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1. INTRODUCTION

With the advent of Quantum Chromodynamics (QCD) which is
believed to be the underlying theory of strong interactions, one is
entitled to demand that hadron physics be described in terms of the
degrees of freedom of the fundamental constituents in QCD. The
trouble is that QCD has a running coupling constant a(q2). For large
momentum transfers q, as in the region of deep inelastic
scattering of leptons by hadrons, a(q2) is small. One can use there
perturbation theory to make theoretical predictions which turn out
to be in good agreement with experiment. But for processes of
interest in nuclear physics or in low energy hadron physics, the
length scale is typically 1 fm, corresponding to small momentum
transfer q. The running coupling constant a(q2) is then large and
perturbation theory is no longer operative. In this strong-coupling
regime, non perturbative methods are indispensable, but so far,
apart from calculations on lattices, not much success has been
achieved in this respect. Thus, one is led to modelling non
perturbative QCD. For example, in bag models, non perturbative
effects are simulated by the pressure on the bag, in string models
they are described by the tension, in non relativistic potential
models they are described by confining potentials. All these models
make explicit use of the quark degrees of freedom.

On the other hand, a rich body of experimental data, most of
them with very high accuracy, have been accumulated over the last
three decades in nuclear and low energy hadron physics. Most of
these data can be analyzed quantitatively in the framework of
theoretical models based on the degrees of freedom of hadrons
themselves (nucléons, mesons, isobars, etc...). At present, it is fair
to say that models built explicitly with quark degrees of freedom
have not achieved the same success. Therefore, bridging these
models based on hadrons with QCD seems to be one of the
challenges for the physics of strong interactions. In this search,
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one can envisage another alternative. Since the fundamental
constituents in QCD, quarks and gluons, are confined, it might be
more appropriate to eliminate their degrees of freedom not
directly observable and incorporate their effects into an effective
theory framed in terms of observable hadronic degrees of freedom
but including as many relevant properties of QCD as possible. This
alternative is given support by the important conjecture of
Witten1) that, in the large Nc limit (N0 being the number of colors),
QCD is equivalent to a theory of weakly coupled MESONS (and
glueballs). BARYONS emerge in the theory as SOLITONS. To
implement these ideas, one is led to construct effective
Lagrangians from meson fields (TC, p, co, e, etc..). These effective

Lagrangians are required to fulfill the principal symmetries of QCD
(like chiral symmetry for example). The free parameters, if there
are any, can be determined in fitting the experimental observables
in the physics of mesons. The soliton type solutions are then looked
for, and used to predict static properties of baryons. The baryon-
baryon interaction can also be deduced from the soliton-soliton
interaction. The Skyrme model2) proposed long ago is a prototype
of this class of effective Lagrangians.

If the results of this approach turn out to be satisfactory, it can be
regarded as SL theoretically sound approximation scheme to non
perturbative QCD at low energies. Moreover, the connection of the
conventional models based on hadron degrees of freedom with QCD
through this approximation scheme appears then quite naturally.

In this series of lectures, the main features and results of the
conventional low energy hadron physics in the framework of
hauionic degrees of freedom are recalled in Section 2. In Section 3,
recent tests of the NN potential models are described. In Section 4,
results obtained with the explicit use of quark degrees of freedom
are reviewed, and finally an introduction to Skyrme solitons and
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recent developments on effective Lagrangians for low energy
hadron physics are presented in Section 5.

2. CONVENTIONAL LOW ENERGY HADRON PHYSICS

To illustrate the role of hadronic degrees of freedom in
nuclear physics or more generally in low energy hadron physics, I
shall take as an example the case of the nucléon-nucléon forces.
The two nucléon system is still relatively simple but rich enough
to be regarded as a test case for theoretical models. Furthermore,
the considerable wealth of experimental data provide extremely
severe constraints.

i) Meson degrees of freedom

The One Pion Exchange Potential (OPEP)

The first main step towards the under y1^
standing of the forces between two J
nucléons was made by H. Yukawa in ] TT
1935. He proposed that these forces are !
induced by the exchange of a K meson / f ^ \
(Fig. 1) leading to a nuclear potential,
the One Pion Exchange Potential (OPEP) Fj 1

of the form

The pion mass mn being 140 MeV, the OPEP has a range larger than

— - 2 fm and provides the long range part of the nucléon-nucléon

interaction.
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The 4th order Two Pion Exchange Potential (TPEP)

After the experimental discovery of the
pion confirming Yukawa's ideas, a great V /
theoretical activity was devoted to > *
what can be called mesodynamics. At

ïï!i
nthat time (early 50's), the analogy of

this new field theory with Quantum
Electrodynamics (QED) was hardly
avoidable. Thus, methods and techniques Jhe TpEp (4th order)

used in QED, including perturbation
theories, were transposed to it. This led
to the calculation of 4th order diagrams of the Two Pion Exchange
Potential (TPEP) represented in Fig. 2. The range of this TPEP is of

shorter range than the OPEP, of the order of ^-— 1 fm. We shall

see later that these 4th order diagrams are only part of the TPEP,
which contains other important contributions. In spite of efforts of
prominent theorists, it is realized soon that the results of such
calculations are hampered by ambiguities arising from the use of
perturbation theories.

The One Boson Exchange Potential (OBEP)

In the early 60's, a new impetus to the theory of nucléon-
nucléon forces was given by the experimental discovery of the p
meson, and soon after, of the 01 meson with the following
characteristics :

p-meson : J PG = 1"+, I = 1, m = 769 MeV

decays into 2it, r =150 MeV

co-meson : J PG = 1", I = O1 mm = 783 MeV

decays into 3Ji, rœ = 10 MeV

18



It was then natural to generalize the initial theory of Yukawa with
the idea that the pion exchange is responsible for the long range
part of the NN forces and heavier mesons like the p and co mesons
are reponsible for the short range part. The OPEP becomes the OBEP
(One Boson Exchange Potential) which now includes besides the
exchange of the pion that of the p-meson and co-meson.

These can be easily calculated and their dominant contributions to
the NN potential are

m 2 f 2 F 1 3 3 "|e"
Î2 <1

H Mexch. = - (1 +

2 2
9CO 111CO

Thus, when the nucléon-nucléon potential is written in its
general form

I'•iV C oS I £. \ Ib Lo

the -a and p mesons contribute to the spin-spin component V~ and
SS

the tensor component VjI, and the co meson contributes to the

central component V* and the spin-orbit component M^c. Moreover,
L* Lo
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the to meson contribution to Vc is repulsive. This leads to purely

repulsive forces in the central component V~c which is the

dominant part of the NN forces (Fig. 3). In contrast, for this
component, phenomenology requires short range repulsion,
responsible for nuclear matter saturation but medium range
attraction, responsible for the binding of nucléons in nuclei.

'c

co meson nuclear matter
saturation

binding nucléons in nuclei

The co meson contribution to V+

C

Fig. 3

The phenomenological shape for V
C

Fig. 4

At this point, the first conclusion to be drawn is : in the OBE
models with only the exchange of observed low mass mesons (K,
p ,co), one cannot get the intermediate range attraction which is

indispensable for the existence of nuclei* . One way of overcoming
this serious difficulty is to introduce the exchange of a fictitious

PGlow mass (- 500 MeV) scalar isoscalar meson (J = O , I = O)
which provides the missing medium range attraction. Such a low
mass scalar meson is not observed experimentally. This makes the
OBE models much less appealing in spite of their simplicity.

We will see later that this feature occurs also in other models
like the quark or Skyrme models.
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ii) Isobar degrees of freedom

It is well know from n-nucleon -^ n
•s.

scattering studies that formation of *-.
3tN resonances (A33, mA = 1232 MeV ;

P mN* = 1440 MeV) is very impor-

tant (Fig. 5). These resonances can be
also formed in i.'jclei.
It is therefore expected that in the two pion exchange (TPE)
processes, one or two nucléons can be easily excited to one or two
such resonances in the intermediate state, and diagrams such as
those of Fig. 6 should be added to the 4th order terms of Fig. 2.

