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ABSTRACT 

Through topology, baryon charge "leaks" from a confinement re
gion into a meson-cloud region. This suggests that there is a sort 
of topological equivalence principle which renders physically equi
valent the Skyrmion description with a zero bag radius and the chi-
ral bag description with a non-zero bag radius. The issue as to whe
ther future nuclear physics experiments will reveal a "smoking gun" 
evidence for a quark presence in nuclei is discussed in the light of 
the recently discovered topological structure. 

INTRODUCTION 

One would naively think that when N (where N is the number of 
color, equalling three in nature) quarks are confined wintin a space-
time region (i.e. bag) as envisioned in the M.I.T. bag model, the 
entire baryon charge (or number) should be lodged within that region. 
This has recently been found to be erroneous 1. It turns out that 
the baryon charge "leaks" out of the confinement region; in conse
quence, the baryon charge is fractioned in a way analogous to what 
happens in condensed matter physics . This novel facet of the ba
ryon charge modifies drastically some of the "established" facts and 
brings in new insights on the structure of the nucléon as well as 
the nucleus. 

Surprisingly, topology emerges as an essential ingredient in 
bridging the picture of the strong interactions in terms of quarks 
and gluons and the picture in terms of meson exchanges. It will be 
seen that the topological charge provides a precise way the two en
tities communicate with each other. Through topology , baryonsemer-
ge from mesons; so in the chiral bag model, the "leaking" baryon 
charge shows up in what was formerly thought to be a "pion cloud". 
This renders moot the oft-quoted argument against small bag sizes, 
namely that small bags entail a too large number of pions in the nu-
celon. This argument is based on an incorrect procedure of quanti
zation and on confusing the baryon-charge cloud lodged in the pion 
cloud (l will call Skyrmion cloud) with the pion cloud associated 
with the fluctuating pion field. 

There is a great deal of activity on this fascinating subject. 
In this paper, I will summarize some of the results recently obtai
ned by G.E. Brown, A.S. Goldhaber, A.D. Jackson, V. Vento and my
self. Some applications will be mentioned, but more emphasis will 
be put on the basic idea. 

* Talk given at 1983 Indiana University Workshop on Manifestations 
of Hadron Substructure in Nuclear Physics, Oct. 19-21, 1983. 



BARYON CHARGE FRACTIONALIZATION 

Suppose quarks are confined within a spherical domain of radius 
R. (It turns out that the argument goes through for a bag of an arbi
trary shape. See Ref. 3). In the absence of a workable theory of con
finement, the confinement will be imposed by fiat as in the M.I.T. 
bag model. If we ignore perturbative gluon effects and assuming the 
up-and down-quark masses are zero, the quark fields tjj =(JJ) satisfy 

yd\p = 0 r <_ R. (1) 

* 
The chiral boundary condition, parametrized by an angle 0 , that is 
imposed by confinement is 

n v * - e i T , f * 5 © „, r . R. ( 2 ) 

The hedgehog configuration assured for the pion field (which is rela
ted to the chiral angle 0 by TT = TT sin 0 with TT = n) implies a map
ping S 3 * S 3 and posseses a topology which will turn out to be essen
tial for obtaining baryons from mesons- For the moment, we will sim
ply take Eq. 2 as the boundary condition to be imposed upon the Di-
rac equation and examine what happens when one "dials" the chiral an
gle 0. 

Consider putting N quarks in the bag. The surprise here is that 
contrary to a naive thinking, the baryon number (or charge) inside 
the bag is not 1, but depends on the chiral angle 

N n 3 g " 1 " i tGCR) " A s i n 20(R)] (3) 
D 71 L 

In the limit 0(R) = 0, corresponding to the usual M.I.T. limit, the 
entire baryon charge is "seen" inside the bag, but as 0(R) increases 
towards IT , Njîa8 dscrsases towards zero. What this means is that an 
empty bag carries a negative baryon charge 

Nvacuum = _ I [ 0 ( R ) _ \_ s i n 2 G ( R ) ] ( 4 ) 

A rigorous derivation of the results (3) and (4) was recently gi
ven by Goldstone and Jaffe 3. However the result at a particular an
gle, 0(R) = TT/2 (referred to as magic angle), was already known three 
years ago, and was later generalized in a heuristic way ' to an arbi
trary angle ^ Tt/2. I will describe how we arrived at these results. 

