! . ; order contributions of tensor forces, while in the relativistic
finally (NM|V,|NM) using Eq.(14). Only thea=1 analysis _approach it is mainly the reduction of the rate of growth with
is self-consistent; others are not. But such a calculation i

fhereasingp of the attraction from the scalar field relative to
particularly suitable to exhibit the role d1*/M on the @

OPEP contribution. Figure 2 exhibits clearly the dampingthe growth of repulsion from the vector field.

due to decreasinlyl*/M. We stress that the mechanism of  This work was supported in part by DOE Grant No. DOE-

damping is generic to any relativistic treatment using aFG02-93ER-40762. One of uéV.K.B.) thanks the col-

derivative-coupled pion and not particular to either interacdeagues at the IKP, Forschungszentruitichy for their hos-

tion of Ref.[5] or the use of the prescription of R¢fL3]. pitality and the A. v. Humboldt Foundation. We thank F.
We want to be careful that the present work not be inter-Gruemmer for making his nuclear many-body program avail-

preted as providing support for MFT. As shown in Fig. 3, for able to us.

whereW,=W,/M* andL = (p,+ p,)/M*. The tensor force
contributes mainly to the second term of EB6). It has the
form
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