Fig. 5

A, P11

N

A, P1 1

A, P1 1

Fig. 6

Such diagrams were studied long ago in reference (3), and it is
found that their contributions give rise to attraction in the NN

potential with a range of the order of ^~~~ 1 fm. This corresponds

precisely to the attraction which is missing in the (JT , p , CD)
exchange potential.

The arguments presented above show the important role of the TPE
contributions to the NN interaction besides the well established
OPE contribution. Now, the exchanged pions in the TPE can be
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uncorrelated (Fig. 7b) or strongly correlated (Fig. 7c), since the TITI
interaction is known to be very strong in the P wave giving rise the
p resonance and strong enough in the S wave to give rise to a broad
resonance around 1 GeV (the e meson). Great care should be,

therefore, taken in the calculation of the TPE contributions.

All the previous discussion shows that a realistic description
of the long range (LR) and medium range (MR) NN forces must
include the isobar degrees of freedom as well as the meson degrees
of freedom . This is summarized in Fig. 7 where the blobs in both
Figures 7b and 7c represent the nN interaction (containing all the
isobars) and the central blob of Fig. 7c represents the TC TC
interaction (containing the P wave p meson and the S wave e

meson). It is claimed sometimes that the short range (SR) part of
the NN interaction can be described by the exchange of heavier
mesons. However, in this part subhadronic (quarks, gluons, etc...)
degrees of freedom can play, in principle, a significant role. This
question will be discussed in Section 4.

ii TT TT

*—?
TT

TT/ \TT
\

(c)

Fig. 7



iii) The NN potentials from hadronic degrees of
freedom

At present, the potential models that are the most frequently used
in the literature are the Bonn, the Nijmegen and the Paris
potentials. They are all derived from hadronic degrees of fredom.

The BONN Potential

This potential is originally4) a One Boson Exchange (OBE) type
potential. It includes essentially the exchange of the n, p, co mesons
and a fictitious "a" meson. Recently the Bonn group realizes the

importance of the two-pion exchange (TPE) contribution and in the
newest version5) of the Bonn potential this contribution,
calculated in the non-covariant perturbation theory, is added to the
original OBE potential. This procedure, however, leads to double
counting and other problems related to the use of the non-covariant
perturbation theory. The rc-rho exchange contribution is also

calculated with the same method and included. Surprisingly enough,
the effective to vector coupling constant needed in the model is

O
extraordinarily large (g^/4^ = 24). Finally, smooth form factors

are used to cut-off the potential at short distances.

The NIJMEGEN Potential

This potential6) is constructed from the exchange of the TC, TJ,

TI', p, to, <j>, 5, S*, e Regge trajectories and also from the exchange of

the Pomeron, f, f and A2 trajectories. At the Reggeon vertices
exponential form factors are used. This leads to a OBE type
potential for the JT, TJ e exchange and a gaussian potential for the

Pomeron-type exchange. The values of the free parameters are
searched in a fit to the NN phase shifts.
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The PARIS potential

This potential7)'10) is representative of the philosophy
elaborated above. This means :

a) the (LR + MR) parts (internucleon distances r > 0.8 fm) are
given by the OPE, the TPE and the « meson exchange, as part of the
three pion exchange. The TPE as represented in Figs. 7b and 7c is
calculated carefully via dispersion relations and unitarity from the
TC N amplitudes and the dominant S and P waves of the JIJT
interaction. The inputs of the calculation are, thus, the TtN phase

shifts 8K
L
N and the TCTC phase shifts Sj* and S1J". The values of 57^

are taken from phase shift analyses, and o^71 and S7J71 directly from

experiments. This includes automatically all the TtN isobars and
the TCTC resonances in the S wave (the e meson) and in the P wave
(the p meson) as well as the rcN and TCTC non resonant backgrounds, it
is sometimes argued that dispersion relations can only yield an
empirical "black box" TPE contribution to the NN interaction,
whereas a calculation in the non-covariant perturbation theory
provides a more "microscopic" description. This statement is
incorrect since one could have derived the icN and TCTC phase shift
from a "microscopic" model, and inserted them into the dispersion
relations. We do not proceed in this way because we have more
faith in the TcN phase shift analyses, based on very accurate data,
than in any presently available "microscopic" model which, in any
case, should reproduce those phases. Thus, in the Paris potential
the uncorrelated and correlated two pion exchange is completely
fixed with no free parameters. The effective coupling constant of
the co to the nucléons is taken to be gw/4Tc = 11.75. The details of
these rather complicate calculations can be found in reference (7).

b) as mentioned above, the presently available theoretical
results on the (SR) forces are still uncertain. On the other hand,
there exists a rich body of experimental data. For TLAB < 350 MeV,
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several thousand data points have been accumulated11). For these
reasons, a phenomenological viewpoint was deliberately taken for
the description of the (SR) part (r < 0.8 fm).

It was proposed8) as a first step, to describe the core with a very
simple phenomenological model : namely, the LR + MR (K + 2n + co)
exchange potential is cut off rather sharply at an internucleon
distance r ~ 0.8 fm and the SR (r < 0.8 fm) is described simply by a
constant soft core. This introduces a minimum number (five) of
adjustable parameters corresponding to the five components
(central, spin-spin, tensor, spin-orbit, and quadratic spin-orbit) of
the potential for each isospin state. On the other hand, it was found
that the central component of the theoretical LR + MR potential has
a weak but significant energy dependence and this energy
dependence is, in a very good approximation, linear. One then
expects also an energy dependent core for the central potential, the
energy dependence is taken to be again linear. This introduces one
additional parameter, the slope of the energy dependence. The
proposed SR part is then determined by fitting to all the known
phase shifts (J < 6) up to 330 MeV and the deuteron parameters.
Although the number of free parameters is small (six in total for
each isospin state) the quality of the fit is very good8). The
%2/data are as good as those given by the best phenomenological
potentials, which contain many more free parameters :

{2.5 for pp scattering"!

r with the Paris potential

3.7 for np scatteringJ

X2/data = 2.4 for pp + np scattering with the Reid soft core
potential"12).

The previous model with a sharp cutoff procedure (rather than
smooth form factors often used in other works) was purposely
chosen in its simplest form to demonstrate that, once the (LR + MR)

25



12

forces are accurately determined, the (SR) forces can be described
by a model with few parameters that does not perturb the
theoretical inputs of the (LR + MR) part. This procedure has the
advantage of a clear-cut separation between the theoretical LR +
MR and phenomenological SR parts. The latter contains all the free
parameters.

In a subsequent paper9), an analytical expression for the complete
potential was developed in terms of a parametrization as a dis-
crete sum of Yukawa terms. This has the advantage of being simple
in both configuration and momentum spaces. This parametrization
is a purely mathematical representation and made convenient
enough to facilitate its use in many-body calculations. The de-
termination of the core parameters is now performed by fitting not
only the phase shifts but also the scattering data themselves. Use
was made of the world set of data consisting of 913 data points
for pp scattering (3 < TLAB ^ 330 MeV) and 2239 data points for np
scattering (13 < T^AB ^ 350 MeV). This set includes measurements
on cross sections, polarization, Wolfenstein parameters and spin
correlations. Examples of the fit can be found in reference (10).

The fit yields a total x2/data shown in Table 1. In this table, these
values are compared, for reference with those of phase shift
analysis13). The total x2/data for the same set of data was also
calculated in reference (10) for the Reid soft core potential12).
The values are also shown in Table 1.

Paris

P.S.A.13)

R.S.C.

x2/data for pp scattering

1.99

1.33

4.76

x2/data for np scattering

2.17

1.80

9.99

Table 1
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It is worth noticing that the x2/data for tne Reio soft core

potential has deteriorated quite significantly. This is an illus
tration of a situation where a potential can fit very well the phase
shifts without being in agreement with data. A phase shift repre
sentation is useful and gives a good idea of the overall properties
of the NN interaction but for an accurate quantitative tesi of
theoretical models, it is more decisive to compare theoretical
predictions and experimental data directly rather than through
phase shifts.