Let me first restrict to the angle 0(R) = TT/2. TO solve Eq. 1 
subject to the boundary condition, the appropriate quantum numbers 
are K and Kz, with 

^ . J + î = £ + | + T ( 5 ) 

For the lowest mode,£ = 0 and K = 0, the solution is 

* This will be later promoted to a dynamical variable, i.e. pion 
field 
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( a , r ) V , r<_R (6) 
V-a«rjj(wr)y 

ÎCv = 0 (7) 

l - y

2 J,^ R) 
_ i . = t a n 0 ( R ) , y = 1 ^ . ( 8 ) 

1 
For 0(R) = TT/2, co = y = 0 from Eq. 8. Furthermore, i> = N( Q) v for 
r _<_ R, so charge-conjugation symmetric as one can easily verify: 

C*0 - *„ . C - (? ! a J x2 • (9) 
There is thus a zero mode of the sort encountered in the physics of 
magnetic monopoles and polyacetylene ^ . For K t 0, the spectra of 
the positive and negative energy lends are symmetric so there is no 
contribution from K i 0 to Nvacuum # T n u s 

D 

N B 3 g = <Ncllt/,^]|Nc> i- = <N c| a;a o - £|n > = \ . (,0) 
c 

The baryon charge lodged in the bag is only a fraction of the total. 
When we discovered this in 1980, we did not know where the other 
half of the baryon charge went, so we were not sure whether the phe
nomenon was physical. *,There was no reason to doubt that the baryon 
charge is conserved at low energy). The missing baryon charge turns 
out to be lodged in the "meson cloud" outside of the bag, as we now 
know, thanks to the work of Skyrme and Witten 5. 

THE SKYRMION 

Imagine shrinking the bag all the way to a point. For a non-tri
vial topology, we do not want the point to be completely absent . 
One could just imagine the system being a zero radius bag. Eq. 3 with 
0(0) = 7i implies that the point has the vacuum baryon charge, so the 
zero radius bag carries no baryon charge. , 

Now according to the wisdom of large-N quantum chromcdynamics 
the long-wave-length content of QCD for the u-and d-quark hadrons 
[SU(2) x SU(2) symmetry] is described by an effective Lagrangian 

— F 2 2 
L e f f = ~f- Tr[L L ]+ %- Tr[L ,L ] +... 

4 u u 4 u' v 
L = \?~d U , (11) 

V M 
U = -J- [o + ix • TT] , U+U = 1 . 

r 

eff V 

In other words, L is to describe not only the low-lying mesons 
but also the low-lying baryons, particularly all the low-energy theo
rems associated with current algebra. There is nothing unusual about 
mesons in large-N QCD; mesons are just "atomic" bound states of 
quark and antiquark. However baryons are unusual in that they behave 

irtfr*..;* via ,*#Bê -r •••"•*»• *** 



like solitons in terms of 1/N . The implication is then that baryons 
must emerge as soliton solutions to the Euler-Lagrange equation of 
motion of Eq. 11. Skyrme proposed this in 1961 and this year Witten 
provided a convincing argument for this. 

The way this is accomplished can be briefly summarized as fol
lows. The hedgehog ansatz 

U(r) = e " * ? G ( r ) ( 1 2 ) 

3 3 with U(r) •> ±1 for r -»• 0 and °° defines the mapping S ->• S referred 
to above. Mathematically this represents an element in the third ho-
motopy group TT-J(S3). Since T^CS-*) = Zœ, the group of positive inte
ger, there is an additivelyconserved charge that is topological. The 
outcome of Witten's analysis is that this topological charge turns 
out to be precisely the baryon charge which is quantized, and that 
the soliton when quantized can be interpreted as a baryon for an odd-
integer charge. This remarkable result that connect anomalies to to
pology, through which baryons emerge from mesons, immediately solves 
the missing charge problem. 

The baryon charge for the lowest-energy system, called Skyrmion, 
is given by N^ K(R=0); 

N? K = fd3x — — €. .. Tr [L.L.L. ] 
B J 2 4_2 ljk i jTc 

l™ (13) 

= - [0(R) - GO») - 4(sin20(R) - sin20(»))] 
7T 2 

where R is the radius of the spherical bag. For th.? Skyrmion, R = 0. 
The boundary conditions are 0(0) = TT and 0(°°) = 0. Therefore we find 
one entire unit of baryon charge lodged in the "meson" sector, i.e., 
in the Skyrmion. This implies that the point (zero-radius bag) must 
carry a vacuum baryon charge, as conjectured before. 

