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Nonlocal nature of the nuclear force and its impact on nuclear structure

R. Machleidf, F. Sammarruca, and Y. Song
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(Received 12 October 1995

We calculate the triton binding energy with a nonlobEl potential that fits the worldNN data below 350
MeV with the almost perfecy?/datum of 1.03. The nonlocality is derived from relativistic meson field theory.
The result obtained in a 34-channel, charge-dependent Faddeev calculation is 8.00 MeV, which is 0.4 MeV
above the predictions by locAIN potentials. The increase in binding energy can be clearly attributed to the
off-shell behavior of the nonlocal potential. Our result cuts in half the discrepancy between theory and experi-
ment established from loc&IN potentials. Implications for other areas of miscroscopic nuclear structure, in
which underbinding is a traditional problem, are discussed.

PACS numbgs): 21.30.Fe, 11.80.Jy, 13.75.Cs, 2148.

One of the most fundamental traditional goals of theoreti-would be created by mechanism underlying the nuclear
cal nuclear physics is to explain the properties of atomidorce.
nuclei in terms of the elementary interactions between nucle- The problems in past studies may give us some idea of
ons. For this program, the basic interaction betwésn  which minimal requirements should be met by a reliable in-
nucleons is the most important ingredient. But even if onevestigation of the issue: Thé&IN potentials considered
considers only two-nucleon interactions, the nuclear manyshould predict theNN observables identicallgnd in accu-
body problem does not have a unique solution. This nonurate agreement with the data. Furthermore, the potentials
niqueness is due to the fact that, in the many-body systenshould have some basis in theory.
the nucleon-nucleonNN) interaction contributes also “off Recent substantial progress in the field of nuclear few-
the energy shell{off-shell). body physics has finally set the stage for an investigation of

By construction, NN interactions reproduce the two- off-shell effects in microscopic nuclear structure which can
nucleon scattering data and the properties of the deuterofulfill the above requirements. In 1993, the Nijmegen group
Assuming the existence &N scattering data of increasing had published a phase-shift analysis of all proton-proton and
quantity and quality, théNN interaction can be fixed with neutron-proton data below 350 MeV laboratory energy with
arbitrary accuracy—“on the energy shelldn-shelj; i.e., for  a y? per datum of 0.99 for 4301 daf&]. Based upon these
processes in which the two nucleons have the same energiata, charge-dependeldN potentials have been constructed
before and after the interaction, as in free-spd&scatter- by the Nijmegen 6] and the Argonng7] groups which re-
ing. produce theNN data with ay?/datum of 1.03 and 1.09,

In a nucleus with more than two nucleon&>2), the respectively. This agreement between the potential predic-
energy of theA-particle system is conserved. However, thattions and the data as well as the agreement among the vari-
does not imply that energy is conserved in any individualous potentials is, on statistical grounds, as accurate as it can
interaction between two nucleons in the nucleus. Thus, in &e.
many-body system, two nucleons may have different ener- An appropriate sample nucleus for microscopic test cal-
gies before and after they interact; i.e., their mutual interaceulations is the triton YH). It is the smallestA>2 nucleus
tion may be off the energy shell. Therefore, the calculationvhich does not involve the Coulomb force, and rigorous,
of, e.g., the binding energy of ak-particle nucleus involves charge-dependent calculations of this nucleus are nowadays
the off-shellNN interaction, which is empirically undeter- a routine matter. At first glance, the triton may appear too
mined; only theory can provide it. simplistic to represent a reliable test ground for some general

The off-shell problem in microscopic nuclear structurefeatures of microscopic nuclear structure; however,cd®
has been known for several decafiels However, in spite of and Kamadd8] have shown that the rigorous solutions of
many efforts, it has not been possible, to date, to preciseliarger few-nucleon problem@vhich are very involved and
pin down the off-shell effect on, e.g., the binding energy of aexpensive¢ have essentially the same characteristics as the
nucleus. Past work on this topic has suffered from two majothree-nucleon system. Moreover, there are even obvious par-
drawbacks. In some wofR2], theNN interactions used were allels between results for the triton, on the one hand, and
realistic, but not exactly identical on-shélbr not exactly predictions for nuclear matter and excited nuclei, on the
“phase-equivalent,” where phase refers to phase shifts obther[9].
free-spaceNN scattering. In other works[3,4], phase- Friar et al.[12] have calculated the binding energy of the
equivalent potentials have been constructed by some matlriton (in charge-dependent 34-channel Faddeev calculations
ematical methods, but it is doubtful whether the constructedpplying the new, high-quality potentials and obtained al-
off-shell behavior is realistic, i.e., resembles anything thatmost identical results for the various local models, namely,