The deuteron parameters are also predicted in nice agreement with
experiment.

3. RECENT TESTS OF NN POTENTIAL MODELS

During the last two years, several very high precision experiments
have been completed. They consist of new measurements of the
analyzing power for n-p scattering at very low energies (10-25
MeV)14HS)1 measurements of cross sections and polarization
observables in n-d elastic scattering and break-up processes at
very low energies17)."18) and measurements of cross sections and
analyzing powers in elastic and inelastic proton-nucleus reactions
at intermediate energies19).

i) The n-p scattering data

These data are very important because of their high accuracy
(10-3) and also because for such low energies (10-20 MeV) NN
polarizations or analyzing powers depend only on the very low
partial waves (S and P waves). The S waves for those energies are
accurately known from the effective range formula, and the P and
higher waves are only sensitive to the (LR + MR) forces. Thus, these
low energy analyzing power data provide severe tests on the (LR +
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MR) part of the NN interaction, that part which is supposed to
possess the soundest theoretical grounds in the potential models.

The data for the analyzing power Ay (6) at 10.03 MeV, 16.9 MeV and
25 MeV are displayed in figures 8-11. Predictions from the Bonn,
Nijmegen and Paris potentials are also shown for comparison. It is
concluded in reference 14) that "fair agreement is obtained with
the Paris and Nijmegen potentials but clear disagreement with the
new Bonn potential", and in reference 15) that "the experimental
data in this energy range are better described by the Paris
potential than by the new Bonn potential". It is also stated in
reference 14) that "increasing the œ meson exchange contribution
in the Bonn potential improves the agreement with the present
results while retaining the overall description of the NN
observables". This statement seems rather odd to me, given the
very large coupling of the œ already needed in that potential. Some
preliminary results16) from Karlsruhe on Ay(G) and on the spin
correlation parameter Ayy(0) are shown in figures 11. The results
are very close to the predictions of the Paris potential.

Fig. 8
Analyzing power Ay in np
scattering at 10.03 MeV14).
The solid, dotted, and dot-
dashed curves are results
using the Paris, Nijmegen,
and Bonn potentials, respec-
tively.

150
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.En=I6.9MeV PARIS
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ARNDT

(FA87)

Rg. 9

Ay(9) in n-p scattering at 16.9
MeV15).The curves are predic-
tions calculated from the Paris
potential (solid curve), Bonn
potential (dashed curve), and
from Arndt's recent 0-1.3 GeV NN
phase shift analysis FA87
(dashed-dotted curve).

30 60 90 120 150 180

t-

Fig. 10

Ay(B) in np scattering at 25
MeV14). The solid and dashed
curves are results using the Paris
and the Bonn potentials, respec
lively.

"lab = 25

I 0Ub = 17-5°

Fig. 11a

Analyzing power in np scattering
at diffferent angles16)- The curves
are predictions from the Paris
potential.

IO
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Fig. 11b

The spin correlation parameter Ayy at different angles16). The crosses (+) and circles
(o) are old and new data respectively. The curves are predictions form the Paris
potential.

ii) the n-d scattering

Accurate calculations of cross sections and analyzing powers
for elastic n-d scattering at En = 10, 12, 13 and 14.1 MeV are
reported very recently in reference 17). As two-nucleon
interactions the Paris potential and the new Bonn potential were
used. The results for the cross sections are shown in figures 12,
and those for the analyzing powers at En = 12 MeV in figures 14.
Results for the tensor analyzing power !22 are also shown in
figure 13. For the differential cross sections, the Paris potential
predictions agree very well with the data. The Bonn potential
(OBEPQ version) predictions lie a bit below the data at the
backward angles. For Ay and T22, some discrepancies near 120°
are observed for both potentials. Other new results for polarization
observables at 6.7 MeV can be found in reference 17).
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Rg. 12a

Backward-angle differential cross sec-
tions for elastic nd scattering. Closed
circles are experimental data taken
from reference 20), open circles data
from reference 21). The Paris potential
and the Bonn potential predictions are
given by the solid and dashed curves,
respectively.

Fig. 12b

Differential cross section for the elastic
no scattering. Open circles are experi-
mental data taken from reference 21)
for En = 12.0 and 14.1 MeV and from
reference 22) for En = 13.0 MeV.
Closed circles are data from reference
20) for En = 12.0 MeV, and reference
23) for En = 14.1 MeV. Theoretical
predictions are given by different
curves as described in Fig. 12a.

60 120
0:- (deg)
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-0.1-
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0c/T1.(deg)

Rg. 13
The tensor analyzing
power Tas for n-d elastic

IaK
scattering at Ep = 10-31
MeV. The solid and dashed
curves are 3-body calcu-
lations17) using the Paris
and Bonn potentials, res-
pectively.

180

0.20

0.15

O.I O

O.05

O.OO

~ -0.05

En--12 MeV
n-d elastic data
n-p FSI dola
(0<Enp < IMeV)

30 60 90 120
9 (deg)c.m. ^

150 180

Fig. 14a
Analyzing power Ay(6) for n-d elastic scattering (circles and for the n-p final-state
interaction (FSI) in the 2H(n, nip2)na reaction (crosses) at 12 MeV18) together with
three-body calculations using the Paris (solid and dot-dashed curves) and Bonn (short
dashed and long-dashed curves) potentials.
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0.0<»

0.02-

o.oo K= —f-

-0.02 ~

-0.04

Fig. 14b
The Ay(G) for n-p quasifree scattering (QFS)18). The circles are the measurements.
The crosses and asterisks represent the Paris- and Bonn- potential predictions
integrated over energy intervals used in the data analysis. The solid and dashed curves
are Paris- and Bonn- potential predictions, respectively, integrated over an 800 ReV
energy interval.

iii) the problem of the triton binding energy

Given the two body forces, the triton binding energy can be
calculated exactly. The results obtained with different potentials
are shown in Table 2. All these two body potentials underbind the
triton by about 1 MeV.

Table 2

The triton binding energy predicted by different 2 body interactions.

New Bonn5)
_____

Et(MeV)

Exp.

8.48

Paris

7.64

SSC24)

7.53

RSC12)

7.35

V1425)

7.67

TRS26

7.56

During the summer 1987 some hope for a solution to this long
lasting problem aroused when it was reported27) that one of the
versions of the new Bonn potential (the OBEPQ) is able to predict
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the value of 8.35 MeV. Unfortunately, later calculations28) with
the full new Bonn potential bring this value back to that listed in
Table 2 i.e. only 6.7 MeV.

It should be noticed that practically, the triton binding energy
results from a partial cancellation between the kinetic and
potential energies. For the different models of 2-body forces listed
in Table 1, the values for the kinetic energy lie between 46.5 and
49.9 MeV, and those for the potential energy between - 53.5 and -
57.16 MeV. This means that if one wishes to pin down definitely
the origin of the missing MeV, accuracies better than 2% are
required in the inputs and/or in the calculations.

iv) The nucléon-nucleus reactions at intermediate energies

Much progress has been achieved during the last few years in
the theoretical attempts to construct a two nucléon effective
interaction from the free NN interactions29). From these effective
interactions, calculation of cross sections and polarizations in
elastic and inelastic nucleon-nucleus reactions can be performed.
This was done by various groups and comparison made with

accurate measurements on (p,p') and ("p^,p') reactions in the energy
region 100 < Ep < 400 MeV. This provides a test of the free NN
interaction inputs and also of methods used to derive the effective
interactions. For example, differential cross sections and ana-
lyzing powers have been calculated recently in reference 19) with
effective interactions based on the Bonn potential and the Paris
potential. The results are compared with new data for the scat-
tering of 135 MeV protons by 16O. Only some results are shown in
figures 15. More results and details can be found in reference 19).
The predictions of the Paris potential are in good agreement with
data both for cross sections and analyzing powers. Those of the
Bonn potential compare rather well with cross sections data but
less well with the analyzing power data.
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0 1 2 3 4 0 1 2 3 4
q (fm ) q (fm~ )

Fig. 15a
Elastic scattering of 135 MeV protons on 16O 19). The solid and dotted curves are
predictions based on the Paris and Bonn potentials, respectively.

