PHYSICAL REVIEW C 70, 014002(2004)

Correlated two-pion exchange and largeN; behavior of nuclear forces

Murat M. KaskuloV and Heinz Clement
Physikalisches Institut, Universitat Tibingen, D-72076 Tubingen, Germany
(Received 30 January 2004; revised manuscript received 2 June 2004; published 14 July 2004

The effect of correlated scalar-isoscalar two-pion exch@@g€éPE modes is considered in connection with
central and spin-orbit parts of the nucleon-nuclébifN) force. The two-pion correlation function is coupled
directly to the scalar form factor of the nucleon which we calculate in the Igdenit where the nucleon can
be described as a soliton of an effective chiral theory. The results for the ciNrédrce show a strong
repulsive core at short internucleon distances supplemented by a moderate attraction beyond 1 fm. The long-
range tail of the centralIN potential is driven by the pion-nucleon sigma term and consistent with the effective
o meson exchange. The spin-orbit part of tkl potential is repulsive. The lardd: scaling behavior of the
scalar-isoscalaiN interaction is addressed. We show that the spin-orbit pap(is N(Z:) in strength relative to
the central force resulting in the ratie1/9 suggested by the M} expansion forN.=3. The latter is in
agreement with our numerical analysis and with the Kaplan-Manohar Mygewer counting. Unitarization
of the = scattering amplitude plays here an important role and improves the tree level results. Analytical
representations of the CrTRNEN potential in terms of elementary functions are derived and their chiral content

is discussed.
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[. INTRODUCTION content of OBE models suggest that meson-meson correla-

. . . tjons are importanf13,14. This fact is motivated by disper-
Understanding the intermediate and short range parts ‘%}ion theory, where the main effects of higher-order interac-
the nucleon-nucleoiiNN) interaction is still an interesting ions can be accounted for by the inclusion of experimentally
problem and much effort is being put into this topic both nown meson resonances, which bring singularities of the
from theoretical and from eXperlmental sides. The IOng'amp"tude close to the physica| region_ In the dispersion_
range part of théIN interaction is well described and repre- theoretical framework, the- can be explained by correlated
sented by means of the one-pion-excha(@PE potential.  two-pion exchange with a broad spectral distribution around
For higher momentum transfer or small internucleon dis—=4M . which ultimately leads to the isoscalar central attrac-
tances theNN dynamics becomes complex and one has tdion between two nucleons.
rely on phenomenological models. In this region thene- In baryonyPT thesrar correlations are taken into account
son[1], for which the empirical evidence remains controver-at tree level and the relation to the genuimeexchange is
sial, effectively represents scalar-isoscalar multipion correlalost. For example, in heavy baryqT the exchange of two
tions and generates an intermediate range attraction i#ncorrelated pions, formulated using chiral symmetry con-
microscopic QCD motivated approach¢®,3] and one- straints_ and includingA _isob_ars, explains the tail of the
boson-exchang€OBE) models [4,5]. The latter are most scalar-isoscalaxN pqt_enual wnhput any need for a true sca-
popular and phenomenologically successful in describing th# meson[15]. Additional consideration of tree levetr
nuclear force. correlations leads to the surprising result, that these terms are

With the recent progress of chiral perturbation theoryV€ry small and—even more—lead to a weak repulit).
(4 i meson meson and meson-bayon sectors e dea (1 11 1 1 e heary wiot ol dece
E)étenuc:tét tr?aizfa?eiﬁgpgﬁga?féh&'\l) L?tgba((::\llo)n Saprgemagtsr to companied in subleading orde_zr by Iowtenergy constants

d N f RN Sym y (LEC9) ¢4, c3, andc, [16]. In particular, the isoscalar central
provides a consistent framework for Fhe construction of thepotential is dominated by, andc, [8,11] proportional to the
NN force [6._%’ In xPT theNN potential has already bee_n pion-nucleon sigma term and nucleon axial-polarizability, re-
calcu[ated In L.O [9.1Q and ”.1“0'” work has been done_ In pectively. The LECc; can be approximately saturated by
_applylng_ these ideas to nuclei, too. Supporfced by empiric he A resonance. But the dimension-two operamrisnclude
information [11], the yPT calculations are important and

i t for th ioherIN partial hich also information aboutchannel meson exchange suggesting
ransparent for the peripher partial waves, which are strong influence of-channel singularities. The latter was
well understood in terms of OPE and two-pion-exchang tudied in Refs[17,18 (see also Ref[16]) where it was

%_TPPEE)f proceszetﬁ&l]lcf,lz]t. ';he Iorllgt-;zlr_ll?e bef|1av.|or of lthe shown that the exchange of a scalar meson with mass and
orce and the elfect of correlatedlike scalar-isoscalar upling constant similar to- allows to explainc,; and, in-

d lated problems. Th d dynamica),
mm MOdes are related problems. The Success an ynam'ctférestingly, also part o€s. Finally, c, mentioned above is

dominated by isovectotr correlations fromp meson ex-

change[17]. Since we concentrate in this paper swave
*Electronic address: kaskulov@pit.physik.uni-tuebingen.de CrTPE, i.e.,a-meson channel, in the following we will dis-
TElectronic address: clement@pit.physik.uni-tuebingen.de cuss matters predominantly connected vath
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As is well known the tree level contact interaction doesnucleon and is not the effect of unitarization. Another point
not account for the entirer dynamics, and possibly one has of interest in this work is the generation of the scalar-
to go beyond the tree level approximation to restore the reisoscalar spin-orbifLS) force. Our results for this part of the
lation to the o meson. Recently, nonperturbative methodsNN potential show a repulsion—a feature which differs from
describing7r7r scattering were developefd9-24. One of  phenomenological- exchange resulting in an attractive LS
them was proposed in RgR25], where based on the Bethe- jhteraction.

Salpeter description of therm scattering process the re- " The largeN, behavior of CrTPE forces is considered and
. . _ onsistency with larg&. QCD analyses and the lardé-
This method which only uses the lowest order chiral La-popayior of scalar-isoscalar components of phenomenologi-
grgng|an. asl |np|ut.anﬁ |mplem?nt(sj an 'er>]<act unitarity, Ieadds 4l NN interaction models is shown. Both, the central and
a dynamical pole in therm amplitude with a position aroun L , ) o '
M-iT'/2=450-i221 MeV. Naturally, it is identified with >PiOTPIt Parts satisly argh QCD counting rules. e find
the o meson. Considering the role played by the unitaty attne refalive strength of Spin-orbit and central interactions
scales according te=1/9 in remarkable agreement with the

correlations(or dynamical o statg in the NN interaction . .
problem, it was found26] that the resulting scalar-isoscalar K@plan-Manohar largé¢. spin-flavor power counting38].

centralNN potential shows a strong repulsion at internucleonAdditionally, analytical representations of central and LS po-
distances less thar-1 fm and a moderate attraction at tentials in terms of elementary functions are derived and
r>1 fm. This feature of unitaryr scalar-isoscalar correla- their chiral content is discussed. We show that the chiral

tions differs from the conventional Yukawa-likeexchange, symmetry breaking part of the interaction is small and that
V,(r) terms nonvanishing in the chiral limit are dominant and fully
~—exp(-m,r)/r, which always results in an attraction. Inter- drive all essential features of the CrTPE force in the scalar-
estingly, in phenomenologicalN interaction models like isoscalar channel.

