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ABSTRACT 

The notion of the "Cheshire Cat" principle in hadron structure is 

developed rigorously in (1*1) dimensions and approximately in (3+1) 

dimensions for up- and down-quark flavor systems. This phenomenon is 

invoked to address the issue as to whether or not direct quark-gluon 

signatures can be "seen" in low-energy nuclear phenomena. How addition 

of the third flavor -strangeness- can modify the Cheshire Cat property 

is discussed. It is proposed that one of the primary objectives of 

nuclear physics be to probe -and disturb- the "vacuum" of the strong 

interactions (QCD) and that for this purpose the chiral symmetry 

SU(3)XSU(3) can play a crucial role in normal and extreme conditions. 

As an illustration, kaon condensation at a density P £ 3P 0

 i s discussed 

in terms of a toy model and is related to "cleansing" of the quark 

condensates from the vacuum. 
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1. INTRODUCTION 

So far, numerous searches to "see" an explicit "presence" of 
quarks in nuclei have come up with no clear-cuI success. Instead, the 
evidences are mounting that at least at low energy, what may be given a 
quark-gluon interpretation can always be described equally well or most 
often better in terms of macroscopic variables such as the baryons and 
mesons measured in the laboratory. In fact, there is strong indication 
of a deep duality between the description in terms of QCD variables and 
that in terms of physical variables. This is neither surprising nor 
disappointing. That there can be no "smoking gun" signature of quarks 
in nuclei at low energy has been a long-standing thesis among a few 
nuclear physicists1. This now can be given a fairly compelling 
theoretical justification2, called Cheshire Cat principle3. I will 
develop this notion using a simple model. 

The observed duality is believed to be connected to the celebrated 
phenomenon called chiral anomaly which figures prominently in many 
areas of physics4 (condensed matter, gauge field theories, strings 
etc.). In this regard, it is extremely interesting and fascinating (not 
disappointing or dull as some physicists seem to think) to study how 
QCD degrees of freedom manifest themselves in nuclear medium. In fact, 
as emphasized by Bjorken5, the issue, particularly for nuclear 
physicists, is not to "see" the quarks directly (Bjorken discusses how 
to do iu), but to understand how nuclear aatter modifies the 
propagation of light quarks. I believe that we are now beginning to 
understand the intricacy involved, not by throwing away all that we 
have learned (such as effective Lagrangians, vector-dominance, current 
algebra etc.), but rather by connecting them to some general properties 
(not all of which are, however, firmly established) of QCD. Simplicity 
and elegance are seen to emerge from the development of last few years, 
particularly through the resurrection of the Skyrmion picture6. 

I shall use the results obtained in recent years by many authors 
to develop essentially two main themes: First, in the world of two 
flavors, up (u) and down (d) or SU(2) f, the Cheshire Cat phenomenon 
occurs and there emerges an amazing duality between the physics in 
terms of microscopic QCD variables (quarks and gluons) and the physics 
in terms of macroscopic variables (mesons with topological solitons). I 
will discuss how this is manifested in Nature. Second, when one or more 
strange (s) quarks are present, the Cheshire Cat phenomenon apparently 
suffers breakdown: there appears to be change of scale when strange 
quarks are present so that quark degrees of freedom seem to set in 
"precociously" and cannot be simply replaced by meson degrees of 
freedom. The way the strangeness flavor "obstructs" the Cheshire Cat 
property is an intriguing matter but little understood. It is plausible 
that this feature will have much to do with kaon condensation and 
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strange quark natter formation in a baryon-rich environment. I shall 
discuss some of these Batters to the extent that it is possible. In 
particular, I will discuss how to "disturb" the QCD vacuus by 
condensing kaons in nuclear aatter at a density not too far from that 
of ordinary nuclear «atter. Some of these issues, I expect, will for» 
the forefront of nuclear physics in the years to com*7. 

2. WHAT DOES NATURE SAT ? 

There are a number of experiments that are strongly suggestive of 
the duality mentioned above. I briefly discuss soae of the* here. (I 
will refer to "Cheshire Cat" in a loose sense here. It will be defined 
precisely in the next section. The discussions as a whole will be 
qualitative in this section). 

Shell Model 

The success of shell model, based on the notion of 
independent-particle motion in nuclei, in unconstested. Yet, if one is 
to think of nuclei in terms of QCD, there is something wrong with the 
size of the region in which quarks are confined. Naively, one expects 
the quarks to be confined within a volume of ~ 1 fm in radius. 
Considering the Fermi-Dirac statistics of the quarks and their 
interactions, it is hard to conceive of single-nucleon cotions in, say, 
Pb nucleus. How then can one talk about the single- particle charge 
distribution of a proton sitting deep in 3s orbit which the 
experimentalists are able to map out so beautifully?8 Viewed in terms 
of quarks and gluons, it looks miraculous that a proton buried so deep 
inside the matter (expected to be like "a pea in a pea soup") still 
behaves so distinctively like an independent single particle, the 
possible corrections to the picture being at most 30%. This question 
has been addressed by several authors9 and constitutes a great 
challenge to the "purists" of QCD. 

An early suggestion that the pion (as the Golds tone boson of 
spontaneously broken chiral symmetry) must play a crucial role in 
reconciling the independent particle property of the nucléon in nuclei 
to quark-gluon structure was made in Ref.10. Ignorant (shamefully) of 
the work of Skyrme of more than two decades ago, it seemed too drastic 
to some people or ridiculous to others that the core of the nucléon in 
which quarks are confined be "squeezed" to a radius of 0.2-0.3 fo. most 
of the space being filled by pion cloud11. We now know that the 
original reasoning, devoid of topological content, was incomplete; 
however, we will see later that the idea was in essence correct, the 
Skyrmion being the limit of the core being shrunk to zero. The Little 
Bag'0 or the Skyrmion (we may call it "Point Bag") is clearly 
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consistent with the validity of shell aodel. 
(Soae authors have argued, starting with quarks and gluons, with 

the characteristic size ~ 1 f• for confineaent. that shell aodel aay 
arise under certain circuastances, but nobody has given a plausible 
demonstration how it does. In ay opinion, shell aodel aay soaeday be 
derived froa QCD, but it will be extreaely coaplicated, perhaps too 
inelegant to aake such an endeavor aeaningful. I believe that an 
elegant concept like shell aodel entails an elegant construction.) 

Electron Scattering 

It has often been argued that if one probes a nucleus with 
electrons at aoaentua transfers large enough to resolve the confineaent 
size, one should start "seeing" the quark degrees of freea. This 
arguaent is proven to be too naive, if not completely wrong, by the 
recent Saclay experiments12 on the electrodisintegration of the 
deuteron: e*d -» e*p*n. By transferring saall energy (~ 2 MeV) and large 
momentum, the process maps out short-distance properties of two 
nucléons in interaction. One finds, up to momentum transfers 
q 2 >t 25 fa"2. no signal that explicit quark degrees of freedom are 
required. In fact the process is entirely dominated by one pion 
exchange. The importance of the pionic degrees of freedom has been 
discussed for small momentum transfers in terms of current algebra and 
soft-pion theorems13. At high momentum transfers, soft-pion theorems 
are inapplicable, but there are some remarkable cancellations among 
hard-pion terms, leaving the soft-pion terms still dominant. Why this 
should be so is not understood. 

Does one conclude from this that the electrons do not "see" the 
quarks? In my opinion, this is a wrong conclusion. A more fruitful way 
of interpreting this result seems that the electrons "see" the quarks 
all the time, but in a natural habitat appropriate to non-perturbative 
QCD regime. A wrong approach would be to expect that the electrons 
"see" the quarks outside of that habitat, namely in a form that cannot 
be described in terms of color-singlet objects, that is, see the color 
degrees of freedom. I will argue later that describing QCD in terms of 
mesons at low energy is as natural as describing QCD in terms of quarks 
and gluons at high energy. They are complementary. In between, they are 
dual. 

Another case of interest is the tensor polarization of the 
deuteron in elastic eD scattering14. Spin variables in elastic 
electron-deuteron scattering are an interesting object for many 
reasons: they are amenable to accurate calculations in conventional 
approach as well as in QCD framework, providing the best laboratory to 
test current theoretical ideas. In particular, the tensor polarization 



(labelled t 2 0) which can be written in terms of %(Q2 j/Gc|Q2J and 

G q(Q 2J/G C[Q 2j where G», are, respectively, magnetic, quadrupole and 

charge fora factors of the deuteron and Q^ the virtual photon aoaentua, 
has a siaple liait as Q 2 -* oo in perturbative QCD. It has been argued15 

on thv» basis of scaling behaviour of the fora factors in perturbative 
QCD that the t 2 0 should approach its asymptotic value -V2 already for 
Q 2 ~ 15-20 fm"1 whereas the conventional nuclear physics description 
should predict a radically different result, even with an opposite 
sign. Here this true, one could say that it constitutes a bona-fide 
"saoking-gun" evidence for the working of perturbative QCD in nuclei at 
such non-asymptotic •omentum transfers. Fortunately, Nature is not so 
naive! What Dymarz and Khanna demonstrate14 is that even at relatiely 
high momentum transfers, the so-called "package" descriptions (in terms 
of low-lying baryons. Golds tone bosons and vector mesons) has as much 
predictive power as that in terms of explicit quarks and gluons. In 
fact, they show that it is not difficult to obtain t 2 0 * -^2. the 
result predicted by perturbative QCD, with just those degrees of 
freedom relevant for an energy scale £ 1 GeV, in other words, a nuclear 
physics scale. (Even if one disagreed with the proposed mechanism, one 
could see the lesson: there may be lots of smoke, but no necessarily a 
gun.) 