1.0

0.5

1 O 1 2 3
q (fm-')

2 3 4

q (f™ ) Fig. 15b

Inelastic scattering of 135 MeV protons on the 1" and a states of 16O 19). The solid

and dotted curves are as described in Fig. 15a.
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To conclude these two Sections, one can say that NN potentials
based on hadronic degrees of freedom, when they are properly cons-
tructed, continue to pass with success the different new and more
severe experimental tests with only few exceptions (triton binding
energy, analyzing powers in n-d scattering near the maximum).
This is remarkable since some of the models, like the Paris poten-
tial, are more than ten years old, and have never been altered since.
So far there is no need for it. Yet the predictions are still in good
agreement with the more and more accurate experimental data.

4. QUARKDEGREESOFFREEDOM

As was mentioned before, nuclear physics or more generally
low energy hadron physics corresponds to the non perturbative
phase of QCD. Therefore, a description of low energy hadron pro-
cesses in terms of quark degrees of freedom must take into
account in one way or another these non perturbative effects.
Models for these are represented by bag models, string models or
nonrelativistic quark models with confining potentials. Single
hadron spectroscopy, meson and baryon mass spectra, as well as
static properties of baryon have been analyzed in the framework of
these models with somewhat equal success. However, at present,
easily tractable methods for the quantitative calculation of the
two baryon interaction do not exist for the bag or the string
models. For the potential models, the non relativistic calculations
for a single hadron have been extended to the system of two
baryons by using methods that are well known is nuclear physics
like those of the cluster model30)-38).

i) The Quark Cluster Model and the NN Interaction

The Hamiltonian considered for the quark system is
2

H=I
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K(CM) is the kinetic energy for the total c.m. motion. The two body

interaction V- consists of the confinement term V1J0 which is

supposed to account for the non perturbative effects of QCD and
- the residual interaction.

(2)1J 1J 1J

Usually the confinement potential is taken to be linear or quadratic

Vjjonf- = -(A1A1) a rfj (n = 1 or 2) (3)
IJ I J 11 IJ

and the residual interaction to be given by the one gluon exchange
potential

_/~r- f a Tea
wres. x/OGE , , s Ŝ  ^^ ^
vij = vij = ̂ r- "' ' . ? ( ' + -3 rfi di) 6(rii) (4)

with the neglect of the tensor et spin croit components.

In the quark cluster model, the wave function for a 6-quark system
is assumed to be of the form

Vp (1,2,3,...,6) = A [foa(l23) 4»b(456)}p Xp (R123 - R456)] (5)

where

<j>a : wave function of nucléon a (cluster of 3 quarks)

Xg : relative wave function

R123-R456 = Ra-RD
: relative coordinate between the 2 clusters

A : antisymmetrization operator with respect to the quarks

P : coupling of a and b into a well defined flavor and spin state p
When the internal wavefunctions of the two clusters <!>„ and I))L, area u
known, the Schrôdinger equation gives
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[H - E] ¥P - S , - R

P

where the internal coordinates of the clusters a and b are now
introduced explictly :

r-> .=-> TT» , -f^ ,F* IT* \
S3 = (C1, ̂ 2) Çb-fê3.S4)

-* __> _» ^ ri + 2 ^
with S 1 = T 1 - F 2 , ^2 = 2 - r g

r 4 + ^

and

Straightforward manipulations in this equation lead to the coupled
channel equation (the RGM equation) :

a - E

where

H (1 - Xl

= Hd (W) S(W - "W) - Hex(W , W) (9)

( ) ) 8(W - W) (1 - „ • ) * ( ï ( ï ) x
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= Nd (F?) ô(ï? - ̂ ) - Nex(~Fl ,F?) (1 O)

3 6

^ = 1' I XP i j -1-* ' < 1 1 >
i = 1 j=4

Introducing the following renormalized wave function

Xp (^) = JN1
p
/2 (UF?) Xp(F?) dF?) (1 2)

and the corresponding renormalized hamiltonian kernel

Hap ("Ft1F?) = jN^/2(~FtF?) Ha (^,Ff') N1
p
/2 (t",F?) dF?dF?' (1 3)

one obtains an ordinary Schrôdinger type equation.

Once this latter equation is solved, one can also define an equi

valent local potential (ELP) in terms of x(^) through the equation

(14)

The low partial wave phase shifts ( 1 So and 3 Si ) were
calculated30)-33) from the RGM equation and the results shown in
Fig. 16. The phase shifts have negative values indicating the
repulsive character of the forces.
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Fig. 16
The results correspond to
the set of parameters : mq =
313 MeV1 b = 0.6 fm, a2 =
62.5 MeV/fm2, <xs = 1.517.

An equivalent local potential (ELP) was also derived30), showing
the following properties.

i) the centra! potential Vc is repulsive for all distances
confirming the results obtained with the phase shifts. The lack of
attraction in the medium range suggests that these calculations
should be taken seriously only for short distances.

ii) a linear energy dependence for the 1Sn and 3Si potentials
very much like the one existing in the Paris potential for short
ranges.

So far, the nucléon is considered as a 3 valence quark system
interacting weakly via the residual interaction given by the OGE
potential. Configurations with the excitation of quark-antiquark
pairs for baryons (as shown in Fig. 17) are considered in reference
39).

A/WAAAAJ

Fig. 17

The excitation of a (qq) pair in the 3 valence quark configuration of baryons.
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The baryon wave function is now given by

4» » <|,0 (3q) + ca<i>a[(3q)(cR)] (1 5)

a

The additionnai components are given in terms of two cluster
wave functions

*a[(3q)«a))] - A {<Dai (3q) <!>a2(cfl)]}a Xa (16)

where the notations are similar to eq.(5) and self explanatory.

Some attraction to the NN potential was found through these qq

excitations. However, the effects due to the excitation of one qq
pair are small. Larger effects can be obtained if one introduces the

excitation of two qq pairs i.e. additionnai components 0,J(Sq) (qq)2],

but, the model becomes then quite involved. On the other hand,
while it is reasonable to assume that the SR forces can be
described in terms of the quark degrees of freedom, it is
uneconomical to extend such a description to all distances since,
as shown before, the meson exchanges and isobar excitations
provide an accurate account of the (LR + MR) forces.

A more realistic approach seems to be a hybrid one where the
SR forces derived from quark degrees of freedom are combined
with the (LR + MR) forces derived from hadronic degrees of
freedom.

ii) The hybrid (quark + meson exchanges) model

This kind of models were considered first in references 30),
36) in order to amend the results given by the quark cluster
models. In reference 30), a phenomenological potential with
intermediate range attractive forces is added in the equations of
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the quark cluster model whereas in reference 36) the additionnai
potential is given by coupling the quarks to the pion and a a-meson.

In the following, the more complete work of reference 40) will be
described. In this work, it is assumed that the quark and gluon
exchange interaction is dominant only in the region where the two
clusters overlap while the hadronic degrees of freedom are
effective at long and intermediate distances. This approximation
has the good feature that it does not need any ambiguous coupling
of quarks to mesons. Thus, the ELP of reference 30) is cut off
sharply at a distance Rc and replaced, outside Rc, by the (ji + 2ic + co)

exchange potential. The TPEP was calculated via dispersion
relations very much in the same way as for the (LR + MR) of the
Paris potential (actually, for distances larger than 0.8 fm the two
potentials coincide). The model is materialized by the following
potential.