Paris[27], Argonne V18[28], Nijmegen[29] and CD-Bonn The paper is organized as follows. In Secs. Il and Il we
[30] the isospin independent scalar components are rathéliscuss the construction of the CrTPE scalar-isoscilldr
similar for NN separations beyond 0.5 ff31]. But the radial ~ force. We emphasize the importance of the scalar form factor
dependencies differ considerably at short distances, rangir@f the nucleon and give its phenomenological description in
from attractive for Nijmegen and CD-Borihy construction ~ Sec. IV. The largeN, scaling and consistency are addressed
to repulsive for the more phenomenological V18 and Parign Sec. V. Finally, the analytical results and discussion are
potentials. It also was argued that the appearance of a stromgesented in Sec. VI.

repulsion in the scalar-isoscalar channel cannot be inter-
preted in terms of meson exchar@d], a remarkable feature

which only was known from the Skyrme modg32] and We start our considerations of the scalar-isoscalar CrTPE
now from Ref.[26]. It is instructive, that in the Skyrme NN interaction from the standard definition of the tree level
model the use of the simplest product ansatz results in & correlation function and its larghi; behavior. To lowest

repulsive central forcg33], and the missing intermediate rger in the derivative expansion the mesonic Lagrangian
range attraction can be produced only if one goes beyond thg(z) is given by the SIB) nonlinears model

product approximatiofi34] or additionally considers the cor-
related two-pion exchang€CrTPE) in the scalar-isoscalar @ fqu . ffT .
channel[35]. Ly = ZTF[WU 9,U] +BETT[M(U +UN] (D

In this work the role played by the CrTPE in th¢N
interaction is reconsidered for the construction of the scalarand contains the most general low-energy interactions of the
isoscalar central and spin-orditN potentials. Considering pseudoscalar meson octet. In E#) the leading symmetry-
the tree level and unitary two-pion correlations in tN&l  breaking term is linear in the quark massks and is char-
interaction problem, we couple ther correlation function acterized by B=—(qq)/f2. The pion-decay constant,,
to the scalar form factor of the nucleon in a model-=93 MeV and the scalar condensdg) are the relevant
independent way. The latter is calculated in the limit of aparameters. In the @) limit the nonlinear fieldU entering

large number of colorglargeN, limit) using the chiral Eq. (1) is given by the standard matrix form:
guark-soliton mode(yQSM) [36,37 where the nucleon can

II. TWO-PION CORRELATION FUNCTION

be described as a soliton of an effective chiral theory. This U(x) = exdi®(x)/f],
way our results support the structure of the scalar-isoscalar
centralNN force observed in the unitarizegPT [26] and in D =r1mr (2

the Skyrme mode]34]. We find a strong repulsion at short . . . .
distances and a moderate attractiorr atl fr$1—even with wherer are the S(2) Pauli matrices andr is the isovector

the tree levekr interaction. The tail of the central CrTPE Pion field. For them,m, — m.my scattering process, defined
potential is driven by the the pion-nucleénN) sigma term by the Carte3|an isospin |qd|ca$..é), the use of the standard
and is consistent with the effectiveexchange in OBE mod- XPT procedure in expanding tm?(w to orderO(w*) results
els. By this, the effectiverNN coupling constant can be re- in the tree level contact interaction

lated to themrN sigma term. We also show that the above i\ jab—cd _

feature of the cen?ra[th force is general. It mainly relies on = Van 7 Qa0ecA(S) + FacdhA) + Saadoc AW, (3)
the particular functional form of the scalar form factor of the where
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Als) = '—z(s— VD) Ai) +o@), @
fﬂ' 3i:a,b,c,d

and A;=k?-M?2 are the off-shell part of the invariantm

amplitude. The Mandelstam variables are relatedsbi+u

=k;+k2+K2+K3. At this order of the pion field expansion the

isoscalarS-wave 7 partial amplitude(L=0) is obtained

from the standard decomposition

o 11 [t -
VLI=0= 5( ’E)“J d cos @ P (cosO)V'=2(0),  (5)
v -1

where P (cos ) are the Legendre polynomials artel2) FIG. 1. The coupling of the scalar-isoscalatr correlation

accounts for the statistical factor occurring in states withyynctionV:='=° (filled box) to the isospin symmetric pat,, (filled
identical particlesa=2 for mm— mm. The tree level scalar- disk) of the 7N scattering amplitude.

isoscalarm scattering amplitude is

L0 1 Mi 1 psEudoscaIar quark densitig®|P(0)| )= 6,,G,, P(X)
Var =7 2\57 5 7 52 Ai ). ® P(X) ys72y(x) andp’, p(k’,k) are the momenta of outgoing
i and incoming nucleongiony. For thewN scattering ampli-
In the limit of a large number of colors,; of QCD, the  tude T, the standard decomposition involves four Lorentz
scaling behavior of Eq(6) can be obtained from large:  invariant functionD*, B*;
xPT [39]. The conventional largdk, counting rules require

b _ 1 -
that the pion mass iM,~O(1) and the decay constant is TN = ab Fon + 3072 IF s (9)
f.~OGN,). As a result therm amplitude scales according .
to ~=U(pgs)[D* +io*k kB u(py,s).  (10)
V...~ O(1INy) (7  We are interested in the chiral content of the TPE potential in

_ ~the scalar-isoscalar channel where the introduction of the tree
and largeN, QCD becomes a theory of weakly interacting level contactr#r interaction results in &N scattering am-
pions. Note that the unitarization of ther correlation func-  plitude with two connected pion loops

tion (scattering amplitudeV-=°, Eq. (6), is a lengthy pro-

cedure. Here, we only mention some recent analyses which (3 d'k d L=1=0
employ dispersion relationf21], Padé approximantf22], ~ V=l 2 (277)4(277)4(\/”” )
solution of Roy[23], and Bethe-SalpetdP4,25 equations. + 1

Unitary 77 scattering amplitudes as provided by most of [Fand

these methods contain a dynamical pg26] which is iden- (K=M?)(k'2 - M2)