Imagine blowing this up to a bag of radius R , so that 0(R )=TT/2. 
How nature may do this will have to be addressed later. Then Eq. 13 
shows that 

N S K = i 
B 2 

just the amount missing from the bag interior. Eq. 13 is thus right 
for R = 0, R , 0° and thus it is reasonable to suppose that this is 
correct for any R*. Hence for any R, 

Ng K(R) = i [OfR) - i sin20(R)] • (14) 

Knowing what is in the skyrmion cloud, we then know what is in
side the bag for any R, once we assume that the baryon charge is con
served. Thus we are led to the result announced in Eq. 3, namely 

N* a g(R) = 1 - 1 [0(R) - I sin20(R)]- (15) 

* The assumption is that nothing strange happens in Ng as the chiral 
angle is dialed through IT/2. 



This is how we arrived at Eqs. 14 and 15 in Ref.1. In that paper, we 
identified the 0(R)/TT term in Eq. 15 arising from K = 0 level, but 
were not sure where y- sin20(R) came from, although a preliminary 
argument by Goldhaber and Pasquier & suggested that it could come 
from K t 0 levels. The latter was confirmed later by Golstone and 
Jaffe 3. 

ZERO-FERMI BAG 

There has been a long controversy whether the nucléon has a big 
bag like that of the M.I.T. model or a small bag like that of the 
Stony Brook-Saclay model. To highlight the issue, consider the smal
lest possible bag, namely the Skyrmion with zero bag radius. The 
recent studies '*° on this model reveal some fascinating aspects in 
the structure of the nucléon and the A (1232). 

For R = 0, the baryon charge leaks entirely into the cloud, the 
bag with N c quarks being of a trivial vacuum. This object has a size 
J<r2> « •*• fm. When the Skyrmion is quantized by adiabatic rotation, 
the nucléon and the A are split and lie on a rotational band. The 
splitting is roughly 300 MeV in agreement with experiment. All the 
static properties 8 come out in agreement with experiments within 
20-30%; the quality of the fit is at worst comparable, and in some 
cases better than, that of the M.I.T. bag and non-relativistic quark 
potential models. 

This settles one issue. It has often been claimed that a little 
bag has too strong a coupling to pions. The results of the Skyrmion 
description show that this is groundless. The error is in confusing 
the mean chiral field, representing non-perturbative aspects of QCD, 
and the fluctuating meson field that describes perturbative aspects. 
A consistent approach would be to build fluctuating fields around 
the Skyrmion (soliton) background field. This has not been done yet. 
[There are some ad-hoc models in the literature which are adjusted 
to fit some subset of low energy data (particularly pion-nucleon 
properties). It seems excessively naive to attach too great an im
portance as some people do to the parameters (such as the "bag radius" 
R) that are not directly related to confinement, chiral symmetry brea
king tec. More will be said on this matter later.] 

The Skyrmion picture facilitates the description of baryon-ba-
ryon interactions '»'. If one denotes by 8 the effective coupling in 
large N c QCD 

« <* 1/Nc 

then the baryon-baryon interaction is of the form expected from a 
soliton-soliton interaction 

V = - + b + c 8 + 0(P-2) • 
S 

This expression can be used to extract a non-trivial information on 
the repulsive core between two baryons. At the classical level, one 
obtains the first two terms, the 0(8) and higher order terras being 
quantuum corrections. If we are interested in the interaction bet-



ween twc baryons at a short distance, then we can consider the ener
gy of the Skyrmion with the baryon number NB = n >. \ 
and compare it with that of Ng=l. This would provide an information 
on the potential V n(0). It is found in Ref. 7 that the energy of the 
Skyrmion with a baryon number Ng (in the large N c limit) goes as* 

E(NB) x const.Ng(NB+l) (17) 

Thus it costs more energy to form an N R = 2 system than two Ng=l 
systems in isolation. Estimating the potential at zero separation in 
the Born-Oppenheitncr sense,we find ' 

V2(0) « E(l) (18a) 

V.(0,0) « 0 • 

Thus while the three-body force at zero separations is nearly zero, 
the two-body force is strongly repulsive with its magnitude equal to 
one soliton mass, about 1.4 GeV in the model, [it is interesting 
that the theory predicts a predominantly binary interaction in many 
baryon systems.] 