The Wess-Zumino Action - A Resolution of a Long-Standing Problem 

I mentioned above that exchange currents in nuclei are very well 
described by considerations of current algebra and associated 
low-energy theorems. But this is not true for all meson-exchange 
currents. It has been a long-standing problem to find a respectable 
theory to describe the isoscalar part of the exchange currents. The 
main reason for this problem is that pions are not very relevant for 
that part. (Out of desperation, people just calculated lots of 
Feynman-llke diagrams, but this did not make sense since having no 
theory to define the Feynman rules, there was no systematic way to sort 
out various physical effects.) This problem is elegantly solved by a 
quantum anomaly effect, encoded in what is called Wess-Zumino term in 
effective QCD actions. I will discuss this W-Z action later on in some 
details, but let me specify what I mean. 

The Skyrmion Lagrangian for low-energy QCD contains, in addition 
to the normal-parity term accounting for current algebra and soft-meson 
theorems, an abnormal-parity term that accounts for anomalous quantum 
effects (i.e., chiral anomalies) that are missing from the normal term. 



It was Wess and Zunino who discovered it l b and Witten who uncovered its 
topological content17. In particular. Witten has shown that consistency 
of the Skyrmion picture requires that the Wess-Zumino action have a 
quantized parameter (like the Dirac aonopole) which turns out to be N c, 
the number of colors. Furthermore in order to account for the relevant 
degrees of freedom up to the energy scale ~ 1 GeV, the vector mesons p. 
fa), Aj,... should figure in the Wess-Zuaino term. (There are many papers 
written on how the gauged Wess-Zumino action can be gotten: just pick 
up any volume of Physics Letters B ~ 1984-1985 and you will find the 
references you need*.) The coupling to the vectors brings in one or two 
gauge coupling constants, but they are fixed in the current algebra 
part of the Skyrmion Lagrangian. So there are no parameters in the 
Wess-Zumino term, at least up to ~ 1 GeV. 

The crucial observation is then that the isoscalar electromagnetic 
current of a Skyrmion is entirely given by the Wess-Zuaino term and 
hence the isoscalar exchange current is completely determined once one 
knows how to write down the Skyrmion ansatz for baryon number B > 1. 
Recently, Nyman and Risks 1 8 have shown, using the familiar product 
ansatz (used in construction of the NN force), that the Wess-Zumino 
action does indeed resolve the problem of isoscalar exchange currents. 

The import of this development in nuclear physics is enormous. 
Many pepole have thought that due to the difficulty mentioned above 
(i.e. no simple mechanism in terms of mesons) the isoscalar 
electromagnetic form factors would require explicit "quark presence" in 
the current operators. They were wrong. We are seeing here the clever 
way that Nature hides (again) the quarks - in the form of chiral 
anomalies. I believe that the Cheshire Cat phenomenon could explain 
this. 

The EMC Effect 

Here is a case that is even more tantaglizing than the cases 
described above. There has recently been a great deal of noise made 
around the events known as the EMC effect19. When nucléons in nuclei, 
typically 5 6Fe, are probed deep-inelastically by leptons (M-.e,...), it 

is observed that the structure function FjIx.Q2] in nuclei of mass 

number A [where Q 2 * -<F% is the invariant momentum transfer (photon 
mass) and x is the Bjorken variable x * Q2/2MAw, with w the energy 
transfer] differs significantly from F*, free-nucleon structure 
function, for large Q 2 and w with fixed x ("Bjorken scaling limit"). It 

Or Zahed and Brown, Ref.6. 
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has sometimes been claimed that this difference caught both particle 
and nuclear physicists by surprise. I think this claim is exaggerated. 
I do not believe that many nuclear physicists were much surprised that 
a nucléon in nuclei has different properties than in free space. In 
fact, we have known since may years20 -and some phenomena are fairly 
well understood- that when immersed in nuclear matter all the 
fundamental properties of the nucléon are modified (referred to as 
"medium-renormalization"): the orbital magnetic moment is "enhanced" 
relative to the free nucléon, the spin moment is "quenched", the 
coupling with pions and other mesons gets renormalized; the nucléon 
mass becomes lighter in medium; and so on. One particularly intriguing 
renormalization is the quenching of g A close to the free quark value of 
1, first seriously studied by Wilkinson21. These phenomena have been 
addressed by many physicists in various different ways: exchange 
currents, core polarizations, isobar effects, modified Skyraions, 
overlapping bags etc. But in icy view, the underlying principle should 
be the same -that the nucléon "looks" different, or put more precisely, 
the vacua are different, in and outside of nuclei. 

In fact, one could say that what was surprising was not that 
nucléons are different in nuclear medium, but that they differ so 
little! There has been much progress in understanding this "foundation" 
of shell model from effective Lagrangian theories. I believe that on a 
much deeper level, it must be a consequence of the Cheschire Cat 
phenomenon. An initial step in this direction was recently taken by 
Close et al on the interpretation of the EMC effect22: the key point of 
their argument is a sort of duality between the microscopic picture in 
terms of QCD variables and the macroscopic picture in terms of nuclear 
physics variables. 

My bet is that there will be many low-energy experiments 
purporting to show the "presence" of quarks in nuclei but they will 
always be explained fully by those physical degrees of freedom 
effective up to the energy scale A^ ~ m v ~ 1 GeV (where \ is the 
chiral scale; mv the vector-meson mass), namely, N,A,... ,ir,p,u,Aj . 

3. THE CHESHIRE CAT PRINCIPLE 

I will now formulate the ideas presented above more precisely. 
This will be first done in (1+1) dimensions since there calculations 
can be done exactly. I will just summarize the results in (3*1) 
dimensions, since these calculations involve computers and 
approximations. 

(1*1) Dimensional Cheshire Cat^ 

Consider the action 



8 

S « J dx dt *(x.t)(i3-M(x))*(x,t) (3.1) 

with the "mass" ter* behaving as 

"(x) = m9(|x|-R). m -»» . (3.2) 

This represents a 1-spatial dimensional world, bounded at x * a . The 
quarks (given by <i>) are confined and aassless within. In the liait 
• -» oo, the equations of motion are 

(3.3) 

id*(x.t) = 0 h | < R 

(lttVMlR) » 0 . 

The y matrices will be chosen to have the explicit fora 

Now it is an easy matter to solve Eq.(3>3) and get the coaplete 
spectrua, so you know everything about the feraion systea given by 
(3-D and (3.2). 

There is another way of describing the saae thing: One can 
"bosonize" the fernion theory. This is a well-known exercise in (1+1) 
dimensions24 and so it's not a big deal for Eq.(3-3). However it helps 
in understanding the Cheshire Cat (C.C. in short). Following 
the procedure of Ref .21», I write the current operators in the form 

J^(x) = Np[iÛ(x)Vlr{x)] (3.1) 

where N p stands for normal ordering with respect to the fermion vacuum 

and identify ("bosonization rule") 

J* * 7= ^và
v0 (3.5) 

where * is the scalar boson field; € 0 1 = -€ 1 0 = 1. Another bosonization 

rule is 

tow = -ZM cos [$& o) (3.6) 

where Z is a constant which depends on the way the boson field is 



noraal-ordered24 ; i.i our case. N is either zero or infinite, so we can 

forget Z. 

In terms of Ĵ .. one can write the (unrenoraalized) energy-aoaentua 

tensor in what is known as Sugawara fora 2 5 (for M = 0), 

T-nr.*. , ^2J^V ~ g^vJaJ*) . (3-7) 

Using (3.6) and (3-7). we have 

-JHHH'-ïM'-«'>-(<*•)] , 3 

froa which follow the equations of aotion for • (for a -» oc) ; 

o*(x.t) = 0 

4>(±R,t) = nvJw (n + - 0 , ± 1 , . . . ) . 