11
IIl. TWO-PION EXCHANGE KERNEL AND SCALAR
FORM FACTOR

tified with the o meson. y [F;N](Z)
(K2-M2)(k'2-M2)

) o wherek(k) and k’(k")=k(k)+p’—p are the momenta of the
With Eg. (6) we come to the definition of the CITPE gychanged piong(p’) are relativeNN momenta in the ini-
potential in the scala(—lsoscalar channel-describing the oryg, (final) state, and the superscripts refer to nuclednsnd
shell NN scattering ~ process, N(py,SUN(P2,S)  (2), respectivelyF?,, is the isospin symmetric part of theN
—N(ps,S3)N(p4,S4), Wherep; ands are the four momenta  5mpjitude, Eq(9), and the scalar-isoscalar tree level contact

and spins of interacting nucleons, respectively. As We”interactionv';;':o is given by Eq(6). The diagrammatic rep-
known, in the generic case of TPE the chiral symmetry conyesentation of Eq11) is shown in Fig. 1.

straints work best and allow to relate the TPE process con- The above expression, E(L1) has well known difficul-
taining two intermediate pions, with Cartesian isospin indi-ties |t involves the off-mass-shett interaction which is
cesa andb to the off-mass shetN scattering amplitude in ot unique and depends on the choice of the interpolating
a model-independent wg$,10,4Q. The latter is defined by pion field [parametrization of the SI2) matrix U] [15,43. If

the Green functiori41]: the initial and final pions are all on the mass shell, i/,
~ . =0 in Eq.(6), the 77 scattering amplitude is independent of
Gon=i f f d* dy (p’,s'[TPA(x)P°(y)|p,s)e/ K * ) a change of field variables in agreement with the equivalence

theorem[44]. In other words Eq(6) gives a unique result
G, v abr independent of the parametrizationlfonly for the on-shell
:WWTW(D K\ p.K). (8)  matrix elements. To avoid these ambiguities it was stated in
g g Ref. [15] that one has to include a subset of diagrams to find
Here G, accounts for the coupling of the pion field to the cancellations of the off-shellr# isoscalar amplitude. This
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statement was rigorously verified in R¢26], where it was  esting feature. Its long-range tail or the value of the potential
shown that the additional consideration of a subset of chiraat t=0 is determined by the pion-nucleon sigma term:
diagrams results in exact cancellations of the off-shell part obc(0) =02, /3M2f2. So, the only unknown element which
the 77 amplitude and the on-shell residue can be factorize@nters Eq(16) is the scalar form factor of the nucleon. As
out from the loop integrals of Eq11). By this and using noted in Refs[42,45 Eq. (14) and therefore also Eqgl5)

notations of Ref[42] the NN amplitude in the general case and(16) are general and should be independent of models or

of L=1=0 7 exchange takes the form approximation schemes used to calculate the scalar form fac-
-~ tor of the nucleon. In this work, we calculaigt) in the
V() = [T\ (O] 1PVE ), (12)  JargeN, limit in the framework of theyQSM. But before
L=1=0 - ) doing model calculations the stated lafggbehavior of Eq.
WhereVT is the on-mass shell part of E) with s—t (1) must be understood and consistency with laxge&CD
=(p’'-p)?=—g? in theNN c.m. frame. In Eq(12) the “vertex

. + : analyses must be shown.
functions”[I'}(t)] are defined by

d*k [FJ®
(2m)* (K2 = M2)(K'2 = M2) . . o
In this section we explore qualitative features of the

and can be interpreted in the heavy and relativistic baryogcalar-isoscalar components of the CrTPE force @)
XPT as one-pion-loop contributions to the scalar form factoiwvhich may be understood directly from QCD. In this con-

: 1
- i[l*ﬁ(t)]“) =_ 5 f (13) IV. LARGE- N, SCALING AND CONSISTENCY

of the nucleono(t) [15,43: text, it may be useful to consider the interaction in the limit,
1ot when the number of colordN,, of QCD becomes large

[Fm)](i) = _ﬂz)[@](i)_ (14) [47,48, and to treat 1N. as an expan_sion .para.me.ter_. Some
3M; features of theNN force can be obtained in this limit in a

model-independent wa88,49,5Q. Recently, it was realized
that largeN. nuclear interactions are spin-flavor 8 sym-
metric, with Wigner’s supermultiplet symmetry following as
an accidental symmetrj9]. If we assume, in addition, that
the spin-flavor symmetry properties of tNe interaction are
independent of phases of the many body ground date
2(a(t)\? (D= (2L=1=0 N.— o nuclear matter forms a classical crystal, and a phase
V() =3 V2 Ul PluuVE2 (@M. (15 ransition betweemN,=3 andN.== is expected38]), then
g the largeN, scaling behavior of thé&lN force can be ana-
The quasipotential reduction of ttN\N amplitude Eq(15) lyzed in a general way resulting in QCD expectations which
is a standard procedure. The Partovi-Lomon method is thean explain general features of thiN interaction[38,49.
most popular one and allows us to reduce the Bethe-Salpeter The first treatment of thalN interaction in largeN, QCD
kernel to the quasipotential containing minimal relativity was done in Refl48], where it was argued that the dominant
[46]. The latter is ready for the iteration in the Lippmann- interaction between two baryons is of orde®(N,). This
Schwinger equation. Here we follow RgR6] and wish to  expectation is consistent with nuclear dynamics where the
discuss the nonrelativistic potential only. With the normaliza-dominant interaction components are isoscalar-scalar
tion for Dirac spinors,u(p,s)u(p,s)=1, the nonrelativistic and -vector interactions
CrTPE potential is obtained from E@L5) simply by keeping

At t=0 the o(0) is referred to as the pion-nucleon sigma-
term, o . Note, that by construction the facterl/ MfT en-
tering Eq.(14) is a direct reflection of the chiral symmetry
breaking part of thegPT Lagrangian, Eq¢l). The resulting
NN scattering amplitude can be summarized as follows:

its energy independent parts: Ve~ ON), Vi~ O(No). (18)
2( o)\~ Q In phenomenological models, the latter can be parametrized

V() = —(—2> Vﬁ;'zo(t){l——f}. (16)  in terms of effectivec and w exchangeg31]. The entire

S\ M7 2My analysis of the\NN potential was done in Ref38] where it

In square brackets the first term gives the central CrTPgvas found that largé;QCD implies that the scalar-isoscalar
potential Va(t), with the structure similar to that derived in central and spin-orbit forces scale as