7.62+0.01 MeV (experimental value:; 8.48 MeyYwhere the
uncertainty of+0.01 MeV is the variation of the predictions
*Electronic address: machleid@phys.uidaho.edu which occurs when different local potentials are used. The

0556-2813/96/5@)/14835)/$10.00 53 R1483 © 1996 The American Physical Society



R1484 R. MACHLEIDT, F. SAMMARRUCA, AND Y. SONG 53

smallness of the variation is due to the fact that all the locahucleons, and] andq’ their relative momenta in the initial
potentials used in the study have essentially the same offand final states, respectivelly,, divided by the denominator
shell behavior. is the meson propagator.
All new high-quality NN potentials use the local version  The simplest meson-exchange model for the nuclear force
of the one-pion-exchange potential for the long-range part ois the one-boson-exchand®BE) potential [10,14] which
the interaction which is, e.g., fgrp scattering: sums over several second-order diagrams, each representing
the single exchange of a different bosan,
mw>2

m, . M
2M 717 V(a',9)= E_\fig 70" @F(a",a).  (6)

3 efm,,r
I+ ——+ (m r)2> ; 312} (1 As is customary we included form factos,(q’,q) applied
i i to the meson-nucleon vertices, and a square-root factor

= ; _ a2 2 r— Inp2 12
wherem,, denotes the neutral pion mass avdthe proton M/VE'E (with E=yM"+q" and E'=yM*+q"™). The

mass. Fonp scattering the appropriate combination of neu—form faqtors regularize the amplitudes for large momenta
tral and charged pion exchange is used which creates th({ghort dls_tance)sand accountl for the extended structure of
charge dependence in the models. The intermediate armjcleops |na.phenomenolog|cal way. _The square-root factors
short-range parts are parametrized in different ways. Herénake 't. possible to cast the unitarizing, rela_1t|V|st|c, three-
the ArgonneV g potential[ 7] uses local functions of Woods- dlmenglonal Bla;_nkgnbeclerc-jSugngS) _equau?n gor fthe
Saxon type, while the other potentials apply local Yukawaszt.:atte”ng lamp |:]u e[al reduced version of t ef our-
of either multiples of the pion mag®eid'93[6]) or of the imensional Bethe-Sa petefBS) equgtpﬂ_ into_a form
empirical masses of existing mesons and meson distributio hich is identical to  the (nonrelativistig Lippmann-

(Nijm-11 [6]). All potentials are regularized at short distances; qhwinger .equat?oﬁlo,14]. Thus, .Eq.(6) defings a relativ-
by either exponential \(;5, Nijm-ll) or dipole (Reid'93) istic potential which can be consistently applied in conven-

form factors(which are also local tional, nonrelativistic nuclear structure.

Ever sinceNN potentials have been developed, local po- ft\/r\]/g Bngtg tS::iémsrﬁﬁt'l\j'rﬁt'iéh;eneﬂ;:g?g??englthrg:j?;ggc_
tentials have enjoyed great popularity because they are ead q que,

to apply in configuration-space calculations. Note, however'%c quasipotential equations besides BbS; as, e.g., the Gross

that numerical ease is not a proof for the local nature of th élq;itloanr;ﬁ:h has repeintly ;_ecel\lied conslderab_lt(; ar:'geﬂtlon
nuclear force. In fact, any deeper insight into the reaction; =’ Q._ urthermore, interaction Lagrangians with higher
mechanisms underlying the nuclear force suggests a nonIoc‘é’ﬁar'vat'veS could be used m;tead of E@)'_G)' All th's
character. In particular, the composite structure of hadron ay affect the off-shell behavior Of. the resulting guasipoten-
should lead to large nonlocalities at short rari@8]. But, lal. What speaks for the Lagrangians, E¢. and(3), are

even the conventional and well-established meson theory osf'mp“.c'ty af?d the linears model [18]. The La_granglan
equation (4) is modeled after the electromagnetic form fac-

nuclear forces—when derived properly and without crude ¢ of the nucleon as suggested by vector-meson dominance
approximations—creates a nonlocal interaction. In this pap he advantage of the BbS equation is that it allows for a '

we will focus on this "simplest” source of nonlocality. straightforward comparison with results from nonrelativistic
Common Lagrangians for meson-nucleon coupling are 9N J comp . .
potentials, which is the main purpose of this paper.