The perturbative corrections of 0(8) amount to about the A-N 
mass difference , "̂ 300 MeV, small compared with the non-perturbati-
ve effect. This surprising result that the repulsive core is primari
ly non-perturbative, predicted long ago by Skyrme ^, clears up ano
ther misconception maong some physicists. It has been often thought 
that when two nucléons come close, the dynamics would be governed by 
perturbative QCD effects and hence, in accordance with asymptotic 
freedom, could be described by one-gluon exchange between valence 
quarks. In consequence, the argument goes, explicit quark degrees of 
freedom would be "seen" when two nucléons are probed at short distan
ces. The Skyrmion description shows that this is not so; although 
there is no reason to doubt that quarks and gluons participate in 
short-distance processes what is seen is a non-perturbative, non-li
near manifestation of the gange particles and hence cannot be direct
ly related to the microscopic variables, quarks and gluons. We will 
see later that this observation is further confirmed when the process 
is looked at in terms of six quarks in an R f 0 bag. 

NUCLEAR FORCE 

An important application of the Skyrmion description of the 
baryon is to the N-N potential at r.,)1 0. This problem is being wor
ked out by Jackson and his collaborators . The preliminary result is 
very promising and interesting. They take the factorization ansatz 
for the U field, 

UB.2 ( rl'V Bll-l ( rI , UB-l ( r2 ) 0 9 ) 

where B is the baryon number Ng. Now making an adiabatic rotation on 
one of the coordinates, say 2, and evaluating the energy of the soli-
*This also suggests that dibaryons must lie, if at all, at E > 3E(1) 



ton system as a function of r,2 , they are able to map out various com
ponents of the nuclear force. The following qualitative features emer
ge from the calculation: 
1. Both spin-isospin-independent component (i.e. ̂ -^) and spin-iso-
spin-dependent component (i.e. T «T a, •a,) are strong, the former 
representing the 0) and a exchanges, tne Tatter representing the TT 
and p exchanges. This feature that follows from a strong correlation 
between spin and isospin in the hedgehog configuration is consistent 
with experiments. 
2. The Ji*J2 component and ol*p2 component are zero. This is consis
tent with the absence of meson exchanges giving rise to such compo
nents . 
3. There is a universal repulsion of one soliton mass in height at 
the origin, whose tail at increasing r matches closely with an 
of-meson exchange. 
4. There is no intermediate-range attraction corresponding to a a 
exchange present in the usual one-boson-exchange model. This is not 
surprising for the Skyrmion description, since at semiclassical level, 
the o-degrees of freedom are purged because of its infinite mass. 
This unsatisfactory feature could perhaps be rectified by including 
further quantum fluctuations. See Ref. 9 for an updated discussion 
on this and >-elated matters. 
Side remark * 

One amusing qualitative observation can be made on the Landau-
Migdal parameter go in the NN sector and NA sector. Assume that the 
g' describes spin-isospin interactions at short distances . Then to 
leading order in N , both the ̂ .' component and Ji'J 2 J?j'Q2

 c o m P 0 ~ 
nent of the force are given by the hedgehog interactions. Therefore 
to this order, we expect that 

<SÔ> N A = (SÔ> N N (20) 

namely that the go's satisfy the universality relation. When adiaba-
cically rotated, there will be a correction of the order 

M A - M .3 
_£ il« «o.2 (21) 
E(l) 1.4 

so (&o\\ m a v b e l a r 8 e r t n a n (SÔ)MM b v ^ ^0%. T n * s argument differs 
from the SU(4) symmetry argument m that the former is based on chi-
ral dynamics, intimately connected to the strong interaction vacuum 
structure. It is intriguing that a consideration based on many-body 
dynamics '' - nonlinear collective excitations - leads to results 
close to Eqs. 20 and 21. An interesting questions is: are they re
lated? End of side remark. 