Ref. [15], and the second term provides the additional spin- - -

orbit[ pﬂart V. &t) with the sSin content: Q, s=i(oV) P Ve~ ONo, - Vis~ OUMN). (19)
+0?)(p’ X p)/2. In coordinate space the central potential isRecently, the dynamical interpretation of thNé\ interaction
given by the Fourier transform df(t) and the spin-orbit for four modern phenomenologically successful models
(LS) part of theNN force is related to the central potential [27-30 in the largeN, limit was reported and consistency of

simply by [46] Egi]lr scalar-isoscalar components with Efj9) was found
v _ 1 }(?Vc(f) 17 In our case, the consistency condition implies that the
s(r) = 2M3r ar (17 largeN, scaling behavior of Eq(16) must be consistent with

K largeN,; QCD analysis[38], with the largeN. scaling of
where the spin-orbit operatdd, g in r space representation scalar-isoscalar components of all known phenomenologi-
has been omitted. The central part of Ef)6) has an inter- cally successfuNN interaction model431] and also with
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effective o meson exchangey,~O(N). The dynamical practical calculations the soliton siBg=1/M is treated as a
guantities which enter the scalar-isoscalar CrTPE force, Edree parameter, playing the role of the axial coupling con-
(16), are the scalar form factar(t), the pion mas# ,, the  stantg, [36]

nucleon masdMy, and the w7 scattering amplitudev,.. 3

which scales a¥ ..~ O(1/N,), Eq. (7). We follow standard lim[ lim r2P(r)] = - 2R2= - _g_; (24)

N, counting rules[39,51 where o(t) ~ O(N,), M~ O(1), r—e m,—0 8 f7,

Mn~O(Nc), and the nucleon momentépl,[p’|~O(1).  Nycleon states of definite spin and isospin are obtained by
Counting powers of, the central part of the CrTPE poten- quantizing the rotational zero modes of the soliton.

tial, first term in Eq.(16), is Ve~ O(Np). Its spin-orbit coun- The model expression for the scalar form factor of the
terpart ), &(t) additionally contains two inverse powers of pycleon in theyQSM is quadratically ultravioletUV) diver-
nucleon mass~1/M§~ 1/NZ resulting in Vis~O(1/No).  gent and requires regularizati¢s4,55

By this, the consistency with scaling relations from lahge-

QCD Eq.(19) is noted. Interestingly, Eq19) implies that _ 3 (1

the spin-orbit force, s is O(1/N2) in strength relative to the olt)= qucf dXjolv t|X|)§ DrXreq (25)

central force): [3 x
c [58] Here D, (x) =®,(x) vo®n(X) is the scalar-quark density in the

VidVe ~ O(LIND). (200 nucleon andij, is the spherical Bessel function. The com-
pleteness of quark Fock statgs in the external pion field
require thatD,, is represented as a sum over occupiea-
lence and nonoccupied negative energy Dirac-sea states. So
S is useful to consider the contributions from discrete levels
(lev) and from the Dirac-sedsea continuum separately.
0ie,(1) is finite and requires the single-particle wave func-
tions |, (x)) to be found from the Dirac equation in the
external pion field. The latter can be solved numerically.
osedt) is UV divergent and depends on the regularization
In the largeN, limit, the QCD is equivalent to an effective scheme employed to make it finite. To obtaig{t) we fol-
theory of mesons with baryons emerging as solitonic contow the method developed in R€f37]. In short, the proce-
figurations[48]. The yQSM [36] provides a practical realiza- dure is as follows.
tion of the largeN, picture of the nucleon and is considered To evaluateos.{t), the model expression for the con-
as a chiral relativistic quantum field theory of quarks, anti-tinuum contribution is expanded in a series of iefield
quarks, and Goldstone bosons. It is defined by the partitiogradients—the interpolation formula methb]. The series
function in Euclidian space which is the path integral overin VU contains UV-divergent and UV-finite parts. As was

We refer to Eq(20) as the Kaplan-Manohar scaling relation
[38]. In the last section it will be shown that E@O) is very
accurate and in remarkable agreement with our results, si
naling that, indeed, with the actual number of coldis=3
the relative strength of potentials scales likgy/Vc=1/9.

V. SCALAR FORM FACTOR IN THE LARGE- N¢LIMIT
AND QUARK-SOLITON MODEL

pseudoscalar meson and quark fidle2,53 shown in Ref.[37] the latter is strongly suppressed with
respect to the UV-divergent term by the instanton packing
Z=JD¢ DEDUexp{i f dlid - MgU%-my e |, fraction or parametric smallness M§<p>2< 1, and can be
neglected. The dynamical quark mass is momentum indepen-

(22) dent and its valu#,=350 MeV is taken at zero momentum
. . transfer from instanton phenomenoloffy7]. We recall that
whereU denotes the SI2) pion field, Eq.(2) the YQSM is defined with some appropriate regularization.
_ ; _1 1 In Ref.[37] the regularization procedure is solved in a model
U= expliys®/fr) =5(U+ uh+ 2(U- Uy (22 indepegdgnt Waygby observing that the structure of divergen-
In Eq. (21) My and m, are dynamical, arising from sponta- Cies in o, are the same as in model expressions for the
neous breaking of chiral symmetry and current quark massegacuum scalar-quark condensdiay) and pion decay con-
respectively. The action, Eq21), was derived from the in-  stantf__ The latter are fixed by their empirical values. The
stanton vacuum mod¢b2], where the cutoff is determined «arctan-profile” function which provides an accurate repre-
by the average size of instantoKs), and the dynamical sentation of the self-consistent profile is used
quark massM, is momentum dependent. In the laryg- R§
limit the chiral bosonic fielddJ?s can be integrated out b _ _M_r
the saddle point method using a classical bagkground fieI)(/j of Pr=-2 arctan{ﬁ(l *Mare s } ' (26)

hedgeh h
edgenog shape The above steps result in a model expressionotQyt):

a(x) = I P(r), (23 )

N | 26
which plays the role of a Hartree-type mean field for quarks Tsedt) = Mf,fif d®r jo(r V_t){ 1 +§2] (27
forming a soliton-like bound state. With=|x| and ¥ =x/r, 0
the variational procedure reduces to the determination of the/here §=(R§/rz)(1+er)e‘Mw’. It follows that due to the
self-consistent soliton profil@(r), where P(r —«)=0 and  partial cancellation of additional contributions from discrete
P(0)=-7 produce a soliton with unit winding number. In levels and second order continuum terms in e expan-
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sion, the accuracy of Eq27) in the limiting caseog{t) o 80 T = of