V(r) = Vquark M f<r> + Vmeson(r) t1 ' W

where Vq113n^ = ELP of reference 30)

VmesQn = (JT + 27i + co) exchange potential

The cut off function is chosen of the form f(r) = , the
1+(r/Rc)

a

same as that used in reference (8). The sharpness of f(r) is realized
by choosing a = 10. Rc is adjusted to fit the deuteron binding energy

which yields Rc = 0.626 fm. Different phase shifts are then
calculated and shown in Fig. 18. The agreement with experimental
data and the predictions of the Paris potential is very good except
for the 1D2, 3Pi and 3P2 phase shifts. However, a better test of the
model would be provided by a direct comparison of the predictions
with the data of observables.
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The phase shifts calculated with the hybrid model of reference 40)
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5 . TOPOLOGICAL SOLITONS AND EFFECTIVE LAGRANGIANS FOR NON

PERTURBATIVEQCD

In the quark cluster model presented above, non perturbative
effects of QCD are simulated by the confining potentials and quark
degrees of freedom are considered explicitly.
As mentioned above it might be more appropriate since the
fundamental constituents in QCD are confined, to eliminate their
degrees of freedom not directly observable and incorporate their
effects into an effective theory framed in terms of observable
hadronic degrees of freedom but including as many relevant
properties of QCD as possible.

This alternative is given support by the important result of
Witten1)that, in the large Nc limit, Nc being the number of colors,
QCD is equivalent to a theory of weakly coupled MESONS (and
glueballs). BARYONS emerge in the theory as SOLITONS. The Skyrme
model2) proposed almost thirty years ago, falls precisely in this
class of effective theories.

i) The Physics of Skyrme Solitons

An important property of QCD is its chiral symmetry, and this
invariance must be preserved in the corresponding effective field
theories.

The a model

The simplest chirally invariant effective field theory is the o
model41) Its version without fermions belongs to the class of
effective field theories contemplated above. This version of the a
model can be formulated in the following way. Consider a 2 x 2
matrix field :

U(x>-
"\ 1J -?:
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where o(x) is a scalar and isoscalar field and l£(x) is the pion field.
The Lagrangian density can then be written as

\l
£2(x) =4- Tr [̂ 1U(X) ^U+(X)]. (17)

In the non-linear realization of the o model, the o field is
eliminated from the model via the chirally invariant constraint,

a2
 + l?2=f2, (18)

implying that U is unitary.

Defining CT = fn cos 0(r) and Ir = f^ n sin 0(r), (19)

we can write

u = er?.£e(r) {20)

In eqs. (17)-(19), f is the pion decay constant.

The trouble with the non-linear a model is that it leads to ener-
getically unstable solutions. By dimensional arguments, one can
see that the energy scales like R, where R is the size of the
system, and it vanishes when the system shrinks to zero size.

The Skrme Model

To remedy this shortcoming, Skyrme2) proposed the addition of
higher-order terms in the derivative 9 U to the Lagrangian density

M*

£2(x). He chose to add to £2(x) a term of the form

Tr [P11U)U+, @VU)U+] (21)

The resulting Lagrangian density
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£(x) = £2(x) + E4(X) (22)

yields a complicate non-linear Euler-Lagrange equation which is
difficult to solve. However, if one makes the ansatz that the pion
field is directed radially in configuration space, i.e. TC = P, P being a
unit vector in coordinate space, the U field is of the "hedgehog"
form

(23)

In this case, the Lagrangian is

£(X)

(i* * - + 4sin29 ( + 2e} (24)

O

with the choice of length scale r = 6FnI*, e = de/dr and Fn = 2In.
Minimizing L with tsspect 6, one gets the following Euler-Lagrange
equation

» 2 ô sin29 .„ Si(T2O sin 26
=0 (25)

Soliton solutions can be found2) with the boundary conditions

GH = O and 0(0) = rm, n = integer (26)

This solution is now energetically stable since the contribution of
the term £4(x) of eq.(22) to the energy is proportional to 1/R so
that the total energy can be minimized with respect to R to give a
finite value. It can also be shown2) that the solutions
characterized by these boundary conditions are topological solitons
whose winding number is n.
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The Baryonic Current

Besides the usual Noether currents, such as V^1 and A^1,
associated with various symmetries fullfilled by the Lagrangian
£(x), Skyrme showed that one can construct an "anomalous" current

(27)

which is automatically conserved. A new quantum number can be
therefore associated to Bj1 since this current does not correspond
to any initial symmetry of the Lagrangian. With the hedgehog
solution, the time component of BRis

1 dB
(28)

Integrating this density over all space ~r* and taking into account
the boundary conditions (26) one gets

B= Jd3X B0(r) = n

where n is the winding number characterizing the soliton solution
U. At this point Skyrme identified n with the baryon number, or
equivalently B11 with the baryonic current. BARYONS therefore
emerge from the model as TOPOLOGICAL SOLITONS.

Quantization

So far, the Lagrangian as well as the Euler-Lagrange equation are
classical. U is a classical field and therefore carries no definite
spin and isospin values. A simple quantization method starting

from the classical solution U0 = e r 6 was proposed by Adkins,
Nappi and Witten42). These authors introduce collective coordinate
through the unitary transformation

A = a4 + T?/a* (29)
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where the a'̂ s are independent of ~t but can depend on time t. The
ap. also satisfy the constraint

since A is unitary. Under this transformation, U0 becomes
U = A(t)U0A

+(I). Substituting U into the Lagrangian yields

L = Jd3(x) £(U = A+U0A) (31)

4

- - M + ». 2/V • V"dt (33)

m=1

where M is given by eq.(24) and

oo

2it r . „ r. . .,de.2 £
(34)

O

From the Lagrangian one gets the Hamiltonian

H = IÎ -L, (35)

where the U11
1S are the conjugate momenta

1V=I^=H <3 6>
Substitution of (33) and (36) into eq. (35) yields
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(37)

With the usual canonical quantization procedure

n =-i^T~ (38)

the Hamiltonian takes the form

4

T^) (39)

with the constraint a = 1.

Because of this constraint the term X —~ is to be interpreted

as the Laplacian on a 3-dimensional sphere. The eigen functions of
H are polynomials in a^.

Under a rotation about the z-axis in configuration space by a
small angle 8, it is easy to show that

._»_> .s. ._»_» .5.
e1 r'* -> 6'21Z ei r.t ei 2 TZ (40)

Hence, under this rotation the field configuration A e 'r'A +

transforms into a new one with
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• JL
A ̂  A e1 2 T*

or (a4 + r?."a*) -» (a4 + PÊ.'à*)

This gives after some algebra

£
a4 -> a4 " 2 a:

3z + 2 a 4

ax " 2 ay

ay H-J

. S
(41)

(42)

(43)

Identifying this transformation with the initial rotation written in
terms of the spin operators, i.e. a -» (1 + i8Jz)a one finds

J z=2 h 34 + a - a.z 3a4 x day

d d
— + a . (44)

Under a rotation about the z-axis of isospin space by a small angle
5

•
A -> e"' 2 TzA

and the same calculation as before leads to

i
- a. - a. + a.

(45)

(46)

It is now easy to verify that the spin-isospin wave functions
for various baryons are :
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I p T > = -(ax + iay) I p i > =7(^4 + iaz)

I n T > = ̂ (a4 + iaz) I n i > = ̂ 1 (ax + iay)

-7(ax - iay)

; S2 = |> = -f(ax - ia )3

af)]
(47)

etc...

The calculation of observables is then reduced to the
evaluation of appropriate matrix elements of operators (cons-
tructed from the field configuration) with these spin-isospin wave
functions.

For example, the proton mass is

iay)H(ax+ iay) (48)

(49)

the delta mass is

< A++, S2 = | H | A++, S2 = > = M + (50)

where the expression (39) for H(U = AUoA+) has been used.

Results for the Static Properties of Baryons

The previous procedure has been applied in reference 42) to the
calculation of baryon masses (nucléon and delta resonance), charge
radii, magnetic moments and coupling constants. These authors
adjust F71 and e to fit the nucléon and A masses. This gives Fn = 129
MeV and e = 5.45. The other quantities are predicted. They are,
except for axial vector coupling constant gA, in qualitative
agreement with experiment (within 30%)).
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The Baryon-Barvon Interaction

Another field of application where the model can be confronted by
experiment is the baryon-baryon interaction and especially the low
energy nucléon-nucléon interaction.