Clearly, the Feynman amplitudes, E®), are in general

2
Vi) = T

e M Arx
r m )

+

L = — . i Bl (PS) . ) : . .

Lps= = Qs VP, @ nhonlocal expressions; i.e., Fourier transform into configura-
) _ tion space will yield functions of andr’, the relative dis-
L=asthipo', (3)  tances between the two in- and out-going nucleons, respec-

tively. The square-root factors create additional nonlocality,
_ . = as pointed out by Glkle and Kamadé19].
L=,y el + M Yot (0~ d,00), (4 While for heavy vector-meson exchan¢eorresponding
to short distancgsnonlocality appears quite plausible, we
have to stress here that even the one-pion-exchéD§&

Whe“:‘ps’ S, andv deno.te pseudoscalar, scalar, and VECtorFeynman amplitude is nonlocf20]. This is important be-
couplings/fields, respectively.

The lowest order contributions to the nuclear force from_a- o the pion creates th(_a dominant part of the tensor force
. .which plays a crucial role in nuclear structure.

the above Lagrangians are the second-order Feynman dia- Applying T(M =g in Eq. (5) yields the Feynman am-

grams which, in the c.m. system of the two interacting nucle- litude for neutral w5 h : . ttering:

ons, produce the amplitude P pion exchange pp scattening:

— , F(a) = - F(a) . iJZ‘rr(q,!q)
e q)zul(q) 1 ur(@)Pu(—q")I5"ux(—q) ,
et (q'—q)?—m? ’ 9z (EP+M)(E+M) [ 01-q’ Ul'Q)
(5) ~4am? (g'—q)?+m2 \E'+M E+M
where Fi(a) (i=1,2) are vertices derived from the above 050’ _ 02¢ @
Lagrangians,u; Dirac spinors representing the interacting E'+M E+M/’
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4 ——r— . — T dependent due to nucleon and pion mass splitting; therefore,
app, np, andnn potential are provided.
. To meet the requirements for a reliable investigation
) N pointed out above we have fitted the 430fp andnp data
3T ; \ I below 350 MeV laboratory energy with gf/datum of 1.03
\ ] [22] (i.e., with the same accuracy as the new local high-
N quality potential§6,7]). S-wave phase shifts and tleg mix-
5 L | ing parameter, which is a measure of the on-shell tensor
\ e force strength in th&&=J=1 channel, are shown in Fig. 2.
AN ] As pointed out in Refs[5,6], this high accuracy cannot be
N achieved with the usual, about a dozen, parameters of the
1k i conventional OBE model. Some additional fit freedom is
~ needed, for which we choose to adjust the fictitiouboson
individually in each partial wave. Physical justification for
this procedure comes from the fact that—based upon the
more realistic meson model for the nuclear force which in-
cludes all important multimeson exchand@8]—the one-
o exchange in the OBE model stands for the sum of all
higher order diagrams, and not just for the 2xchangdas

CD-Bonn potentialsolid line), Eq. (6). The dasheddotted curve commonly believell Of course, this is a very crude approxi-

is obtained when the local approximation, E8), is used for OPE mati_on and, therefqre, typical discrepancie_s OCCUr in various
(OPE and ong» exchangg q' = 153 MeV. partial waves(cf. Fig. 11 of Ref.[23]), which can be re-

moved by individual adjustments of the boson. More de-
tails concerning the new CD-Bonn potential will be pub-
lished elsewherg24.