—a(t) is O(15%). The latter corresponds to the extreme s i =T A\

case where that the nucleon scalar quark density is formed s @ [ RS

exclusively by the Dirac-seg@ion cloud. With the expected > ol i RN\

accuracy Eq(27) reproduces all features of the scalar form | i 20

factor observed in exagdQSM calculations and also igPT 20k 0'

and compares well to lattice QCD results. Equati@n) re- | ‘ TN
sults in pion-nucleon sigma ternwr_y=0(0)=68 MeV, 0 I Sl )
which is consistent with empirical informatid®8,59. The B w

analytical simplicity of Eq.(27) is a big advantage of this 201 R

method. We refer to Ref37] for details and use E@27) for . 0'5 : '1 : 1'5 : ; : 2'5 : ; : 3'5 ' "‘
our numerical calculations. In addition, consider the pion ) ’ ’ o [fm]

mass expansion of the profile functi@r), Eq. (26)
Rg FIG. 2. The central CrTPE potential in coordinate space ob-
- _ s 2 tained with tree level(dashed curveand unitarized'solid curve
P(rMy) = -2 arctan( rZ) +OM7). (28) 7 scattering amplitude. The dot-dashed and dash-dash-dotted
) o ) curves correspond to the soft pion limit witM =350 and
In the YQSM the soft pion limit,P(r,M,—0), is known to 410 MeV, respectively. The inset shows the entire structure of the
approximate well both the self-consistent profile and EqNN potential.
(26). Following the method of Ref37], we find that in this

limit o(t) takes an even simpler form effect of the CrTPE in the scalar-isoscalar channel is very

A2 - _ weak and repulsive. The latter means, thatttdependence
o(t) = —=MZf2R2 jo(Ro\- t/2)e R 12, (290  of the vertex functions or functional form of the scalar form
V2 factor is very important for determining the precise strength
If one would expand Eq(27) in Taylor series around,  and behavior of the potential in all ranges of distances. At the
=0, then Eq(29) corresponds to the leading analytidv? ~ Same time one can find a remarkable agreement between our
contribution to the scalar form factor or to theN sigma  results and the analysis of R¢R6], where the unitaryrm
term, o, defined by Eq(27). The quality of this represen- amplitude Eq(30) has been coupled to the nucleon cloud at
tation will be discussed later. We only note that, a simplethe one pion loop. In Ref.26] the divergent loop integrals
form of Eq.(29) is very successful, at least for our consid- Were regulated by phenomenological vertex form factors.
erations, because it allows us to express all our final result8€ing sensitive to the particular choice of the cutoff mass,
for ther-space CrTPE potential in terms of elementary func-the resulting scalar-isoscalar centfdN potential shows a
tions. Furthermore, Eq29) accounts for all details of the Strong repulsion at internucleon distances less than 1 fm, and
CITPE force observed here and compares well with direck Moderate attraction of -(615 MeV, at r>1 fm. To

numerical calculation obtained with E(7). make our results comparable with that from Rgf6] we
unitarize thewrs scattering amplitudéFig. 3). It can be done

by the following substitutiorj25]
. 2\ -1 -1
A. The central CrTPE force: tree-level versus unitary s V0= [ﬁ(s‘ f) + GW(S)} : (30)
scattering amplitude

VI. RESULTS AND DISCUSSION

whereG_,.(s) is a dimensionally regularized two-pion loop

In the discussion of our results we start from the scalar )
function (see, e.g., Ref26])

isoscalar centralNN potential in coordinate space, which is

given by the Fourier transform of the first term in E46). 2 o+1

Our results forV(r) with the scalar form factoe(t) defined Grrnl(S) = W{‘ 1+In—5+o m?J . (3

by Eq. (27) and the tree levelrs correlation function, Eq. H

(6), are shown in Fig. 2dashed curve The central potential Hereu=1.1 GeV is the regularization mass fitted to the
V(r) shows a short-range repulsive core with a maximum aphase_shifts. The value af in Eq. (31) is given by o
the origin, Vc(r=0) =600 MeV (see insert of Fig. R and is  =+1-(4M?2/s). Equation(31) is analytic in space-like and
supplemented by a moderate attraction with a minimumtime-like regions and fos>4M72T it develops an imaginary
Ve=-20 meV, at intermediate distances 1 fm. This be- part, sincec—-1<0 and IMoc+1)/(oc-1)=In(c+1)/(1-0)
havior is different from the conventional picture provided by +i7. For s—t<0 the log behaves smoothly. Because Eq.
the effectiveo exchange in OBE models and also from re-(30) contains a pole in thes-channel aroundM . .—il'/2
sults obtained in the heavy baryq®T [15]. In Ref.[15] the = =450-i221 MeV, we restore the genuine relation to the

. - . " - + --- 1556 FIG. 3. Unitarization of theww scattering
amplitude.
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o-meson exchange, which now enters in our formalism aserm follows the largeN, behavior of the scalar form factor
dynamical resonance in ther system. The main effect of oy~ O(N,), the pion decay constarft. ~ O(1/VN,), M,

the unitarymrar scattering amplitudés meson in thet chan-  ~ (1), andM_,~ O(1) [60] we get
nel is that it makes the repulsion400 MeV and attraction —
=-10 MeV softer(solid curve in Fig. 2 However it does gonn ~ OGN, (34)

not change the general features of til force already ob- . : .
. ) . . in agreement with largék, counting ruleq38].
tained at tree level. Interestingly, the latter effect is opposite h . L
The noncommutativity of largel, and chiral limits is a

to the role played by the the unitarization in teehannel, ell-known phenomenof61]. The important physics behind
where it leads to an enhancement of the interaction strengt\tﬁl]is is the role of theA(lZSé) isobar. In the largey, limit
" C

between pions. ; ;
P nucleon andA are degenerate with mass differenbk,

Another point is the relation of the effective meson L
exchange of OBE models to the unitary scalar-isoscaIaFMNNO(l/NC)' As a consequence the contribution &f

CITPE force constructed here. In Rg21] the volume inte- states is implicitly included in solitonic configurations and
grals were used to extract the strength of scalar-isoscaldpeir effect on scalar-isoscalar quantities is twice that of

components of phenomenologiddN models and to relate nucleon s_tates[3_7,6a_. Note that_, th.erefoge 3the Ieazding
them to the effectiver exchange. It was shown that if the nonanalytic contribution tar, which is 2G,M=/(64wf?)

mass of ther is taken to beM,=600 MeV then the value of OPtained by expanding EG27), is exactly three times larger
the oNN coupling constant for these interactions would than the corresponding value ¥PT including nucleons and
range betweerg,y=7.6 (Pari9, 9.0 (Argonne V1§, 9.8 Plons only. Being common for generic classes of hedgehog
(Nijmegen, and 11.2(CD-Bonn). It follows from Ref.[26], models[62], this result can be explained by the presence of
that the use of the unitarg7 scattering amplitude Eq30) the intermediate states in chiral loops. If one goes beyond

results in an effectiverNN coupling constant which can be the strict largeN, limit the effect of finiteN—A mass split-
expressed as ting must be taken into account, the magnitudes of the result-

ing corrections are knowf62].