8) 

(3-9) 

I t i s easy to solve these equations a l so: One finds that there are two 
kinds of so lut ions . One i s the usual "fluctuating boson", 

K ( x . t ) = (2WR)- 1 / ' s in [u (x*R) ] e " I < V (3-10) 

with 

nif 
»„ • 5 (3 .1D 

and the other is the "soliton" (more properly, a kink) 

cm 

where m is an integer. The boscn field 0 can then be expanded as 

00 

•(x.t) - S [*B(x.t)a0 • <;<x.t)a;] • N J (1 • jjj (3-13) 

with j a n , a M = S n m , the annih i la t ion and creation operators and N i s 

the "sol i ton" number operator which turns out to be the "fertnicn" 



10 

number operator: 

N |n> = n|n> (n = 0, ±1. ...) 

(3.1*) 
am\n> - 0 

The state |n> can be identified as the ground state (e.g. no boson) 

with the "fermion" number n. 

1 will leave to the eager readers the task of showing the 

one-to-one correspondance in physics between the feraion theory and the 

bosonized theory. Let me just give a few consequences. Using the 

bosonization rules (3-5) and (3-6), one can sap the creation and 

annihilation operators between the two: 

oo 

« - 2 (*:*. - b : b . ) 
•=0 

fn-1 oo 
(3-15) 

S b a , • 2 (ala_ - b*b ) 
•=0 B=0 ' 

where {ai«a n| * {
Di' D»l r * B n

 a r e t n e creation and annihilation 

operators for fermions (a*,a) and for anti-feroions (b*,b). Given 

Eq.(3-15). mapping of the boson Fock space onto the fermion Fock space 

goes as follows: As mentioned above, |n> corresponds to the ground 

state with fermion number n. Creating a meson corresponds to exciting 

fermions and/or antifermions. Excited beryons are described as baryon 

plus meson states. A single meson always consists of states with a 

single excited fermion, but m boson excitation consists of states with 

anywhere from one to a excited fermions and/or antifermions. 

As one can see from Eqs.(3-5) and (3-15). It is always possible to 

write a boson field in terms of bilinears of fermion fields. Going the 

other way turns out to be a bit tricky, but it is possible. 

Mandelstao 2 4 constructed the field «ir in terms of the 0 field, in such a 

way that the *l> field had the right fermion field property. One can do 

this for the * field of the action (3.1) and (3.2). If you are 

interested, refer to the paper of Perry and Rho 3. 

1 will now discuss how the C.C. can be constructed. Pick a 

point at x=y as in Fig.l, and let x ï y be described by the fermion 

field U' and x > y be described by the boson field *. Can this be done 

in principle without changing physics? If this is so, then physics 

could not depend upon where y is located. We will imagine moving y 
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adiabatically fro» -R to *R. It turns out that this can be done and it 

leads to the Cheshire Cat principle3. I will later come to a physical 

interpretation of this phenomenon in respect to low-energy QCD. 

To construct such a C.C., the feraion in the left sector (L in 

short) and the boson in the right sector (R in short) oust conaunicate 

with each other. This aust be effectuated by the bosonization condition 

(3«5) at x=y which can be written as 

ô^(y.t) = \fr*(y t) Vr5«U{y.t) • (3-16) 

Define the normal at the "surface" as n^ and its transverse t̂ : 

t.n = 0. Then we have one condition from the normal component 

n.dft(y.t) = ̂ *(y,t) n . n , *(y,t) . (3-17) 

This is equivalent to saying that the axial current J£ is conserved 

(see Fig.2); 

9*j5(x,t) * 0 . (3.18) 

The condition from the transverse component is 

* * vlïr * t*V»-5* = >(IT «i« n.-r «l». x = y . (3-19) 

If one .restricts oneself to a static boson field (which we will choose 

for the soliton or kink solution), this says that 

*(y.t) n.t *(y,t) = 0 (3-20) 

which corresponds to the vector current conservation. This means that 

classically the fermion number is confined in the left (L) sector. 

Quantum mechanically, however, this is not so because there is an 

anomaly in the vector current due to polarization of the Dirac sea, so 

the baryon charge "leaks out". This information in encoded in the 

boundary condition 

(in.T • exp[i^O(y,t)or5]} *(y.t) = 0 . (3-21) 

This is equivalent3 to (3.19)*. one can verify this by using the Dirac 

equation and the operator equivalence d,^ = -YTT (J. *y. J0 )ii>. One might 

think that Eq.(3-21) is not unique. It tvirns out, however, that this is 

the most general condition that one can write down that is local. 
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renormalizable. hermitian and invariant under global chiral rotation, 
P, C, T and consistent with the Cheshire Cat principle. (For a proof of 
this "theorem", see Nadkarni and Nielsen, Ref.3). In what follows, I 
will use (3.21) and (3-17) for construction of the C.C. 

The complete set of equations of motion that we have to solve are 
Eq.(3.21) and 

idiKx.t) * 0 (-R £ x < y) (3.22a) 

(l*ln.T)*(-R) s 0 

o0(x,t) = 0 (y S x < R) (3.22b) 

0(R) = N>fir 

where N is an integer which will be identified as the fermion number. 
For the ground state of the systea (which we will call "hybrid"), we 
restrict to the soliton configuration for *, so the relevant solution 
of (3.22b) that we need is 

*(x) 4*H) (3-23) 

If we denote by «lrQ the solution that satisfies the Dirac equation 
(3.22a) and the boundary condition (3-21) with 0 = 0, then the solution 
of (3.21) and (3-22a) is 

*(x.t) = exp{-i\R*(x.t)V*_(u)*«. (v)]} «M»'*) (3-24) 

with 

•_(u) = N jj- (1-u/R) , 

* > ) « -N — (l*v/R) . 

u = t-x, v = t+x , 

^(u.v) = [2(y*R)]"/* exp Hi^h 
lu u n 

• in) v 
-ie 



(2n*l)ir 
Ci) = 

n 2(y+R) 

and n = 0,1,2,... labelling the quark states. From Eq.(3.2<(), the 
eigenenergy fln of the quark level n is readily found 

(2n*l)ir UN 

^ - iTyTir * » • { 3 - 2 5 ) 

Remember that this is the eigenenergy of the quarks in the L sector 
subject to the boundary conditions specified by the soliton with a 
defect. Clearly Q n on its own cannot be physical; it has even a crazy 
behavior at y = -R. There is no need to worry, though, since what 
matters is the total system and in the total system such a disease 
should disappear if the model makes sense. 

Let us first consider the "fermion number" of the ground state. In 
the R (bosonic) sector, it is 

< • £ J 0(x)dx * — dx — ^ « — (R-y) (3.26) 
Ï ° yfi, Jy dx 2R 

using Eq.(3-23). Now in the L (fermionic) sector, it is 

. (V [ - i 1 lin.' 
f °° 
Zé e a 

n=0 
i 

-00 ' 

n=-l 
-

J_Rl2(y*R)j 
lin.' 

f °° 
Zé e a 

n=0 
i 

-00 ' 

n=-l 
-

( 3 - 2 

where the last step is obtained by an explicit summation. Thus though 
the fermion number of each sector depends on the boundary position y, 
the total N F * Nj+Np = N does not: The fermion number is independent of 
where one decides to bosonize. 

To show that the same thing happens with the energy of the system 
is a bit trickier because of the Casimir divergences, but a careful 
account of the condition (3.17) suffices to enable one to do a suitable 
renormalization. (See Perrv and Rho 3 for details). The result is that 

KS2 itN2 

E R * (R-y) and E L = (R+y), so the total is E « T I N 2 / ^ . which is 
8R2 8R 2 

what one gets in the full fertnionic theory or the fully bosonized 
theory: The hybrid is as good as the pure ones. 

In general, all the observable quantities must be independent of 
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y, not only at zero temperature but also at non-zero temperatures: One 
may show in fact that the partition function should not depend upon the 
boundary26. This property defines the Cheshire Cat27 phenomenon: The 
cat can disappear leaving behind the smile; similarly the bag boundary 
can disappear leving behind the fermionic charge tn the bosonic 
background. Here the bag has no physical significance. 

The Wess-Zuaino term 

So far I considered one-flavor quarks, so I needed only the 
abelian bosonization. However one should consider more than one flavor 
in reality: In Nature, we have u.d.s,... flavors and hence the flavor 
symmetry is actually non-abelian. Therefore a non-abelian bosonization 
is required, necessitating the Wess-Zumino term 2 8. In fact, if one 
wants to understand the strangeness flavor, the Wess-Zumino term turns 
out to be essential. (I will come back to this point later.) The 
question then is: What is the role of the Wess-Zumino term in the 
context of the Cheshire Cat? 