In Table | (upper part we summarize two-nucleon prop-

(I00) Ly gf, (01-K)(05-k) erties predicted by the new CD-Bonn potential and compare
Vi (k)=— M2 K2+ m2 (8  with the other recent high-quality potentials. Using the same
i 7NN coupling constant, all potentials predict almost identi-
_ o ) ) cal deuteron observabldguadrupole moment and asymp-
with k=g’ —q; this is nothing but the Fourier transform of otic D/S state normalization Note, however, that théun-
the local OPE potential {°(r) given in Eq.(1). Notice also  observablg deuteron D-state probability comes out
that on-shell, i.e., fofq’| =|q|, V{°? equalsi. Z,,. Thus, the significantly larger for the local potentials=(5.7% as com-
nonlocality affects the OPE potential only off-shell. pared to the nonlocal CD-Bonn potent{dl8%). Obviously,

In Fig. 1, we show the half off-sheffS;—3D, potential  the deuterorD-state probability is kind of a numerical mea-
that can be produced only by tensor forces. The on-sheBure for the off-shell strength of the tensor force, shown
momentumq’ is held fixed at 153 MeMequivalent to 50 graphically in Fig. 1.

MeV laboratory energy while the off-shell momentung We have performed g34-channel, charge-dependent
runs from zero to 1400 MeV. The on-shell poilj£153 Faddeev calculation for the triton with the new CD-Bonn
MeV) is marked by a solid dot. The solid curve is a relativ- potential and obtained 8.00 MeV binding ener@y. Table

istic OBE potentialCD-Bonn, see beloyEq.(6). When the 1). This is 0.38 MeV more than local potentials predict. The
relativistic OPE amplitude, Ed7), is replaced by the static/ unacquainted observer may be tempted to believe that this
local approximation, Eq(8), the dashed curve is obtained. difference of 0.38 MeV is quite small, almost negligible.
When this approximation is also used for the gnex-  However, this is not true. The difference between the predic-
change, the dotted curve results. It is clearly seen that thi#ons by local potentialg7.62 Me\) and experiment8.48
static/local approximation substantially increases the tensdvleV) is 0.86 MeV. Thus, the problem with the triton binding
force off-shell. is that 0.86 MeV cannot be explained in the simplest way,

From the discussion here, it is evident that relativity andthat is all. Therefore, any nontrivial contribution must be
nonlocality are intimately interwoven. At this advanced stagemeasured against the 0.86 MeV gap between experiment and
of nuclear few-body physics, there is a need for relativisticsimplest theory. On this scale, the nonlocality considered in
potentials, also, for reasons other than nonlocdkt]. Po-  this investigation explains 44% of the gap; i.e., it is substan-
tentials based upon the invariant Feynman amplitudes, Edial with respect to the remaining discrepancy.

(5), are examples for relativistic potentials. A very quantita- Our result is in excellent agreement with the findings of
tive model of this kind will be given below. Ref. [25] where the local equivalent of the Bonn-B potential

We believe that the nonlocalities created by relativistic[10] was constructed and applied to the triton yielding a 0.39
meson exchange are “real” and deserve attention. An imporMeV difference in the binding energj26]. Bonn-B is an
tant question is “What is their impact on microscopic early version of the CD-Bonn potential and has the same
nuclear structure calculations?” off-shell behavior as CD-Bonn.

To investigate this point we have constructed a new rela- We note that there is one new Nijmegen poter(tNijm-|
tivistic OBE potential based upon Eg&) and (6) of very  [6]) which has a nonlocal central for¢but is local other-
high precision. The potentiétlubbed “CD-Bonn’) is charge  wise) and predicts 7.72 MeV for the triton binding2], 0.10

-<%8,IV(q,q)°Dy> (GeV™?)
7~

O L Ly 1w v 1 4 1
0 020406 08 1 12 14
q (GeV)

FIG. 1. Half off-shell *S;—3D, amplitude for the relativistic

In static approximation, i.e., fdE’~E~M, this reduces to
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FIG. 2. 1S, and 3S, phase shifts an@; mixing parameter of
np scattering as predicted by the new CD-Bdid] (solid line),
the Nijm-II [6] (dashegl and the Argonné/,g [7] (dotted poten-
tials. The solid dots represent the Nijmegep multienergy phase
shift analysig5]. Note that in'S, and 3S;, some curves cannot be
distinguished on the scale of the figures.

TABLE |. Recent high-precisiodNN potentials and predictions
for the two- and three-nucleon systems.