Jonn = V6 V(t=0)(M2 -~ M2/2)/f .. (32
B. Saturation of the LEC ¢,

Here, V(t) is a vertex function which accounts for the cou- Here we use constraints imposed by chiral symmetry to
pling of the o correlation function to the nucleon pion check the consistency of the present approach. Consider the
cloud, andM, is an empiricalc meson mass. Note that the |EC ¢, from yPT which is related to the'N sigma termo
use of M,=600 MeV in this case is not entirely correct, [16]. The phenomenological interpretation of its value is
because this value does not represent the actual pole of Egased on the strongly coupled scalar-isoscalar meson ex-
(30). With the quoted value o¥/(t) att=0 [26]: V(0)=0.1  change which can completely saturateif [17]
X102 MeV~! and thes mass(pole) M, =450 MeV the re-
sulting coupling isg,n=5, which has the right order of M, =180 MeV (35)
magnitude. In our case, note that the vertex funcii¢n as VOonN '
provided by Ref[26] is equivalent to out’(t)=V(t) in Eq.
(12). By this, we rewrite Eq(32) and relate therNN cou-
pling constant to therN sigma termo

It is interesting to note that the effective meson in the
Bonn potential[4] with M,=550 MeV andg?,/(4m)=7.1
respects this condition resulting M,/ \s“%*: 179 MeV. In
our case, using the pole of EO), i.e.,M,=450 MeV, and

JonnN = \/EU n(M2 = M2/2)/(f .M2) (33  Yonn=6.1, Eq.(33), the saturation condition is
(o 3 T o m /"
—ML =182 MeV (36)
Equation(27) results ino,y=68 MeV and our value for the VOonN '

V(t=0) is given by: V=0.12x1072 MeV™l. With M,
=450 MeV our result ig,n=6.1. An artificial increase of
the o mass toM =600 MeV, used in analysis of Rdi31],
results ing,yn=11 which is just in the range of values from
phenomenological mode[81]. C. Analytical formulae for the central force

Using the equivalence b'etwed“ri,(t.) and V(t) we inde- The consideration of the central part can be continued in
pendently verify the theoretical consistency of R&6]. In- e soft pion limit wheres(t) is given by Eq.(29). In this
deed, withv/(0) obtained in Ref[26] the resultingrN sigma. ;50 the central CrTPE force in the coordinate space repre-
term is o,y=57 MeV and is within the range of empirical geniation can be expressed in terms of elementary functions.
\Iéalﬁz[fg&sq. It meantj that(;/alues_ of cutoffhmasses u'lsed "Eirst, decompose the tree levelr correlation function de-

ef. are reasonable and consistent with our results an . im0 (1) ).
with empirical information. There is also consistency be—ﬂmEd by Eq.(6) into two terms,Vz; _V(m)r+v(m)r'
tween the largéN, behavior of Eq.(33) and largeN, QCD YO -y Y@= MijZfZ (37)
expectations, where a scalar-mes¢N coupling constant is ™ ™o m
~O(VYN,) [38]. Because the N, expansion of therN sigma By this, the CrTPE force reads as

which is in agreement with the value demanded from the
scalar meson resonance saturation of the IdzC
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V() = VR + V(). (39)

In the soft pion limit, due to the factor M2 entering Eq.
(16), the first termvﬁ\‘l,)\‘ does not contain any pion mass de-

pendence and does not vanish in the chiral limanvanish-

ing pard. The second teranf,L which foIIowszjT and con-

tains an additionaM? generates the symmetry breaking part
of the NN force. With Egs.(29) and(37) the Fourier trans-
form of Eq. (38) can be carried out explicitly and after
lengthy calculationghere we list our final results onjythe

central CrTPE force is given in coordinate space by the fol- TR S T S S S O
0 05 1 15 2 25 3 35 4

Ve (1) [MeV]

lowing expressions:  [fm]
V(l)(r) — <64\2 W2>f2Rs FIG. 4. The central CrTPE potential in the soft pion lirfgblid
c K curve). The parts nonvanishing and vanishing in the chiral limit are
~ o~ ~ shown by the dashed and dot-dashed curves, respectively.
X[ 80 + & + 3¢2 - 3¢3 ]
24 1 7 24+ onon2 | _ 1
@ BaEe iz vE- 202 VOO, = - 68222R 5 +O00), (49
(39) r
~ Mi 4 7 E 2) _8\‘57"2 22 71_16\"5772 2020 L
VA(r,é<4)= T(_S )ffTR‘s‘[arctar( \/; VOl = 3 MalaRa 3 MR
= +0(r ). (46)
1 2\/2_5 oo (1) )
- sarctal —— | |, (40) As seen from above expressmm% andV’ do not van-
4-¢ ish at small separations and both are repulsive. At asymptoti-

2 B |\/|72T AP 5 E cross the zero. Contrary, the symmetry breaking pé?[,
Ve'ré=>4)=="{ - FiR| arcta > stays repulsive for all distances and as a resulvof 1%
sentations given by Eq$39)—(41). The resulting centraliN
-4
partvg)(r), which is nonvanishing in the chiral limitlashed
tively. Note that Eqs(40) and(41) are defined fog<4 and  \hich is vanishing in the chiral limitdot-dashed curyeis
panded in Taylor series around-0, and up toO(r¥) the  section reveals that at intermediate distar(cis region the
5 2
Vg)(r)lr 0= 5\“27’2f2RS_ SL:f_wr2+ Or%) (42) and unitarized curves. At small separation scéte® insert
- - 2R ,
V272 5\2 the analytical and numerical tree level results are very close
(43 quark massM,=350 MeV motivated by the instanton phe-
-0 — D 2)
Egs.(42) and(43) atr=0: Ve(0) =V (0)+1c(0) 7N sigma term obtained with E¢27) and the latter can be
Ve(D)lr=o=
parameter varying in the range 38M <450 MeV. So it is