I will discuss this problem in (1+1) dimensions. When QCD in (1*1) 
dimensions [sometimes denoted (QCD)2] is bosonized29. it has a 
structure very much like the chiral bag I am discussing in the limit 
that the bag wall disappears. To make the picture simpler, let me 
define the relevant spaces as follows: 

Bag : B « V x S 1 

(3-28) 
Meson _ _ 
cloud : B « V x S 1 

where S 1 is the compactified time coordinate; V, V are appropriate 
"volumes" (here, lines). The total space is M = B U B. The Wess-Zumino 
term in the B space is known from work of others 2 8 

rg z * 2KK,L d3 X i»va Tr(L^LvLa) (3-29) 
\)BX[0,1] 

where K, is the normalization to be fixed later and 

L^ = U*3^U, U = e " 1 ^ 0 ( x ) , 6 = 9»T* 

where T a are the generators of the SU(N)f group. When one wants to 
generate the equations of motion, one needs the variation &r w / . Upon 
varying, one finds 
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6rw z = 6nK3J_ d2x c^Tr^irsuji^) 

(3-30) 

* "*lodTLd^ ̂ " N • 
The first tern is fine,but the second ter», coming fro» the artifact of 
the defect which produces a aanifold with boundaries dV, depends on the 
hofflotopy extension (the variable T ) and this is unphysical. It oust be 
exactly cancelled by a tern cosing froa the defect, if the model is to 
make sense. This is exactly what happens with the chiral bag 3 0. Since 
this is a nice story, let ae discuss it in greater detail. 

Let ae first write the equations governing the bag (the B space) 
in Euclidean space. In the latter, the chiral bag equations are 

5«|/(x.t) = 0 
(3.3D 

(exp[i'^e(y.t)lr5]-n.Y) *(y,t) = 0 

with the boundary at x=y. Note that these are essentially Eqs.(3-22a) 
and (3*21), except that we are now not interested in the boundary at 
x=-R. The solution to Eq.(3-31) was already given before [see 
Eq.(3.2«0] 

*{x.t) - expj-i^ - j 1 0. • - ~ - e lU 0(x,t) 

with 0(x,t) * 6,(u) -9,(v). Write the Euclidean Dirac operator of 
Eq.(3.31) as dg and consider 

e" S p H det(Ô8/a0) (3.32) 

where the subscript 0 corresponds to setting 8*0 in Eq.(3.31)- Now 

S F * -Tr lnO e/d 0) = -JJdr Trja^ee 1) (3-33) 

in which 8(x,t) is homotopically extended to 6(x,t,T) such that 
9(x,t,l) = Q(x,t) and 6(x,t,0) = 0. Define a boundary &-function \ . 
Then one can rewrite (3•33) as 
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S. • -I d r T r l v J ^ 9 " 5 -"••») V 

(3.3*0 

d T T r [ v T f e - ^ e ^ | a è » 

This expression (ill-defined as it is) must be regularized to make 

sense. A convenient way of doing this is the so-called point-splitting 

•ethod. Here we point-split in time variable as 

S F = - li» 
€-0 f 

.JBX[0,1] 

drdxdt ^ T r 3 T e 
ivHiÏT S'Y, 

5 x Se(x,t*€;x,t-€) (3-35) 

Call S 0 the Dirac propagator for 8*0. Then the propagator S e has the 

form 

' ivftïr e_u) 

S e ( x , t ; x ' , f ) = 
-INHTW e ( » ) 

S ; ( x , t ; x \ t * ) 

' vik* e iv' 

i\fûï» e (u • ) 

(3-36) 

This shows how the quark propagator is modified due to the boundary 

condition in (3.31). Using the expression 

1 * % S0(x,t*c;x\t-O = J(l • ̂ ) ̂  (3-S) • 0(D (3-37) 
x,x'-»y 

v;ith T£ - "r 1.^ and n p = 0$. * ±1 [see Ref.3* for a derivation of 

(3.37)] and taking the imaginary part of S F, one finds (after some 

algebra, which is left for exercise) 

Im S p = 4i<Jïr PdTjdxdt Tr[a T9d tea x8] • .. . (3-38) 

where... stands for higher derivatives, which we ignore. Suppose now 

that the fermion field carries the Nc-color quantum number. Then (3.38) 
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must be multiplied by N c . Imposing chiral invariance on (3-38) . one 
f ina l ly gets 

Im S F « 2ir K 3 J B x [ 0 , 1 ]

d 3 x « l " T r [ l v L v l O = r ° 2 (3-39) 

with K3 = N c/2 t»it 2. This i s just the Wess-Zumino term coming from the 

bag sector, complementary to I * z of Eq.(3.29). The tota l Wess-Zuaino 
term i s 

rwz » ^ z • ^ z ' 2» K

3 f d 3 x € * V * T r C L ^ L j . (3-40) 
jRxS i x[0 , l ] 

This shows that the unphysical term in Eq.(3-30) i s precise ly cancelled 
by a term coming from the bag, as announced: The chiral bag with 
Eq.(3.31) i s ful ly consistent. This means that a l l the flavor quantum 
numbers should come out correctly and hence the Cheshire Cat picture 
should hold also in non-abelian cases , at least in (1+1) dimensions. 
Refer a lso to Niemi 3 2 who has obtained a similar resu l t , using a 
generalized index theorem on open manifolds. 

(3*1) Dimensional Cheshire Cat 

Nobody knows how to bosonize fermion theories in 4 dimensions and 
hence the Cheshire Cat picture which in two dimensions r e l i e s heavily 
on the bosonization rules cannot be exact i f any e x i s t s . I t i s not 
d i f f i c u l t to understand why th is i s so . I t i s known that a free Dirac 
f i e ld in four dimensions requires an inf ini te tower of angular momentum 
s ta te s of boson f i e l d s 3 3 . Furthermore what one would l i k e to bosonize 
i s QCD and QCD has asymptotic freedom, i . e . , vanishing interactions at 
large momenta (or short distance). What does th i s mean in boson 
language? We know the answer i f Nc (the number of colors) i s extremely 
large. This i s a hypothetical l imi t , but there are indications that the 
large Nc concept i s qual i tat ively successful. As Witten has shown 3 4 , in 
the large-N c l imit , asymptotic freedom can be recovered only when the 
number of zero-width meson f ields is s t r i c t l y in f in i t e . So what do wc 
do? Give up bosonizing? 

This i s why the chiral bag i s so great. Instead of an in f in i te 
number of boson f i e lds , choose only the longest wavelength degrees of 
freedom and bosonize thea. The remainder, we leave in the form of 
quarks and gluons in a bag. What are the relevant boson fields? 
Obviously the Goldstone bosons, i . e . , the pions {T-,T°), and perhaps 
the vector mesons (P.CJ.A. , . . . ) . To date, chiral bags with a l l the 
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relevant vector mesons in the boson sector have not yet been studied. 
Only the u field has been taken into account so far 3 5. Most of the 
studies made recently were based on the orignal Skyrme Lagrangian, 
which has a quartic t e n to stabilize the soliton. Although a reliable 
phenoaenology would require the vector bosons, the Cheshire Cat 
property would not be too sensitve to the details of dynamics. I will 
thus summarize what happens when the boson sector is described entirely 
by the pion fields. 

In analogy to the two-dimensional bag described before, imagine 
making a defect (which we will assume to be spherical for simplicity) 

kit , 
of volume V * —- R 3 inside a Skyrmion (see Fig. 3)* Consider the defect 

to be inhabited by the quarks t|r, satisfying the Dirac equation 

13* • ... - 0 (3.*U) 

where stands for possible gluon corrections. The boson sector 
(outside of the defect) is described by the chiral field U, satisfying 
the equation of motion 

Fi it 
2 

^(ira^u) • ... = o (3-*»2) 

where... stands for higher derivative terms involving the U field. In 
this part, we are concerned with the u- and d-quark systems (I will 
come to the (u.d.s) system in the next section), so 

U » e 1 ^ * . <3.<»3> 

How do the quarks and the pions communicate with each other? Unlike in 
(1*1) dimensions, we cannot infer it from "bosonization" rules. 
Instead, we will assume an analog to Eq.(3.21), 

-in.ï*L = IT*„ r » R (3.Ma) 

where 

t = |(i ±y5) * , 

and an analog to Eq. (3 .17) . 

i y n^Trjrjc^Uir • U'd^u)) • . . . = 10 n.T y. "*- *, r = R.(3.Mb) 
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Let me emphasize again that in the (1*1)-dimensional chiral bag, these 
two boundary conditions are nothing but the bosonization condition with 
proper account of quantum effects. In the (3*1)-dimensional chiral bag, 
we do not have the nice relation. All we can say for the moment is that 
Eq.(3.Mb) is still the axial-current conservation condition, and 
Eq.(3>44a) is a chirally-invariant "confinement condition", which 
classically implies that quarks are confined within the defect (bag). I 
am now going to elevate these conditions to something loftier: 
Conditions required for partial bosonisatton in (3*1) dimensions, or to 
propose the chiral bag model as a means of partially bosonising 
four-dimensional fermion theories2. 