THE CHIRAL BAG 

So far I have been discussing an R = 0 bag, where the Skyrmion 

*If you don't know what g' is, never mind. Just skip this side re
mark. 



takes over the role of microscopic QCD degrees of freedom. Most of 
the long-wave-length physics emerge (satisfactorily) from the large -
N dynamics. This illustrates that most of the low energy hadron phy
sics may not require an explicit role of quarks and gluons. But this 
does not mean that OCD can be replaced by a single effective Lagran-
gian of the Skyrme type for all situations. 

The Lagrangian (11) cannot describe deep inelastic lepton hadron 
processes. Neither can it give a phase transition at some temperature 
T c « 200 MeV or at some matter density p c from the Namtu -Goldstone 
phase to the Wigner-Weyl phase as expected from general QCD arguments 
(and recently confirmed by lattice gauge calculations). The simplest 
way to implement this property is to endow an R £ 0 bag in which 
quarks live, in a Wigner phase, perturbative vacuum surrounded by 
a Skyrmion cloud. This is the chiral bag '2»'-}, 

Imagine a bubble being adiabatically blown up from R = 0 to a 
finite radius R. The bubble (or bag) acquires the baryon charge gi
ven by Eq. 4 or, with N quarks, that given by Eq. 3. The chiral boun
dary condition provides a precise balance in the two sectors for the 
baryon charge, so what is missing from inside is found outside. The 
Dirac sea is polarized as mentioned before; therefore there will be 
vacuum fluctuation contributions to the energy density, electric char
ge density, axial charge density etc. (These are being calculated at 
present and no results are available yet). There is a clear advanta
ge in this hybrid picture; the long-wave-length physics is given by the 
Skyrmion or large N c OCD and the short-wave-length physics is given by 
explicit quark-gluon degrees of freedom. The connection is made bv a 
sort of topological equivalence principle '^- through the Wess-Zumino 
term ->- that communicates between the microscopic unphysical variables 
(quarks and gluons) and the macroscopic Dhysical variables (Golstone bo
sons). It will be possible in this picture to calculate the corrections 
in 1/NC for physical observables which will be difficult to do with the 
pure Skyrraions. There are definite improvements ' in comparison with expe
riments, such as for instance for g^. An extensive phenomenology, however, 
awaits the calculation of the Dirac sea polarization in various densities. 

This qualitative discussion clears up a frequent confusion on 
the meaning of the bag radius R. In a version of chiral bag models, 
called "cloudy bag" model '^, the entire system of the chiral bag, 
namely the bubble plus the Skyrmion cloud,is replaced by an M.I.T. 
bag of a radius Rw ̂  lfm, which then plays the role of a background 
field around which fluctuations (e.g. pions) are built*. Clearly, 
because of the leakage of the baryon charge discussed above, the ra
dius Ru of the "cloudy bag" is not to be compared with the radius R 
(considered in Refs. 13 and 1) at which two different realizations 
of chiral symmetry are delineated. In fact, Rw is merely an adjusta-
ble parameter which has no obvious connection to confinement or chi-
ral symmetry. It may at best reflect hadronic size in some average 
way, so the matching of various quantities at Rj. tells us very little 

•Whether this is reasonable, other than that it seems to work, has 
not yet been demonstrated. In chiral theories of the sort in consi
deration, finding the background around which to fluctuate is a de
licate matter, as is evident with the Skyrmion cloud. 



about confinement or the role of chiral symmetry in the bag formation. 
[There is nothing surprising either about some successes with pion-
nuclear dynamics; they are no more, no less than the success of the 
linear c-model embodying current algebras.] 

THE REPULSIVE CORE RE-EXAMINED 

It is possible, without any detailed computation of the vacuum 
polarization, to calculate the repulsive core between two baryons for 
R t 0. For this, consider the chiral angle 0(R) at the magic value; 
0(R) = IT/2. At this angle, only the K = 0 negative energy level is 
depleted by a half unit of the baryon charge, so we can put N r quarks 
into this zero mode. Then — baryon charge is lodged in the K~= 0 
level, and the other half In the Skyrmion sector outside. Now add 
N c quarks into the bag in the K = 1 level. Since at G(R) « TT/2 there 
is no depletion in the K t 0 negative energy levels, the N c quarks in 
the K = 1 level make up one unit of baryon charge. This system has 
H - 2. 