CD-Bonn Nijm-Il Reid'93 Vg

Character Nonlocal Local Local Local
x2/datum 1.03 1.03 1.03 1.09
g%/4m 13.6 13.6 13.6 13.6
Deuteron properties

Quadr. momentfm?) 0.270 0.271  0.270  0.270

AsymptoticD/S state 0.0255 0.0252 0.0251 0.0250

D-state probab(%) 4.83 5.64 5.70 5.76
Triton binding (MeV)

Nonrel. calculation 8.00 7.62 7.63 7.62
Relativ. calculation 8.19 - - -

MeV above the local benchmark. Since in our model, all
components of the nuclear fordeentral, tensor, etc.are
nonlocal, this effect is included in our calculations; and one
may conclude that the nonlocality in the tensor force in-
creases the binding by about 0.3 MeV.

The above three-body results were obtained by using the
conventional nonrelativistic Faddeev equations. However,
since CD-Bonn is a relativistic potential, one can also per-
form a relativistic Faddeev calculation by extending the rela-
tivistic three-dimensional Blanckenbecler-Sugar formalism
to the three-body systef27]. The binding energy prediction
by CD-Bonn then goes up to 8.19 MeV. This further increase
can be understood as an additional off-shell effect from the
relativistic two-nucleori-matrix applied in the three-nucleon
system. Our relativistic Faddeev calculations use an invariant
amplitude ¢-matrix) and include a boost of the interacting
two-nucleon subsystertsee Ref.[27] for detailg. The in-
crease in binding energy is consistent with results by Rupp
and Tjon[28], however, there is disagreement with other
approachegl6,29. The reasons for the discrepancies are not
understood, at this time.

We stress that our present calculations take only the most
“primitive” source of nonlocality into account. Since meson
exchange is mainly responsible for the long and intermediate
range of the nuclear force, we do not expect it to be the main
source for nonlocality. The short-range part of the nuclear
force, where the composite structure of hadrons should play
an important role, may provide much larger nonlocalities. It
is a challenging topic for future research to derive this addi-
tional nonlocality[13], and test its impact on nuclear struc-
ture predictions.

Obviously, our results leave little room for contributions
from three-nucleon force&NF). Still, this does not mean
that they do not exist in nature. In fact, the meson theory of
7N and and\ N scatteringincluding meson resonances and
isobar degrees of freedoimsnplies a large variety of 3NF.
However, consistent calculations which treat thd 2nd
3N system on an equal footing have shown that large can-
cellations can occur between “genuine” 3NF contributions
and medium effects on theN2force when inserted into the
three-nucleon systefi30,31]. If the 3NF is weak, it is due to
cancellations of this kind. If it should turn out that these
cancellations are almost perfect, then the challenging ques-
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tion will be if this is just an accident of natufevhich is hard  and/or quark-gluon exchangerhus, the crucial question is

to believg or if we are still missing some symmetries under- if modified two- and many-nucleon forces generated by uni-

lying nuclear structure. tary transformations can be backed-up by the underlying
Recently, it has been pointed o@2] that there may be theory of strong interactions. It is known that some unitary

unitary equivalence between potentials that differ off-shell.constructions show unphysical behavigg].

Taking this aspect consistently in account, it has been shown |, summary, a nonlocallN potential based upon relativ-

that the electromagnetic properties of the deuteron may bgtic meson theory predicts 0.4 MeV more triton binding en-

predicted very close for two seemingly very different poten-grgy than localNN potentials. This result cuts in half the

tials (like, the Paris and the Bonn-B potentiali: the many- discrepancy between theory and experiment established from

body system, unitary transformations generate many—bod%caII potentials. Based upon nuclear matter re@@ and

forces, and Polyzou and Gikle [32] showed that, starting earlier calculations in finite nucl¢lLl], one may expect that

from a local 2N plus 3N force, one can always construct a , . . L . .
nonlocal 2N force that generates the same binding ener ir;[hls new high-precision nonlocal potential could also im-
9 9 9 hrove predictions in other areas of microscopic nuclear struc-

the N system. '_rhere Is no doubt th"?“ these conS|derat|on re where underbinding is a traditional problem.
are very interesting. However, the ultimate goal of theoreti-
cal physics is to understand nature in terms of the right fun- This work was supported in part by the National Science
damental underlying processeghere: meson-exchange Foundation under Grant No. PHY-9211607.
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