Let me now give some results of numerical calculations based on 
the work done by A.D. Jackson and his collaborators 3 6 , 3 7. (Although 
more complex and less transparent, the calculations! method is, in 
essence, identical to what I discussed for the (1*1) dimensional case. 
I will sketch only the basic ideas and refer to Refs.36 and 37 for 
details). As in (1+1) dimensions, one has to first choose a soliton 
configuration for the U field. As we know from Skyrme's work, one can 
take the "hedgehog" form 

U 0 = e 1 ™ 0< r> . (3-45) 

Given this, it suffices to solve Eqs.(3.4l) and (3-42) to obtain 
physical quantities. The dynamics are intimately tied to what is in 
the... terms in (3-**2) and the gluon corrections in (3.41). Furthermore 
as emphasized in Ref.36, the renormalization procedure (to remove 
divergences) are not unambiguous, though reasonable and consistent with 
what one does in the (1*1) dimensional chiral bag. 

The first quantity that was studied was the baryon charge which is 
now a well-established story 3 8 , 3 9. Due to an anomaly, the baryon charge 
is shared as 

Bin< R> s X ' l [6<R) " \ sin 2 e < R ) ' 
(3.*»6) 

B 6 u t(R) * I [e(R) - -z sin 26(R) 

As in the (1*1) chiral bag, B depends separately on R but the total 
does not. Other non-topological quantities cannot be rigorously shown 
to be independent of R. (But they are numerically.) Some results'"0 of 
the numerical analysis are given in Pig.4a-d. All the quantities 
studied so far, namely the soliton mass (E 0), the A-N mass-splitting 
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(E^-E^), the isosclar magnetic moment (M^, 0) and the isovector magnetic 
moment (M^ x l) show a relative independence of the bag radius R for 
R < 1 fm. 

A few comments are in order for these quantities. First one sees 
that E 0 ~ 1.4 GeV is a bit too high (as in all Skyrmion calculations); 
this poses no great problem, since incorporation of appropriate vector 
mesons (in particular, the A x) is known to lower it down to 
~ 800 MeV*0. Next some of the quantities calculated start to deviate 
from a constant value for R £ 0.6 fm. I believe this is not 
significant, since for "large" values of R, the gluon corrections must 
be included in the quark sector [e.g. for (Ê -E,,) in particular]. In 
any event, it is remarkable that things do not depend upon R for 
R £ 0.5 fn. a region for which one has some confidence in the 
approximation made in the calculation. 

These results are very suggestive of the possibility that the 
chiral bag mimics an approximate Cheshire Cat phenomenon. Let me 
propose to take it seriously. 

1. STRANGENESS 

It seems most likely that when an s quark is introduced into the 
chiral group, so that the symmetry is SU(3)*SU(3). something "strange" 
happens to the Cheshire Cat phenomenon. For instance, to ui.aerstand the 
magnetic moments of the strange baryons (hyperons), one cannot use a 
bag size R much less than 1 fm, in contrast to the non-strange baryons 
where R could be anything between zero and 1 fm without changing 
physical properties. (See Table 1 for a nice "fit" of magnetic moments 
with R = 1.1 fm). 

What makes the situation different with the s quark? 
First one notes that the s quark belongs to a different generation 

than the u and d quarks, so from the point of view of the weak 
interactions, there is something unnatural in putting an s with the u 
and d to make up SU(3)xSU(3). Second, not unrelated to the first, while 
the masses of the u and d are very small compared with the QCD scale 
/\j C D ~ 200 MeV, the s quark mass is comparable to ̂ \,co. In fact, 

mu * 5 MeV 
md * 9 MeV (4.1) 
m, * 175 MeV 

which are quoted from a compilation made by Gasser and Leutwyler42. 
(These are not very well determined. In what follows, I will use them 
as canonical values.) It is most likely that the Cheshire Cat, almost 
realized in (3+l) dimensions -and the fact that our world does not 
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resemble at all a world of quarks and gluons 4 3- is due to the fact that 
mu.d * \ C D - l z i s t h e n a l s o lively that, in the SU(3) case, 
ms//\,CD ~ 1 is responsible for deviations from the Cheshire Cat 
picture. 

The Hyperon Size*4 

If somehow the Cheshire Cat phenomenon does not occur and the bag 
size gets "frozen" to a larger R, this must do something to the 
physical size of the baryon charge distribution. [Recall that in the 
(u.d) systems, the baryonic size was independent of R.] To address this 
problem, let me consider a chiral bag in an SU(3) f space. As in the 
SU(2) chiral bag, imagine a bag of volume — R 3 in which quarks are 
put, surrounded by meson fields. If the bag is sufficiently large, then 
one can confine oneself to the octet of Golds tone bosons ir1 

i = 1 8. (One could introduce vector mesons later if necessary.) 
Introduce the chiral field 

U(x) « e 1* n / F « (k.2) 

The dynamics of the meson sector is given by the action 
r = r s K + r w z * r S B (H.3) 

where T S K i s the usual Skyrme action which I w i l l write as" 

rSK 
f P 2 , ) 

d 4x<— Tr(a^UÔ^) • Tr[u*Ô^U,U*a„u]4 , (k.H) 
j ^ e 

r w z i s the Wess-Zumino term 

-iNc * r t f Z ; J d5x *»"** Trd^L^LpLy) (H.5) 
240H2 

and r g B is the symmetry breaking term 

It would be better to drop the quartic term and introduce the vector 
mesons, but if the bag is sufficiently large, this should be 
sufficiently good. 
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rsB « J d 4 * [ a Tr(lMJ*-2) • b Tr(Ae(u*U»))] . 

. . * ( < • < ) . b - f !*(< - <) . (H.6) 

How do we describe the aeson sector? 
If the symmetry breaking TSB were in same sense small, then one 

could embed the SU(2) f soliton in an SU(3) matrix as 

U 0 U ) -
eiT.r 9(r) 0 

0 1 
(4.7) 

and quantize the zero modes associated with the collective coordinates 
A(t) e SU(3) f 

U(x.t) » A(t) U 0(x) A(t)' . (4.8) 

The Wess-Zumino term, with Eq.(4.8), has a form analogous to a term 
describing a particle aoving under the influence of a aonopole-type 
gauge field, eg AJXJ . [I will not go into any details (for which I 
refer to Refs. C*5)-C*6)), out let ae just show it for comparison. Define 

A(t) = exp(LX-q(t)/2), Y * — A g, e* the vielbeins for the SU(3) group 
Y3 

3 
and th>3 "gauge potential" uB = - Tr(YAa)e|j, then the Wess-Zumino term 

Nc 
has the form — = w q ]. What the W-Z term does is then to provide a 

2\I3 
constraint on the physical states and it turns out to provide correct 
quantum numbers for the low-lying baryons. Thus one g e t s 4 5 , 4 6 the 
J = 1/2 octet and the J = 3/2 decuplet. In this way of looking at 
things, the quantum numbers are intricately dictated by the Wess-Zumino 
term. For instance, strangeness arises by "rotation" from a pure 
"hedgehog" configuration (see Manohar, Ref.^t for how this can be 
done). This is beautiful and fascinating, but it does not work: other 
than qualitative features, it fails to describe Nature as we see it 4 8. 
Let me not dwell on the details but just say that we should find a 
different method! 

What is the problem? 
It is believed that the starting point of assuming that r s B is 



"small" is a nonsense. To see what this may mean, let me focus on the 
proton mass, say, in terms of the QCD Lagrangian for the symmetry 
breaking. In QCD, chiral symmetry is broken by the quark masses, 

H S B = ~*SB " " u u u * "d*1 * °. 8 S * < M > 

One can estimate how much this term contributes to the proton aass and 
it turns out to be (N ^ 432 MeV or about half of the proton mass*. This 

is huge. The reason for this turns out to be that (plsslp) * 0 and 

m s//V C D « 1. In sum, then, Z S B is in no sense small! 
If the symmetry breaking is in some sense big, an alternative 

approach is possible as shown by CalIan and Klebanov*9. Their idea is 
as follows. For concreteness assume the Lagrangian (4.4). (One can 
improve on this by introducing "hidden" gauge bosons into the 
Lagrangian.) We will assume that the Skyrmion description for SU(2)f 

systems is phénoménologies!ly accurate. This suggests that the soliton 
structure of the baryons, both strange and non-strange, is essentially 
given by the SU(2)f hedgehog Eq.(4.7). What this means is that the 
baryon charge in the meson sector will then be carried entirely by the 
SU(2) soliton. Now to make up a strange baryon, bind one or more kaons 
to the soliton. In this way, the strangeness in the aeson sector is 
carried entirely by the keons. Note, however, that unlike the pion 
field, there is no condensate of the kaon field in the hyperons. (See 
later for kaon condensation.) There is a neat division of labor here, 
in an apparent contrast to quark aodels. 