cally larger V(Cl) becomes attractive, signaling that it should
~M2R2/5<1 it is suppressed relative 8. The above
1 2\/2_~§ qualitative arguments are supported by full analytical repre-
- =\ 7—arctar) —— , (4D
potential is shown in Fig. 4. It is clear from Fig. 4 that the
1
Z—r2/R2 ;
‘;]V:r?\:zgi_saié Ry Zr;? ;23 f#girsr%rr'ﬁgr) a;ri;i)ir:efera:? trr(l,i o curve), is dominant and fully drives the generic behavior of
gp Y y g_part, P€Ghe central CrTPE forcésolid line). The chiral partvg)(r),
~§> 4, respectively. repulsive for all distances with a strength of abet20 MeV
At small separation scales Eq89) and (40) can be ex- atr=0. Comparison with numerical results from the previous
leading terms are given by total CrTPE force obtained in the soft pion linfghown by
the dot-dashed curve in Fig) Bes inbetween the tree level
3 of Fig. 2) the integral Eq(27) and analytical Eq(29) repre-
sentations for the scalar form factor work equally well, and
272
VW) o= 5 FAMZRE - f2MZRy2+O(r%). to each other.
3 36 .
Up to now, we used the common value of the dynamical
The strength of the central force is defined by the sum mnomenology. We have to mention _that with this value the
representation of(t) Eq. (29) overestimates the value of the
5Vr’§ﬂ2 1, 5 reproduced by a small variation dfl,. Note that, in the
3 1+ ngRﬁ f2Rs. (44) xQSM the dynamical quark mass is usually treated as a free
For asymptotically large — o« [up to O(r8)] the interaction important to check whether our results are sensitive to the
is dominated by molecular-likBIN forces variation ofM,. Certainly, due to Eq44) and the parametric
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which includes the nonlinear model Eq.(1) and a stabiliz-

C ing fourth-order term, the “wrong sing” of the isospin inde-
60 % pendent spin-orbit potential is a long standing problem
[63,64. Several attempts have already been made in this
framework to generate the needed attractive spin-orbit force,
extending the standard Skyrme Lagrangian by including
sixth-order derivative terms. But the final results differ, vary-
ing from repulsivg[64] to attractive[65] spin-orbit potential.
Our results support the existence of a repulsive LS interac-
LITTEEET tion in the isoscalar channel.

V,(0) [MeV]

V () [MeV]

01 1.5 2 25 t[fm] E. Analytical formulae for the spin-orbit force

Here we show an analytical representation of the spin-

FIG. 5. The spin-orbit part of the CrTPE potential in coordinate orbit potential in coordinate space in terms of elementary
space. Notations for the curves are the same as in Fig. 2. The ins]et i Using Eas(l d(39) the LS Y which
shows the entire structure of the LS potential. unctions. Using Eqs(17) and(39), the LS partVjs, whic

is nonvanishing in the chiral limit, reads

smallness of the tertM2R2/5<1 the strength of the repul- w6427\ 2

sive core is proportional to~1/M,. Interestingly, the Ls(r) = 3 RM2

strength of the intermediate range attraction actually is insen- - 5 L

sitive to variations of quark mass. In Fig. 2 we show the 2304 + 57@ + 81652 + 100 + 6&* - 9¢°

results forMy=410 MeV (dash-dash-dotted curvevhich ~ 3.~ \/—~ 3 . \/—~ s |
(2+8°(A+E+2V28)°(4+E-2V29

reproduces the same value of the sigma tetm as Eq.(27)
with M,=350 MeV. The dip region is unaffected by these (47
variations with a small coherent shift towards shorter dis- ) ) . . )
tances. The same weak quark mass dependence is found![f Symmetry breaking coqnterp@ffs vanishes in the chiral
numerical calculations. Summarizing, the soft pion limit pro-imit, Mz —0, and is obtained simply from Eqgl7), (40),
vides an accurate representation of the central CrTPE forc&nd(41)

compares well with direct numerical calculations, and ac- 1 1

counts for all details of the tree level and unitary forces ob- VRN = M2 r2V@(r)
tained in the previous section. N
2 5 2 Py
D. The spin-orbit CrTPE force _Mz 4\27* | f2RS 4-3¢
r? 3 M2 72 i
N L (16+&)(2+¢)

In coordinate space the spin-orbit part of the scalar-
isoscalar CrTPE force is related to the central potential by (48
Eq. (17). According to the largéN, analysis given in Sec. |V, ~ ~ @
the LS interaction should be much smaller than the centravhere foré=r?/Rg=4 and¢>4 theV('(r) is given by Egs.
part because it is suppressed relativ’get) by ~1/N2 Our ~ (40) and (41), respectively. The Taylor expansion around

numerical results for the LS potential are shown in Fig. 5.7 0 Up toO(r*) reads

Indeed, the-space behavior of, (r) with the tree levelrm 32 f2 15V2m2 f2

] . . . . (1) _ T =N T2 4
scattering amplitudgdashed curve in Fig.)5is formally Vel o= 5 8 =S+ 0(r),
similar to the central potentigkee the insert of Fig.)2But V2 RMy RMy
contrary to theV(r), we find a sizable but much weaker (49)
repulsive core=80 MeV (insert of Fig. 5 and a very small B N
attraction =0.5 MeV at intermediate distances>1.2 fm. 2 5\272 5 M2 3272 ,1 M2 ) .
The effect of the unitarization of the scattering amplitude ~ Vs(N|r—0= 36 fﬁRsW a0 fﬂESWr +0(r),

N N

(solid curve in Fig. % plays here the same role as for the
central potential and makes the LS force softer, reducing the (50)
strength of the potentla_l by_ the factor 2. Not_e, that in OBEand defines the short-range behavior of the LS force with the
models, the LS interaction induced by effectiveaxchange -
. . ) total strength at origin

generates an attractive spin-orbit force. In our case the effect _
is opposite and leads to a repulsive LS potential in coordi- 52729 1 f2

; . - Vs(l’)| === | = MR —=—
nate space. In Ref26] the spin-orbit potential was not cal- Lsiir—0= "o 10 12 R R M2’
culated (though it could be easily dopeand hence direct _ _ N_ _
comparison is not possible. We only note that the results In the asymptotic regiom,— <, the soft two-pion tail of
should be similar because of E(L7) and because of the the LS potential behaves as follows:
similar behavior ofVs(r) in both approaches. 5.2 1

At this level the comparison with other models is also VRO _w=- 192\—2f37RZ—8+(9(r‘10), (52)

useful. For example, in the standard Skyrme moBs], My r

(51)
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FIG. 6. The spin-orbit part of the CrTPE potential in the soft FIG. 7. The scaling of the central CrTPE forgg(r) relative to
pion limit. Notations for the curves are the same as in Fig. 4.  the spin-orbit potentiaV,(r). The numerical results are shown
with the tree level(dashed curveand unitary(solid curvg =
5.2 ) correlation function. The gray area is the soft pion limit with quark
V(Lzs)(r)|r = 16v2 §2 Rg%l + O(r—g). (53) massesM ;=350 (upper limif to 410 Me\((lovyer_ limit). The dot-
- 3 ™ Mﬁ r6 dashed curve corresponds to the soft pion limit but viirelated

) to thega. The dashed horizontal line represents the g€ CD
The result of Eqs(47) and (48) with the quark massV, expectation, 1R =9.