With the hedgehog form (23) and the Lagrangian density (22) it is
not difficult to derive the static interaction between two solitons,
if one makes the approximation that the field configuration, when

the solitons are at a distance T^ apart, is a simple product of the
form

•é -è
U(T*) -U0Cr* + -^ U0 (7*- j) (51)

where Urj(~r*) = e '' '' is the classical solution. However,
this field configuration is again spin and isospin degenerate. One
has to map out the spin and isospin content of the two-soliton
interaction, if one wants to identify the baryon-baryon interaction
of interest. The projection of the soliton-soliton interaction into
different baryon-baryon channels can be achieved by rotating the
soliton through collective coordinates. Because of the symmetry
between space and isospin in the hedgehog solutions, the rotation
can be performed either in configuration space43) or in isospin
space44)-45). In the following, I shall describe the methods using
isospin rotations.

The two solitons are rotated independently in SU(2) space

(52)

U0 O* - 1) -> B U0 a» - 1) B*
where A and B are unitary matrices
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A = a4 + i t.̂  B = b4 + i ?.tf (53)

the components a and b lie on the surfaces of four-spheres,

(54)

The Soliton-Soliton Interaction . Under the rotation (52) the field
configuration (51) for the two solitons becomes

It "R"
U(T*) = A U0 (T* + y) A+B U0 (T* - y) B+ (55)

It is clear that only the relative rotation of the two solitons is
relevant and the energy in the field of eq.(55) is the same as in

U(T*) = U0 (T* + y)C U0 (T" - y) O (56)

where C = A+B = C4 + i 1?. c? and

C4 = a4b4 + "a*. T/, c> = a 4 "b 4 -b 4 "a > + "^A^ (57)

When eq. (56) for U is substituted into the energy density and when

this density is integrated over all space ~r* , the total energy can be
expressed as the sum of two parts. The first comes from terms in

which the derivatives all act upon the same soliton U0 (~r* + ~3/2) or

U0(T* + ̂ /2) This term is independent of C and of R and is simply
twice the static baryon mass. The second part, which will be

denoted by v( R1C) involves only mixed derivatives. It is a function
of both R and the variables C1x and is identified as the baryon-
baryon potential.
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By a choice of length scale F = eFKJ*, R = eF^ the two parameters
in the theory are made into simple scales of length and of energy
and one finds that

V(H1C) = V2(R1C) + V4(R1C) (58)

where

v2(R,C)=||Jd3r P2(R1F1C) (59)

V4(R-C)=I6-Jd3Fp4(R1F1C) (60)

and

P2 = Tr [-X1CYjC+ + C+XjC(Y^Y1 + YjYjYj - 2 YjYjYj)

+ CY1C
+ (XjXjXj + X1XjXj - 2 XjX1Xj)

+ CYjY1C
+ XjXj + CYjYjC+XjXj

-2CYjYjC+XjXj ] (61)

P4 = j Tr [XiCYjC+(XjCYjC+ - XjCYjC+)

+ CYjC+Xj(CYjC+Xj - CYjC+Xj)] (62)
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with

(63)

3i is the partial derivative with respect to f.

For calculational purpose it is convenient not to immediately

impose the constraint S11C^ = 1. Before this constraint is imposed
M1 M*

va and pa are quadratic forms and VA and p4 quartic forms in the

variables C 1̂.
The first term of eq.(61) which is quadratic in Xj and Yj is the
contribution of the quadratic term £2(x) in the Lagrangian (22); all
the remaining terms in eqs.(61) and (62), which are quartic in Xj
and Yj, are from the quartic piece £4 of the Lagrangian.

< v(R,C) > = J Jdadb <fr*(a,b) v(R,C) <j>(a,b) (64)

where the integrals are over the surface of the unit four-sphere.
The c are related to a and b by eq. (57) and a act upon the

soliton centered at F = ft/2. These functions of a and b act like

spin and isospin operators, but can also transform one baryon state
into another and in particular they mix the nucléon and the delta
states. The baryon number B = 2 wave functions <i>(a,b) are
constructed from single nucléon and delta states and these are
given in eqs. (47).
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For example

<pîpî|V|pîpî > = d4aS(Ec-1) db S(Zb-I) ( + 3 ) (b +b ) v (RQ

It can be shown from eqs. (59)-(60) that the general form of v(R,C)
is

U(C 2 + ^2) + CC C2 + a (65)2 4 3

and

V4(R1C) , (<?2 + C4
2) (P1 <T?2 + C2)+ P2C^ +

4 4
(66)

where the a's and p's are functions of |ft| only. They can be

calculated by letting the vector R lie in the z-direction; then for

example oti( | R| ) is the right-hand side of eqs. (59), (61) with
C = itx, pi + p2 + N is the right-hand side of eqs. (60), (62) with
C = 1. Six choices of the matrix C can yield enough independent
linear equations to determine the a's and P's.

Imposing the constraint c2 + ~e2 = 1 yields

v(R.C) = (U1 + P1) + ((X2 + P2) cj + (O3 + P3)

R2 R4

R2

(67)
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The Static Nucléon-Nucléon Potential. Let us now consider the

contribution of v(R,C) to the static nucléon-nucléon potential. This
potential, in both isospin states, is the sum of central, spin-spin
and tensor parts, and can be written as

V(R) = V+ (|R|) + TÏ.ïJ V: (|R|) + 5Î.ÔÎ [V+ (|R|) + tt.tî V' (|R|)]
\j I £ w I C . OO I t, OO

.^V1I(IRI)] (68)
R2

These conventional ootentials can be related to the functions <xj(R)

and pi(R) by taking six matrix elements of v(R,C). Eq. (64) is used
for calculating the latter with the wave functions of eq.(47) in a^
for the first soliton and in b^ for the second. For example,

<PTPT|V|PTpT>=Jd4a6(Za^-1)d4b5(Sb2-1)

5
= ((X1 + P1) + jg (cc2 + P2 + a3 +

where |pTpT> is the state of two protons both with spin oriented

along the z-axis (the direction of R). This matrix element can be
equated to

Vc" + Vc + Vss + Vss + 2(VT + VT> (?°)
By solving six such algebraic equations one finds that, independent
of the functional forms of the a's and P's

V = V+ -V + -Ovc vss~ VT ~u

and

Vc " «1 + PI +4 («2 + P2 + a3 + P3) + ̂ a4 + P6) + ̂ P5

V = (a + P) - (a + P) +SS = 36 2 2 - 08 3 3 8 4 4 2 S - 44
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One also finds the following identities in the functions a's and p's

8P3 + P5 + 6P6 = O

8P2 + P5 + 6P4 = O (72)

These are in fact the combinations which occur in Vg5 and VjI so

that the quartic terms in C in v(R,C) contribute only to the central

potential V* .The quadratic term in the Lagrangian (22) contributes

only to Vg5 and Vj!.

The previous method can be applied to the calculation of the
nucleon-delta potential as well as the transition potential44).

Numerical Results . At large R the nucléon-nucléon potential is
known to be dominated by the one pion-exchange tensor potential
which, for massless pions, is

V1: = (4m2)"1 (g2/4ji)R~3 (73)

where g is the conventional pion-nucleon coupling constant and m
is the nucléon mass. It is found that at large R the tensor potential
calculated here does indeed dominate and is of the form

V~ = (F7C/e)25.6/R3 = (F^e4)"1 25.6/R3 (74)

Identifying the long-range Skyrme-model potential with the con-
ventional one pion-exchange yield the result

g/2m = 18/F1Ee2, (75)
which is the same as that of reference 42) but by a very different
method. The numerical results are shown in Fig. 19.
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It can be seen that at intermediate range, i.e. for 1 fm < R < 2 fm

the calculated Vf and Vi5 deviate from the one-pion-exchange
contribution by about the same amount as that due to the p meson
exchange. These components of the potential are therefore in

agreement with the NN phenomenology. As for the Vc component,
there is no attraction in the intermediate range. This deficiency is
the same as that encountered above in the OBE models without the
"a" meson and in the quark cluster model.

i i) Beyond the Skyrme Model

The Skyrme model is a prototype of effective meson theories
in which baryons emerge as topological solitons. Considering the
results discussed in the previous sections, the question arises
whether baryon physics can be deduced from meson physics via
solitons46). For such a program, a fundamental dynamical theory
for meson physics is, however, still missing. On the other hand, the
Skyrme model which can be considered as the first two terms of an
expansion of a chiral effective Lagrangian in powers of the
derivatives of the pion field, is probably too crude. The next
improvement one can think of, is to include higher order terms in
the derivative expansion. Attempts in this direction have been
made in references47)'50).