A convenient parametrization tc carry out the above program is 4 9 

U = r\ UKti . (4.10) 

where 

I will be more detailed later, as this turns out to be crucial for 
strangeness condensation in nuclear matter. 



, U n » expjiT.ir/F^J , 
* 0 lJ 

UK = expfiX.K/F-) . 

X.K * X 4K 4 • X 5K 5 • X 6K 6 • X ?K 7 

- > l i 
0 0 K* 
0 0 K° 

K° 0, 

Here K's are the kaon f i e lds , defined as K* = 7r(K.+iK,), 
M2 

K° = — (K 6-iK 7), K° = —(K 6*iK 7). (You Bight be wondering: why this 

particular form? Why not U = exp — (T.IT • X.KJ or U = \JÛ̂  U^ JÛ^ ? 

Well, these should be Just as good. It may Just be that one form is 

more convenient for calculations than others, but when one calculates 

on-shell quantities, different paraaetrizations should give the same 

physics. This fact does not look obvious, but there is a theorem on 

this by Haag, Ruelle, Borchers and others50.) 

Let me for the moment forget the bag or more precisely shrink the 

bag to zero radius and consider the whole Skyrmion. Then the 

Callan-Klebanov strategy proceeds as follows. First take the "hedgehog" 

form for the SU(2) chiral field 

U°(x) » exp(iT-r*8(r)) (4.11) 

The kaon field is, however, purely fluctuating and has no mean-field 

component (except when the kaon gets condensed, see later). Thus it has 

time dependence 

KJx.t) » e 1 E tK(x) (4.12) 
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Now substitute (4.10)-(4.12) into the equation of aotion for kaon field 

that follows fro» Eq.(4.3). If the kaon field fluctuation is weak, a 

further simplification is obtained by doing a "harmonic" approximation, 

which corresponds to expanding to quadratic order in kaon field. The 

resulting equation describes the kaon field moving in the background 

potential provided by the SU(2)f soliton (4.11), whose structure is 

determined by the properties of the non-strange baryons. Next introduce 

the collective coordinates in the SU(2) sector 

fa(t) 0Ï 
Mt) = 

I 0 1 
a(t) 6 SU(2) (4.13) 

and quantize the collective coordinates*; 

U(x.t) = A(t) U0(x.t) A(tK 

(4.14) 

U0(x,t) = t,0UK(x.t) ti0 

^o = 
e i T " r 0 

0 1 

Note that the collective quantization is done only with respect to 

SU(2) f for which the procedure is quite reliable, whereas the 

strangeness degree of freedom is quantized explicitly. For this reason, 

even in the absence of the collective rotation (4.14), the Wess-Zumino 

term (4.5) has a time dependence. (In the SU(3) collective cordinate 

quantization of Ref.45, the time dependence appears when collectively 

rotated). Thus the Wess-Zumino term appears explicitly in the 

time-dependent equation of motion for the kaon field. What this means 

is that in this approach, the Wess-Zumino term plays an explicit 

dynamical role, a feature quite different from the collective 

coordinate quantization where the Wess-Zumino term just "tilts" the 

quantum numbers (like magnetic monopoles), but does not affect 

dynamics. This difference is not perhaps surprising, since in quark 

models, there is no need for any constraint like that imposed by the 

Wess-Zumino term in the Skyrmion theory and yet a consistent picture 

emerges "naturally". Nonetheless it is a bit mysterious (at the time of 

this writing) as to how the two descriptions are related. (My 

collaborators and I are trying to make the connection, but we do not 

have a full understanding yet.) 
_ , -

If you are nor familiar with this business, refer to Ref.(51). A very 

nice simple description is given by C.W. Wong S /. 
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How successful this Callan-Klebanov is phenonenologically is not 
yet known. (The initial success of Callan and Klebanov*9 is 
unfortunately marred by a numerical error in the Wess-Zumino term which 
seems to invalidate the approximation used.) 1 believe however that the 
scheme has a good chance to work, particularly if it is implemented by 
vector mesons and/or a chiral bag. It seems quite plausible that the 
scheme is very suitable for answering our question: Does the Cheshire 
Cat picture hold for the strange baryons? 

Let us now get back to the size problem. In dealing with this 
problem, it turns out to be essential to understand how baryon charge 
and strangeness are correlated. In the Callan-Klebanov picture, the 
SU(2) soliton carries the entire baryon charge. The soliton, however, 

1 3 is quantized 6• l 7• 5* with I « J * 0,1,2, or -, r.«>« and carries zero 
strangeness. The kaon, when bound (in p-wave as it turns out), carries 
J = -, I « 0, S » -1 and zero baryon charge. Take, for instance, A. The 

soliton-K complex has the quantum numbers J = - , I = 0 , S = - 1 , B = l 
partitioned as. 

Soliton K 

J=0 J.i 
2 

1=0 1=0 
S=0 S=-l 
B=l B=0 

(4.15) 

Compare this to the quark model in which A is made up of the quarks 
(uds), the quantum numbers of which are partitioned as 

(ud) s 

J=0 J=T ( 4 . 1 6 ) 

1 
2 

1=0 1=0 
S=0 S=-l 
B=2/3 B-l/3 

[Let me propose that (4.15) is a picture applicable at low energies and 
(4.16) is a picture applicable at high energies.] An important point to 
note is that the bound kaon behaves almost like a strange quark with, 
however, one crucial difference in baryon charge. This is the key point 
characterizing the low-energy structure of the hyperons: While the kaon 
can induce local fluctuations in the baryon charge, it has no net 
baryon charge. (Whether ci not Mature chooses this possibility will 
have to be tested by experiments, a challenge for experimentalists!) 

Let me be specific by focusing on the baryon density of the 
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hyperons. The baryon density is given by 

P(r) = J 0(r) 

J^ = -(2UH 2 )- 1 € V f c V p < yTr[L vL pL°'] (1.1?) 

L* = varv 

with U given by Eq.(4.10). One can just plug this U into Eq.(4.17) and 

calculate p(r) to all orders in the kaon field, but this is an 

unimaginative way of doing things. For our purpose, it is «ore 

efficient if one uses a trick. For this, introduce the following 

"homotopy extension" 

U(S) = *l exp(i£X.K/F1t) ti , (4.18) 

with 0 £ £ £ 1. Clearly £ = 0 gives the ansatz (4.7) (used for the 
collective coordinate quantization) and £ * 1 gives the Callan-Klebanov 
ansatz (4.14). Suppose there i s no defect in the soliton. Then i t i s 
easy to convince oneself that the baryon charge defined as 

B t = J d ^ r p ^ r ) * € [0,1] (1.19) 

will satisfy 

dBj. 
— * 0 . (4.20) 

This follows because B^, 5 £ [0,1], is a topological invariant. Suppose 

now a hole is made in the soliton. (Assume that the hole is spherical 

with a radius R.) Then B^(R) is no longer a topological invariant, so 

we expect 

fl dB^(R) 
J 0 — — • dÇ = Bj(R) - B0(R) * 0 . (4.21) 

The left-hand side then represents an excess baryon charge lodged in 
the meson sector induced by strangeness. Call i t &BS(R), the subscript 
S standing for strangeness. I t i s readily calculated, 

6BS(R) = fozj d 2 V t -J\ (4.22) 
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where 

J\ = (on 2)-! € i J kTrjiTr i- X-K Lj (6)1^(6)1 

and the integral is over the surface at r=R. I will now skip the 
details of the calculation (left to the eager readers as an excercise) 
and give the result*4 

BS(R) = B 0(R) • SBS(R) (4.23) 

B 0(R) = Me(R) - | sin 2e(R)| 

&BS(R) = - sin ̂ j ^ cos3 ^^[1-cos T(R)](l - |(l-cos "Y(R) ) 1 

where 

, , fk*k(X) ir(R) = 6* 
™o i^l 

X = 2eFTCR , n.s = number of negative strangeness, 

CJ0 = bound kaon eigenenergy, 

and k is a normalized solution of the radial equation of motion for the 
kaon field. Let me explain what Eq.(4.23) is. B S(R) is the baryon 
charge lodged outside of the defect of radius R for a hyperon with 
strangeness S. See Fig.3> Clearly then as R -» 0, &BS(R) Bust go to 
zero. This happens, since 9(R) -» IT as R -* 0. This is consistent with 
Eq. (4.20). As R -» oo, 8(R) -» 0 and hence BS(R) -» 0, as it should. 