Because of the Skyrmion cloud, the K = 1 quark orbit is warped. 
More precisely, when G(R) = 0, the K = 0 and 1 levels are degenerate 
but when 0(R) t 0, the K = 1 level is pushed upward while the K = 0 
level is pushed downward. The energy cost to put the N c quarks into 
K = 1 gives the repulsive core of 0(NC) which can be shown to be 
identical to the Skyrmion result, Eq. 18a . Viewed this way, the 
repulsion is a sort of Van der Waals'force. This result demonstrates 
an equivalence between the Skyrmion picture and the chiral bag pic
ture in the large-Nc limit. 

TOPOLOGICAL EQUIVALENCE PRINCIPLE 

Giirsey and Tze showed how, through geometry, theories with fer-
mion fields alone, with boson fields alone or with boson-fermion 
hybrids can be made physically equivalent ' . Likewise, it is likely 
that the Skyrmion and chiral bag descriptionsare related through a 
topological equivalence principle. My understanding on this problem 
is very limited; yet I would guess that the key to a deeper under
standing must lie in the non-abelian anomaly, namely the Wess-Zumino 
term . Even the vector meson dominance picture may be connected to 
the topological structure of QCD ''. 

This equivalence principle strongly suggests that quark degrees 
of freedom cannot be unambiguously exhibited in low-energy experi
ments. This does not mean that quarks (and gluons) do not participa
te in physical processes, but the oft-made arguments based on the ro
le of hidden color components excited at short distances are mislea
ding and sometimes incorrect. Experience has been that a process 
that can be described in terms of explicit quarks and gluons can be 
equally well described in terms of physical variables, namely nu
cléons, mesons, tec. We are arguing that, this is natural as well as 
fundamental. Examples are the electromagnetic form factors of the 
two- and three - body nuclei, the electrodisintegration of the deute-
ron, the quenching of the Gamow-Teller strength,and so on. The devia
tion from scaling in nuclei as in the EMC effect may also be expiai-



ned in microscopic variables (e.g. multiquark bag) or macroscopic 
variables (e.g. soft pions) or in combination of the two. It seems 
natural to conclude from these observations that it will be unreaso
nable to insist on the superiority of the quark picture over the me
son picture or vice-versa for the processes that will be a subject 
of future experimentation in nuclear physics. What is required is a 
precise language of communication between the two pictures and our 
proposal is that the topology provides the necessary link. Through 
topology, quantum chromodynamics would dictate how physical varia
bles come in, so the arbitrariness in the effective Lagrangian theo
ries of the past would be eliminated. 

There are many problems still to be worked out in this connec
tion. At N c = oo, the two theories -pure Skyrmion and chiral bags-
must be equivalent. However corrections in 1/N must bring some dif
ferences. There is a strong constraint from topology, i.e. the Wess-
Zumino term, and a consistent treatment of 0(1/Nc) corrections must 
take that into account. The immediate problem is the Dirac sea pola
rization discussed above. Although some powerful methods are availa-
lable for calculating charges , there seems to be no easy way for 
various charge densities. Numerical methods are being investigated 
at present. 

Implementing strangeness quantum number or other flavors in the 
Skyrmion picture [extending to SU(3) y SU(3)] is an open problem, al
though Witten sketches out a possible solution -*. it would be inte
resting to construct the theory in the flavor SU(3) and see how re
pulsive cores differ in AN, IN, NN etc ... channels. This would al
low one to calculate the spin-orbit forces in hypernuclear systems 
in a relatively unique way. 

Quantizing around the Skyrmion or the chiral bag background 
will be needed to study IT - N, TT - A, ... , interactions and also 
Roper-N transitions. The necessary attraction in the intermediate 
range in NN interactions, missing from the Skyrmion-Skyrmion poten
tial, may also arise from these fluctuation terms. Supersymmetry may 
play an important role here. For instance, there may be a connection 
to the role of supersymmetry in the long-range one-pion exchange po
tential, as discussed by Urruita and Hernandez '°. 

These are some examples in the long list. Once these are worked 
out, all the physical observables, such as mass-splittings, magnetic 
moments, g., etc ... must be recalculated. We will have to re-exami
ne other issues, such as dibaryons (e.g. bound AA), that are closely 
tied to some presently pursued experimental efforts. I believe that 
there will be a dramatic change in our understanding of the nucléon 
and the nucleus. 
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