=350 MeV are shown in Fig. 6. The soft pion limit well
reproduces the generic features of the LS faimaid line)
and compares well with our numerical resu{tot-dashed
curve in Fig. 5. Contrary to the central force, an even

very difficult to argue that the scaling of scalar-isoscalar
nuclear forces, first predicted by Kaplan and Manoj&s,
e ; 2) and the observation which we made here, are not accidental,
smaller contribution of the chiral paiq(r) (dot-dashed peocause it is very difficult to justify any phenomenological
curve in Fig. 6 with repulsive itrength at=0 of about  models at such separation scales where the baryon number is
=0.11 MeV is noted. The term2(r) nonvanishing in the not well defined3,67] and where other hard QCD processes
chiral limit accurately represents the behavior of the LS po{68] should play some role. We also recall that tH@SM
tential in all ranges of distances and is actually insensitive tgtself as provided by the action E@21) is valid for the
the variation of quark masses in the intermediate region. Thgalues of the quark momenta up to the UV cutafE1/(p)
increase of the quark massitt,=410 MeV leads to a small  —~00 MeV orr>r,=0.3 fm. In addition, we have to take
shift of the attractive dip towards shorter distan¢dash-  jnto account the limited accuracy of the method used here to
dash-dotted curve in Fig.)5At short separation scales, Eq. calculatec(t). Considering our findings as an empirical fact,
(51, M2RZ/12<1 and the effect of quark mass is linear ye note that other models, e.g., RE26,69, should be em-
~M, and opposite to the central force where the strength igjoyed here to check our statements. To further support the
driven by ~1/Mj. scaling relation Eq(54) we show in Fig. 7 the dependence
of the inverse ratio 1R (r)=V(r)/V, 4r). Indeed, the ratio
F. The ratio V| s/V¢ and large-N; QCD scaling Ve(r) 1V, «r) scales according to E¢54) forming a plateau
According to largeN, counting rules discussed in Sec. IV Up to distances=0.8 fm and fastly decreases beyond. The
and Eq.(20), one can expect that with the actual number ofPlateau covers the region where the action 4 is already
colorsN.=3 the ratioV, ¢/ V¢ should scale according to the reliable and the present approach is well justified.

following simple relation: A good agreement with the scaling relation is also found
for the soft pion limit. ForiM,=350 and 410 MeV, Eqg44)
VidVe ~ O(LINR) = O(1/9) = 0.11 (54 and (51) result in R=0.12 and=0.16, respectively. The

radial dependencies of the inverse ratios are shown in Fig. 7
by the band, where the upper limit corresponds Mg
=350 MeV and the lower one tM,=410 MeV. Addition-

ally, due to the smallness ®2R? in Egs.(44) and(51), the
following relation holds: R =(9/10/(M3/Mg). Using Eq.

(24) with Rg=1/M, it can be written alternatively

Our results support these expectations and (B4) for the
relative strength of scalar-isoscal®N components,R
=),40)/V(0), is in a good agreement with numerical cal-
culations. Witho(t) defined by Eq.(27) and with the tree
level 7r7r correlation function the ratio iR =1/7.26=1.14.
The unitarization of thers scattering amplitude, Eq30),
plays here an important role and improves this valuékto 5( ga Mﬁl
=1/9.2=0.11. Considering the latter value as our parameter 1R = g( )f_z
free prediction, it is remarkable that such detailed informa- m

tion about the relative strength of potential components caiWith the empirical value for the axial coupling constamy,
be deduced directly from QCD. Note that theNL/expan- =1.25, Eq.(55) results inR =0.12 in good agreement with
sion is equivalent to the short-distance expandi4,6q. Eq. (54). Ther dependence of 1 with the soliton sizeR

This is the reason why E@54) so accurately represents the related to the axial coupling constagy, Eq. (24), is shown
short-distance part of the CrTPE force. At the same time, it i$n Fig. 7 by the dot-dashed curve.

4ar (55
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VII. SUMMARY The latter is in agreement with our numerical analysis and
In summary, we have considered the effect of correlated"ith the Kaplan-Manohar largst; power counting.
two-pion exchange modes on the central and spin-orbit parts, Analytl_cal representations for the C'rTPE forces in the soft
of the scalar-isoscalaXN interaction. We have coupled the Pion limit in terms of elementary functions were derived and
m correlation function to the scalar form factor of the their chiral content was studied. It was shown that the latter
nucleon which we calculated in the lare-limit in the consists of tyvo terms. The first one is generfated by the sym-
framework of yQSM. The CrTPE force obtained here con- Metry breaking part of the mesonic Lagrangian and vanishes
firms an unconventional behavior of scalar-isoscalarcor-  in the chiral limit. The second one, which is nonvanishing in
relations in theNN interaction recently found in unitarized the chiral limit, does not contain any pion mass dependence
yPT [26]. For the centraNN potential with both the tree and appears as a dominant force Whlch_drlves all essential
level and unitarym correlation functions we find a strong features of the CrTPE—the strong repulsion at short separa-
repulsive core at short ranges and a moderate attraction §¢ns and the moderate attraction at intermediate distances.
intermediate distances. This result indicates that strong repul/e also find that the soft pion limit provides an accurate
sive interactions can be generated by the pion-pion dynamid€presentation of the CrTPE and compares well with direct
and scalar-quark densities themselves. The strength of tHeimerical calculations. _
intermediate range attraction is insensitive to the variation of N & forthcoming work the role played by the CrTPE in
quark masses. The long-range tail of the central CrRRE the NN interaction W|II_ be addressed again and |§ will be
potential is driven by therN sigma term and consistent with Shown that the behavior found here and in Ref] is an
the effectivec meson exchange. In addition, we find a siz- important ingredient to th&lN interaction and appears to be
able and repulsive spin-orbit force which differs from the LS clearly seen in peripher&N phase shifts above the inelastic
interaction generated by the effectivemeson in OBE mod- threshold.
els.
The largeN, behavior of the CrTPE potential was consid-

ered and consistency with lardé- QCD expectations was
found. Both the central and LS forces satisfy laNeQCD We acknowledge the correspondence with J. R. Pelaez.
counting rules. We have shown that the spin-orbit part isThis work was supported by the Landesforschungschwer-
O(1/N?) in strength relative to the central force, resulting in punkt Baden-Wiirttemberg and the Bundesministerium fiir
the ratio=1/9 suggested by the W/ expansion folN.=3.  Bildung und Forschung Grant NeO6TU201).
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