One sees that all powers of the kaon field are retained in &B S. 
Why should one calculate all orders in the kaon field for the baryon 
charge while the harmonic approximation is made for the kaon field 
equation? The answer is that "T(R) in Eq.(4.23) is 0(1) or larger for 
R ~ - fm and as a whole the harmonic approximation does not make sense 
for the baryon charge (and density). I suspect that this is also the 
case for the Wess-Zumino term (from which the baryon current arises). I 
think that although it may be justified for the normal-parity part of 
the Skyrmion action, the low-order expansion in kaon field cannot be 
used for the Wess-Zumino term and associated quantities like the baryon 
current. Another \ tential problem has to do with the validity of 



high-order expansions in kaon field. It corresponds, roughly, to high 
orders in 1/NC. Now as Callan and Klebanov noted, the Lagrangian (4.4) 
is probably inadequate in the strange baryon sector at 0(1/NC) and 
higher. The probable cause for this aay be that when strangeness is 
present, short-distance physics intervenes more importantly than in 
non-strange baryons. If the dynamics is wrong at 0(1/N C), then what 
makes one to think that Eq.Cl.23) is meaningful? The answer to this 
question lies in the basic structure of the chiral bag picture: the bag 
is to supply the required short-distance physics, while the boson 
sector is to account for long-wavelength physics. Hence the higher 
order effects in 1/Nc included in Eq.(4.23) are of long-wavelength 
nature and are free from the short-wavelength difficulty mentioned 
above. If one accepts this reasoning, it is easy to calculate the 
baryon charge density for r £ R, provided R is not too small*. 

By definition 

Bs(x) = £ W Ps(y) dy • (4.24) 

Actually the baryon charge distribution appears to be non-spherical for 
the Callan-Klebanov ansatz 5 3. Equation (4.24) should thus be viewed as 
an angle-averaged quantity. Write 

M y ) • My> • & My> • ^- 2 5) 

with 

nx 2P 0(x) dx = 1, H»nx 26p 0(x) dx = 0 . 

From Eq.(4.24), one obtains 

Ps{x) = -J4i»x2)-1[dBs(x)/dx] . (4.26) 

Figures (5a,b,c) show 6B g(X), x2Sps(x) and Ps(x) respectively. As one 
can easily see, &BS(X) £ 0 and hence one expects depletion induced by 

"Short-wavelength physics, that is represented by a quark bag and/or 
massive vector mesons, would introduce wiggles in the density for 
r < R, in the manner analogous to what happens in nuclear physics. 

& 

http://Eq.Cl.23
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strangeness in the baryon charge density for small values of x and 
enhancement for larger values of x. This means that the strange baryons 
must look bigger than the non-strange baryons. Just how much bigger 
depends on the parameters. To get some ideas, take the Skyrae 
Lagrangian (4.4) with the standard parameters e = 5-45. F* = 65 MeV, 
and the kaon mass m K * 495 MeV. Then 

-r—•— « 0.24, 0.42, 0.56 n 
(4.27) 

for S = -1. -2, -3 . 

when on writes 

S O S 

This is a substantial increase in size. Remember this is the real 
baryon size, not the bag size. In order to talk about the bag size, we 
have to examine it in terms of an SU(3) chiral bag. At present, nobody 
has successfully constructed a satisfactory three-flavor chiral bag, so 
I cannot answer this question quantitatively. But I can make a 
hand-waving argument as follows. 

The way the chiral bag improves on the Callan-Klebanov model is to 
provide shorter-distance dynamics in terms of a quark bag. In order to 
suppress the bad 1/NC properties (e.g. it has m . - m^ < 0, an absurd 
result at 0(1/NC)) in the boson sector and enhance the good color 
magnetic Interactions (responsible for a correct F-Z splitting) in the 
quark sector, the bag must be bigger as one can see in SU(2)f chiral 
bags. This means that the Cheshire Cat picture must break down, at 
least with the low-energy (~ 1 GeV) degrees of freedom we are dealing 
with. The "smile" of the Cheshire Cat must be frozen at a bag size 
R Z 1 fm as suggested by experiments5''. 

Strangeness Condensation 

If quarks move around in a bigger region in hyperons than in 
nucléons, there oust be some dramatic effects if one embeds strange 
baryons in dense nuclear medium. Indeed there are. One can see a 
spectacular consequence in the Callan-Klebanov picture2*9, imagine 
"squeezing" the hyperons by increasing nuclear density. In the case of 
the Callan-Klebanov calculation, this is effected by having the soliton 



configuration 8 go to zero at smaller R, while letting the kaon field 
penetrate the neighboring solitons. As a hyperon is squeezed, the kaon 
binding energy increases until its eigenenergy E 2 goes to zero. As it 
plunges beyond E 2=0, the soliton background becoaes unstable against 
spontaneous condensation of kaons. nanely the kaon field acquires a 

vacuus expectation value (K2 ) * 0. (Note that as long as E 2 > 0, 

(Kl) = 0.) Callan and Klebanov, using a toy aodel. find that the 

condensation would occur at p ~ p 0 where p 0 is the density of noraal 
nuclear matter (P0 « 0.18/Fa3). The aodel is too crude to be taken too 
seriously, but I think it has the essential feature to be correct, at 
least qualitatively. To understand what happens, let us consider, for 
example, X~'s embedded in nuclear matter. In the Callan-Klebanov 
picture, a £~ is aade up of a soliton with J=I=1, S=0. B-1 bound to a 
K" with J = -, 1=0, S=-l, B=0, with 0 < £2 < a 2. As the soliton is 2 * 
squeezed, E 2 decreases until it reaches zero, at which the condensation 
sets in. (See Fig.6.) (I think that one can aake a seai-quantitative 
calculation using an effective Skyraion Lagrangian which describes a 
soliton embedded in dense medium in a Manner analogous to what 1 did 
for g A in nuclear aatter55.) 

I will now discuss another toy aodel that gives a similar result 
but illustrates other intriguing aspects of the phenomenon. (This must 
be lated to the Callan-Klebanov picture, though the link is not yet 
established.) Let me first discuss what one should do in general; then 
I will simplify drastically the situation (following the argument 
developed in Ref.56). In general, we have to deal with the octets of 
the baryons and mesons: 

B = —: A*Ba 

$2 

1 1 
\I2 >l6 

2- -— 2U— A0 

\Ii \Io 
=0 

i r 

K-

L A . 
$6 

K* 

>J2 \f6 

K, 
2 

C*.28) 



In principle, one would have to consider all these fields on the saae 
footing and a few low partial wave (say s- and p-wave) properties 
simultaneously. This is a task which can be done only by a big 
coaputer. If physics is interesting, such a calculation would single 
out those specific features that are of particular iaportance. In fact, 
such a calculation has been done recently by Kaplan and Nelson57. 

Instead of detailing the coaplex calculation of Kaplan and Nelson, 
let ae discuss, following Itef.56, an extreaely siaple aodel which I 
believe contains the essential feature. I will focus, as in the case of 
the Callan-Klebanov picture, on one particular hyperon , say, Z~ 
eabedded in dense nuclear aatter. Let ae aake two siaplifying 
assumptions: 

1. Pions do not condense at the relevant densities, p < 5P 0; 
2. K-nuclear interactions can be ignored. 

The first assumption is quite reasonable: First of all. no signal for 
pion condensation has been found in experiaents and secondly, it is 
expected58 that the vector aesons suppress possible attractions that 
might induce such condensation. The energy scale involved in pion 
condensation is 0(a n) and hence pion-nuclear correlation effects are 
very important59. As we will see now, the energy scale involved in kaon 
condensation is 0(a K) and this is auch larger than the scale provided 
by the relatively weak kaon-nucleon interactions. This justifies the 
second assumption that allows us to ignore all nuclear correlation 
effects. (This aatter will have to be verified numerically in the 
future). 

It seems, therefore, reasonable to concentrate on K~ fields and n 
and Z" fields. (Remember we are focusing on I" in the medium in the 
spirit of Callan and Klebanov. We are being cavalier about charge 
neutrality etc. that one would have to worry about. But I think this 
can be worked out without changing the outcome.) This suggests 

considering the V-spin subgroup "SU(2)xSU(2)n with the doublet D 

and the triplet K with 

Kj = it, K 2 « -&, K 3 » — V.K* 

•t) 

K ± • k [+-«*) •a 
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and the V-spin generators 

ôV v* -?V v 
2 5* 3 2 3 ^ 

J 2 

The-"V-spin o-model" can be written down as 

* x *o * * S B (1-29) 

where 

^ = 5(i8 - g(l • iv-ic -y5)) D • I [<^D2*(aJs)a] - J(i?*-v») 2 

is invariant under the V-spin chiral transformation; 2 ^ which breaks 
the symmetry explicitly will be specified later. In these expressions, 
Z is a V-spin singlet, analogous to the a in tne familiar (<r,ir) model. 