A more realistic improvement consists of constructing an
effective Lagrangian implementing the known phenomenological
features of meson physics at energies below about 1 GeV. In
particular, one must incorporate the observed low mass mesons
which, on the other hand, are known to couple into baryons.
References 51) follow this viewpoint and an effective Lagrangian
is constructed from the non linear o model along with the low lying
mesons, namely, isovector mesons (the p and its chiral partner AI),
a chiral singlet vector meson (the co), and a chiral singlet scalar
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meson (the e, which is responsible for the enhancement at around 1
GeV of the TCTC S wave).

The effective Lagrangian density considered is of the form

where

- 8 Tr +Y + m T r +f Tr

g

and

e J O11E)2 - j 6

[(u+avU)(u+aau)(u+aPu)]

.. . . .
Tr [(X^U - UYj1)(U

+X^ - Y^U+)] (77)

T P^v - 3v^)2 + 2 <$ + PœœUB^

Tr CXaLp - YaR
P

£e(x) = O1E)2 - m2 - S6 e Tr ( 9 U + ) (79)

(80)
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~<t?(x) and co (x) are the pion and omega meson fields, X = X^r*, Y =
H* M* M1 M*

Y^T*. and Xt1Oc), Y* (x) are the left handed and right handed isovector

fields. These left and right handed fields are more convenient to
handle in chiral invariant theories than the vector and axial vector
fields.
This Lagrangian takes full account of the Wess-Zumino anomalies.
It is worthnoting that in the approximation where the "kinetic"
terms of the e, X^, Y^ and Co^1 fields are neglected in comparison
with their masses, these fields can be eliminated from the Lagran-
gian through the field equations. In this case £ . yields the

Skyrme model with the parameter e2 = 2g2[1 - ((m^ + Am2Vm2J2]2,
P A

£8 the symmetric quartic term in 3^U and E0, a sixth order term. The
fact that, in this low energy approximation, the first terms in the
derivative expansion are recovered, gives confidence in the model.
The parameters of the model are determined from meson physics as
shown below.

The Meson Sector

The different meson observables are obtained by expanding the
U field into powers of the pion field <j>.
By considering the quadratic contributions to £ of the meson fields
and expressing the physical p and AI meson fields in terms of X11,
Yf1, and normalizing the pion field as usual, one deduces the
relations

m2 = m2 + Am2 + 8g2f

16(m2 + Am2)

(81)
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The AI mass is then given by

The p and AI fields are the combinations

(J1 + ̂ ) (83)

7* \7*\ flFrc -g /QA\
< , , + Y )+—2 2 9U. $ (84>
^ ^ Tip + A"Ti ^

The cubic terms in the fields give the pirn and Aip?r couplings

Am2 92^Am „. K .„ „. . . . (85)

g2F eijk 2Am2 (m2 + Am2 )
-

from which the widths rp _> nn and FAI-> pn: can be easily
obtained51). The cubic terms also give the mpn coupling

8 ^ <87>
which contributes virtually to the r 3 width.

The quartic terms give rise to the direct three body decays to -» 3ic
and AI -4 STT. For example

» (3vf x 3 f)3o"$ (88)
Tt

The quartic terms also contribute to nn scattering.

64
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Electromagnetic and axial vector currents can be constructed from
the Lagrangian (76). They are

J I = i Tr { t3[ KD11UU+ + D^U+U) + j([Xv,X^v] + [YV,Y^]) +

(89)

for the isovector part.

J[T° 4 Bn

(90)
for the isoscalar part, and

i Tr f? [f(D^UU+ - D 1̂U
+U) +^([XV,X^V] - [YV,Y^])

WP 3V(°a <LP + RP - i9(U+xPu + UYPU+ + YP + XP»« (9 1 )

for the axial current.

From these currents, the electromagnetic decays of various mesons
can be easily calculated51 >.

Except for TIJT scattering, the E meson term £E of eq.(76) has no
effects on the previous meson observables. Among the parameters
involved in those processes, the pion decay constant Fn, the p and co
masses are well known, Fn = 186 MeV, mp = 769 MeV and m^ =
782.6 MeV. The parameter f is given by eq. (81). The others i.e. g, pu

and Am2 are obtained by fitting to the p -» rcy, co -> jty and p -> TIJI
widths. By using these values all the other meson observables can
be predicted and listed in Table 3. As can be seen, the predictions
are in good agreement with experiment. The A-I meson mass is one
of these predictions and is found to be very sensitive to the values
of the parameters g and Am2. Within the uncertainties for g and
Am2, eq. (82) yields a rather weak relation mA > 976 MeV while the
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mean values of Am2 and g make the AI meson mass almost infinite.
It is shown in references 51) that making the AI meson mass
infinite is equivalent to impose a chiral covariant relationship
between the left and right handed fields X11 and Y11. This relation can
be used to eliminate the AI field. It is also shown that under this
constraint, the £ A part of the Lagrangian given by eq. (61) is

identical with that obtained in the so called hidden local symmetry
n n

approach of reference 52) if one takes g2 = rn /F^, which is the

KSFR relation, and Am2 = - rr^/2. Precisely these relations are

well satisfied by the values of g and Am2 given in Table 3.

Observables

p-*jry
r

rp->mc

r ++e.

r ++

r

P

mA
r .

t~-»p~v

Calculated

input -> g = 3.9 ± 0.3

input -» P(O = 9-3 ± 0.3
O

input ->~JT=- °-48±0-09

m
P

(5.7 ± 0.8) keV

(0.5 ± 0.03) keV

(1214) MeV

(150 +70) MeV

> 976 MeV
2.5 10-10 MeV

(5.1 1 1.0)10-10 MeV

Experiment

(70 + 10) keV

(850±70)keV

(15312) MeV

(6.9±03)keV

(0.661 0.04) keV

8.9 MeV

r^t = ( 462+56130) MeV

(1194114+10) MeV
(2.0 + 0.2)1 0-10 MeV

(4.4 ± 0.4) 10'10 MeV

The r and r
p-»jnt

Table 3
Meson observables

widths were used as inputs to determine the parameters

g, Poi and Am2 respectively. The other results are predictions. The uncertainties on the

theoretical values arise from the quoted uncertainties on g, P0, and Am2-.
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It is also worthnoticing that if Am2 = O, it would not be possible to
get the width rp_^,tTC with the values of g given by the electro-
magnetic decays Tp-^y.

The Baryon Sector

Unlike the previous meson obsevables, the static properties of
baryons get contributions from the E meson.

As usual, the hedgehog ansatz is assumed for the static field

U = e ' r 0(r' and for the space components of the field X and Y

Xj = a(r) (rx(~? x f))j* +p(r)(^'.rA)(rA.T>) + y(r)(^xr).t

(92)

I

The time components of the fields X and Y are zero in the static
limit as are the space components of the co field.