The most important ingredient in this model is the symmetry 
breaking term 2 S B , and its share in the nucléon mass. Let me determine 
how much contribution to the nucléon mass comes from 2 ^ . To do this, 
let's return to the real world. In QCD 

HSB = -*SB s " u u u • m t M * •••» • C*.30) 

From «N scattering, one can deteraine the following matrix element 

o*" = /N muuu*mddd U ) * 57 MeV C».31) 

with ~ 20% uncertainty. (This is what is called UN sigma-term). Prom KN 
scatering, one may determine the KN sigma-term 

o« = ( N | | ( Î * » . ) ( W M ) | N ) C».32> 

where 

~ 1 li-
• " 2(fflu+°d) • M s 2( U U* d d ) 

Unfortunately, to my knowledge, there is no determination of o*N from 
experiments; one can, however, estimate (̂ -32) from the octet mass 



formulas 6 0, 

o*" * 559 MeV, (4.33) 

where a * 7 MeV and u% * 175 MeV are used. Combining (4.3D and (4.33), 

one finds 

6a = <N|HSB|N> * 432 MeV . (4.3*») 

This is a big nuaber, arising mainly from the fact that ( N s s N ) (i.e. 

"strange quark content" of the nucléon) is not small. Donoghne and 

Nappi 6 0 estiaate that (N ss N W N ûu*dd*ss N\ =* 0.2-0.3. This tells us 

about the vacuua change induced when valence quarks are present; soae 
discussions are made on this in Ref .56. but they are yet unprecise and 
so I won't go into thea. An important point to note here is that much 
of (4.34) represent the SU(3) singlet part. In teras of our toy model, 
it corresponds, roughly, to the V-spin singlet 

H; B = i(mu*a,)(ûu*ss) (4.35) 

which is essentially measured by o*" of Eq.(4.32). This suggests that 
we take XSB to be 

*SB «-^• u*«.)(ôu*ss) (4.36) 

which in the aeson sector will be proportional to the V-spin scalar Z 
giving rise to the kaon mass and in the nucléon sector will effectively 
give rise to Sa, (4.34) or (4.33). I a» going to ignore the splitting 
of n and Z' (namely a term transforming as V 3 defined above). 

In the V-spin a-model, the normal state would correspond to 

<Z> -x 0, (KM = 0. If anything, the relevant partial wave must be the 

s-wave and not the p-wave. So one could consider doing a global chiral 
rotation as 

<£> = F K cos 0 

<K;> = F sin e cos(^t) (M7) 
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<K,> = F K sin 6 sin(nt) 

<K3> 

In writing (4.37). I have assuaed the tiae dependence61 of the kaon 

field, K^x.t) = e^^tf^x) with n the cheaical potential associated 

with charged condensation*. Now as the chiral angle 8 turns away froa 
zero, &a which is proportional to I diminishes. Since 9 * 0 aeans that 
kaons are condensed, the condensation amounts to "eating up" the part 
of the nucléon aass coaing froa X ^ . How much is "eaten" depends upon 
the nuclear density. Getting one kaon condensed costs an energy of 
~ BJJ * 494 MeV, while "eating up" of 6a releases ~ 400-500 MeV. This is 
a close match and hence it would need not auch of density to have kaons 
aacroscopically condensed. This can be put in a aore quantitative fora, 
using a formalisa invented for pion condensation by Campbell, Dashen 
end Manassah62. In this formalism, one can write for the energy density 
of the syst«-i 

£ V s Fi\- \ *2 sin2e • a2(l-cos 6) 
2 

(4.38) 
€ H = eg • p(cos 9 - 1) &m 

£ c = Nuclear correlations . 

Froa our basic assumptions, we have 

fee * o 
a 0. « 0 

39 ' 36 

and 

V- - 0 at the condensation point . 

In principle, n should come out zero at the condensation point as in 
the Callan-Klebanov scheme (where E 2 plays the role of M 2 ) . In our 
case, it doesn't really matter as long as n is auch less than 6m or m K. 

We will set n=0 later. Alternatively, as in Ref.(56), one could 
consider K-> condensation. 



Therefore the c r i t i c a l density P c could be determined b y 5 9 

' i *te - \ «• P <*-39) 
8=0 

or 

Pc ' *»•«/*• • (*•*» 

Take FK a F* at 93 MeV*, a^ m 494 feV and obtain 

Pc * 3-*» P 0 («• * *32 *eV) 

(4 .* l î 
2.6 p 0 (6a = 559 MeV) . 

This is close to the result obtained in a aore rigorous calculation 

(using a Metropolis algorithm) by Kaplan and Nelson57.The calculation 

given above is very rough and could be iaproved in an obvious way: KN 

interactions, nuclear correlations, «ore realistic Lagrangians etc. 

What seeas certain, however, is that as long as 6a is actually large 

-and this will have to be determined experimentally- the aechanisa I 

described is the dominant one. 

The kaon-condensed phase may be characterized by kaons, pions and 

quarks (confined) as its effective degrees of freedom; it may be best 

described by a chiral Lagrangian involving quarks and Goldstone bosons 

(see Georgi, Ref.43). This is different from the strange quark matter 

expected at some higher density. The difference can be made clear by 

the value of F* - FK: in kaon condensates, F n * 0 while in quark 

plasmas. F n ^ 0. 

There are lots of exciting problems associated with this 

phenomenon. If it exists, how can one see it experimentally? What are 

precursor phenomena in large nuclei? How is it related to the strange 

quark matter? How is it related to the "absence" of a Cheshire Cat with 

strangeness? How does the condensation phenomenon relate to such QCD 

vacuum properties as bag constants, string tensions etc? Can one 

formulate it in the Skymion picture (in a more satisfactory way than 

the Callan-Klebanov scheme) and/or in the chiral bag model? These are 

problems to be solved before the next generation machines, e.g.. kaon 

factories, come into operation. 

' Note that actually at P > P0. F* f f(p) < Fn(0) * 93 MeV. A 

self-consistent determination of F£ f f might even lower the P„. 

0 = 
ae* 

f t t 
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*1 

TABLE 1 

Magnetic Moments of Hyperons (in nucléon magnetons) 

Hyperon Theory* Exp 

A -0.61 -G.613±0.00*I 
Z* 2.41 2.38±0.02 
I- -1.09 -1.1040.05 
=° -1.25 -1.250+0.01*» 
S" -0.71 -0.69±0.0»» 

Proa Brown, Rho and Weise 5 4 for bag radius R = 1.1 fm. The 
theoretical values are uncertain by as auch as 20% due to the 
difficulty in implementing the center-of-mass corrections and some 
arbitrariness in estimating pion cloud, kaon cloud, one-gluon exchange 
corrections etc. These numbers are quoted without details (and 
apologies, see Ref.5*0 for semi-quantitative discussion. 
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FIGURE CAPTIONS 

Pig.l : The (1*1) dimensional chiral bag: The quarks are confined 

within -R ï x i H, with the sector y < x £ R bosonized. The 

statement of the Cheshire Cat principle is that physics does 

not depend upon where y is located. 

Pig.2 : Classically quarks are confined in the region x ^ y, but due 

to anomaly, baryon charge "leaks" out and is carried by the 

pion in x > y. Axial charge is atuays conserved as is shown in 

this figure. 

Pig.3 : The (3+1) dimensional chiral bag. The quarks are put in a 

spherical defect of radius R and communicate with the chiral 

field U outside (which provides a soliton background) through 

boundary conditions analogous to the bosonization conditions 

in (1+1) dimensions. The approximate Cheshire Cat principle 

states that physics should not depend sensitively on how large 

R is. 

fig.4 : (a) The hedgehog energy as a function of the bag radius. The 

dashed curve represents aesonic contributions, the 

long-short dashed curve represents quark contributions, 

and the solid curve represents the total hedgehog energy. 

(b) The NA mass splitting as a function of the bag radius. 

(c) The nucléon isoscalar magnetic moment as a function of the 

bag radius. The dashed curve represents quark 

contributions, the long-short dashed curve represents 

mesonic contributions, and the solid curve represents the 

total isoscalar magnetic moment. 

(d) The nucléon lsovector magnetic moment as a function of 

the bag radius. The dashed curve represents quark 

contributions, the long-short dashed curve represents 

mesonic contributions, and the solid curve represents 

the total iso"ector magnetic moment. 

Fig.5 : (a) &BS(X) as defined in Eq.(4.24) corresponding to the 

"excess" baryon charge induced by strangeness S » -1,-2,-3 

outside of the bag of radius R. Here X » 2eF1IR. 

(b) &Ps(x) corresponding to the strangeness-induced baryon 

charge density. Here x * 2eFnr. 

(c) The total baryon charge density P s for S » 0,-1. Note 

that strangeness depletes baryon charge in the interior 

of the baryon. 
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Pig.6 : The kaon eigenenergy E 2 in units of m£ vs. the size of the 
soliton as calculated in the toy model of Callan and Klebanov49. 
As the density of the matter increases, it is assumed that the 
soliton is squashed to a smaller size. As E 2 £ 0. the soliton 
background is unstable against the condensation of kaon 
fields. 
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