The energy of the system is then

CO

Jdr r2{-£{aio + m2) +

- 28E E[0'2 + 2(sin20)/r2]

2m (2a2 + p2 + 2Y2) + 4[y/r - g(a2 + y2)]2 + 2(Y' + y/r - 2ga|3)2

+ 4f[(sin 6)/r + 2g(acos0 - ysin G)]2 (93)

- (Pc1/ 2jc2)g co'0 [(y r) si n20 -t2(a/ r) si n20 + g (a2- •£) sj n20 - 4g aysi n20]

+ Am2[2(acos0 - ysin0)2
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Stationary values of E with respect to the variables 6, e, G>O, «, P, Y
give the classical Euler Lagrange equations for these variables.
Their expression can be found in references 51).

Soliton solutions exist with the boundary conditions imposed on
the chiral angle 0(0) = TC and 9(°°) = O. The boundary condition for

the other fields follow from the stationary action principle. The
classical soliton mass M can be readily obtained by inserting these
solutions into eq. (92). In the literature, most of the calculations
deal only with this quantity. However, the interesting physical
quantities which can be directly compared with experiments are
rather the baryon static properties such as the baryon masses,
radii, magnetic moments etc... To calculate them we have to
quantize the classical solutions. This is done in the same way as
described previously by introducing rotational dynamics through a
unitary transformation A(t) on the fields U, X11 and Y1x. This rotation
induces non trivial field configurations for the space components
of the to field

Cu1 (r) = I(r)ejjLKjr
A

L (94)

and for the time components X0, Y0 of the gauge fields

A+X0A = a(r)[rx(t x ft.1? + b(r)(t/)(rA.T?) + c(r)f? x r)."^

(95)

A+Y0A = a(r)[rx(t x fo.1? + b(r)(t/)(rA.l?) - c(r)C? x r).^

with

Ï? = - (i/2) Tr[A+ (dA/dt)"t] (96)

The effective Lagrangian is now

L = - M + A Tr [(dA/dt)(dA+/dt)] (97)



55

with

O

{r9'bl + (Lr)' [acos9 - csin9 - 2r(1+ga)(asin9 + 70059) -

- 2gcr(acos9 - 7Sin9)]sin9} - 16oE E sin29 + (98)

+ 16f[sin9 + g(asin9 + ccos9)]2 + 2[(a-b)/r + 2y(1+gb)]2 +

+ 2[c/r- 2a(1+gb)]2+ 2 {(a-b)/r + 2[gca - 7(1 +ga)]}2 +

+ 2{c/r - 2[gcy+ a(l+ga)l}2+ 2 [a1 + 2gcp]2 + 2 [c1 - 2p(1+ga)]2 +

+ b'2 + nrip[2(a2+ c2) + b2] + 2Am2(asin9+ ccos9)2}

Stationary values of L or effectively of A with respect to the
variables L, a, b and c give another set of Euler Lagrange equations

the expressions of which can be found again in references 51).

The soliton moment of inertia X is obtained by inserting the

solutions of these equations into eq.(98). The nucléon and delta
masses are given in terms of the soliton mass M and moment of
inertia by MN = M + 3/8X and MA = M + 15/8A..

The static electromagnetic properties of nucléons such as magne-
tic moments and mean square radii as well as the axial coupling
constant gA are also calculated51).

Numerical results

Taking strictly the values Pn= 186 MeV, mp= 769 MeV, m^ = 782.6

MeV, g = 3.9, P0) = 9.3, Am2 = - 0.4Sm^ as determined in the meson

sector and omitting first the e meson, one obtains the results

listed in column 1 of Table 4.
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Fn (MeV)

g
Pco

Am2/m2

5E (MeV)

M (MeV)

MN (MeV)

(MA-MN)(MeV)

Hp(«/2MN)

Me/2MN)

I M-p-Vn I

<r2>(l
/
0
2 (fm)

r2>MUO (fm>

gA

ITIA (MeV)

1

186
3.9
9.3

-0.482

O

1449

1519

279

2.46

-2.03

1.21

O. .62

1.04

1.03

1473

2

186

3.78
9.3

-0.462

O

1428

1502

295

2.36

-1.94

1.22

0.60

1.00

0.96

1194

3

186

4.1
9.3

51

929

991

249

2.18

-1.59

1.37

0.66

0.76

0.41

-

Exp

186

939

293

2.79

-1.91

1.46

0.72

0.81

1.23

1194

Table 4. Static properties of baryons

The different columns correspond to the different sets of the parameter values. The
corresponding predictions for the AI meson are also shown.
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In order to examine the effects of the uncertainties in the
parameters g, Pw and Am2, these parameters were varied within the
errors quoted in Table 3. The results shown in column 2 illustrate
such a variation which was chosen to give the A-I mass the value of
1194 MeV as recently measured53). It can be seen from columns 1
and 2 that, apart form the soliton mass and to a lesser extent the
isoscalar magnetic radius, the static baryon properties are quite
well reproduced. The A-nucleon mass difference, in particular, is

predicted in very good agreement with experiment. It was
shown49) that the inclusion of the E meson has the desirable

feature of lowering the soliton mass. This feature is confirmed in
a later work54) where an improved model with the e meson but

treated in the large mass limit of the heavy meson fields. The
results are shown in column 3 of Table 4. The major success of
this model is that it gives good values for the nucléon and delta
masses without any modification of the values of F^, g and pw as

given by the meson observables. However the other static
properties of the nucléon and especially the axial vector coupling
constant gA are less satisfactory. In any case, comparison of the
values of Table 4 with those of reference42) shows a quite
significant improvement over the original Skyrme model. The
derivation of the NN interaction from these more realistic
effective Lagrangians is in progress55). There are indications that
the lack of the intermediate range attraction in the central

potential Vc can be circumvented49)-56). From this viewpoint, the
role ot the e meson is very important. It has the nice property of

lowering the baryon masses and of providing the intermediate
range attraction for the NN interaction.
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In summary, a detailed analysis of an effective Lagrangian
constructed in a chirally invariant way from pions and the low
mass mesons with the full Wess-Zumino anomalies has been
carried out. The parameters of the model were completely
determined by fitting to observables in the meson sector. Actually
the above Lagrangian was obtained with very little freedom in its
form and in the choice of the parameter values; only three meson
observables are needed to fix the parameters and the model is
therefore able to make predictions for the others. These
predictions compare well with the data. The static baryon
properties are then predicted. They come out to be in good
agreement with experiment except for gA. These results suggest
that the simple effective Lagrangian which includes only the spin
zero and spin one mesons is close to giving a realistic description
of all low energy hadron physics.

The effective Lagrangian given by eqs. (60)-63) is terminated at
the quadratic level in the derivatives of the fields. Even though it
is obtained with very little freedom it is quite general. Particular
cases of this Lagrangian can be found in the literature. Some works
are restricted to the study of meson physics57)-62), others are
more interested in properties of baryons49)-50)-63)-66). None of
these works, however, deals simultaneously with the meson and
the baryon sectors. It is interesting to note that the model of
Bando and collaborators52) where the vector mesons are introduced
as dynamical gauge bosons of hidden local symmetries is also a
particular case of the Lagrangian (76) although the two models
start from different theoretical points of view.

6. CONCLUSIONS

i ) As time elapses, there is more and more evidence, thanks
to new high precision exprimental data, that the description of the
long-range and medium-range NN interaction in terms of hadronic
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(nucléons, mesons, isobars) degrees of freedom is quantitatively
very successful.

ii) From the attempts at a description in terms of quark
degrees of freedom, it appears that the repulsion at short range
seems compatible with our empirical knowledge. However, this
description fails to produce the intermediate-range attraction
indispensable for the binding of nucléons in nuclei.

iii) The hybrid models (quark exchange for short range and
meson exchange for long and medium ranges) seem promising. The
fit to phase shifts shows a fairly good agreement but the test
should be pushed further by direct comparison of observables.

iv) Like the quark model, the original Skyrme model also fails
to provide a medium range attraction for the NN potential. There is
a hope that extensions of the Skyrme model to incorporate mesons
other than pions (p, co, e, AI,...) can cure this shortcoming.

v) If this hope turns out to be reality, models with
topological solitons can be regarded as satisfactory approximation
schemes "bridging" conventionnal hadron physics and non pertur-
bative QCD.
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