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A relativistic invariant extended model of hadrons is constructed. The finite region where quarks can move
freely is a line in a three-dimensional space. Physically, the construction resembles that of the MIT bag and
the SLAC bubble. In the absence of quarks, the model reduces to the relativistic massless-string model, We
then solve explicitly the closed-string version where massless quarks move only in the clockwise direction. The
resulting quantum system does not satisfy Lorentz algebra. However, this negative result indicates that for an
open (or closed) string, the quantum system is consistent if there are 22 quark fields. A quark-confining string
is also constructed and discussed. This is obtained as an improved version of the quark-binding string. It
incorporates many physically desirable features.

I. INTRODUCTION

Numerous phenomenological successes of the
dual resonance amplitudes have stimulated the
search for the physical picture underlying the mod-
el. Nambu and others' observed that the spectrum
of the Veneziano model' is identical to that of a
vibrating string. Subsequently the free -string
formalism has been studied in detail, starting
from an action written in terms of the area swept
out by the string. ' More recently, the string pic-
ture has also emerged in many different investiga-
tions, ' and its relevance to hadron physics is gen-
erally accepted. Of course, the string picture is,
at best, an approximate description of hadron
physics. Its significance lies at least partly in the
fact that it can be explicitly solved. This allows
one to calculate its dynamical and static properties
for comparison with experiments, starting from
the exact quantum relativistic solution of the string;
scattering' and other interactions can be intro-
duced as perturbations around the free-string so-
lution, maintaining quantum mechanics and rela-
tivity at every order of perturbation. This ap-
proach toward hadron physics is attractive since
it is the only approach we have experience in, name-
ly, quantum electrodynamics; there the equa-
tions for the free photon and electron are first
solved completely, and the electromagnetic inter-
action is then introduced as a perturbation around
the exact solutions. Whether this gives an approx-
imate description of hadrons we can tell only after
the program has been carried out completely, be-
yond the free-string version.

The present string formalism has a few unsatis-
factory features. Among them are the following:
(1) The quantized string exists only in 26-dimen-
sional Minkowski space. (2) There is a lack of
incorporation of quarks (i.e., Dirac particles) and
(maybe) their confinement. Numerous attempts

have been made to overcome one or both of these
shortcomings. This work may be considered as
the first step of yet another attempt to improve
the present string formalism. The formulation is
motivated purely by the physical picture.

We construct the system of a string upon which
physical quarks are confined. (By "physical" we
mean the quarks are spinors in the four-dimen-
sional Minkowski space but behave as scalars un-
der a conformal transformation of the parameters
describing the string. ) We then proceed to solve
the closed string along which massless quarks
move around it in either the clockwise or anti-
clockwise direction. The mathematical formula-
tion of this is summarized in Table I. The result-
ing quantized system does not satisfy Lorentz co-
variance, for the same reason as the Nambu
string. However, the results do indicate that the
complete system (with quarks moving both clock-

TABLE I. Equations of motion for the quark-binding
string and its subsystem. Proper boundary conditions
have to be included for an open or a closed string. The
constraints need not be independent. The subsystem
describes massless quarks moving clockwise around the
closed string.

The quark-binding string

~&((& =- 2 ~(&" &+ ~
" +) &,

—eh~~=~f sg (B~g) B~g

—Cl~~=2ig, (B~Q) BQ

gf|)=j ~ n=j ~ m =6'" ~ n ={8"~ m = (}

The subsystem

Equations (i), (ii), and (iii), and for each quark,

zpgpg gg

& 5q
= Pvqvg4 = 0.
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wise and anticlockwise around a closed string, ox
for an open string) will have Lorentz covariance
if the number of quarks is 22. This speculation
will be formulated as a conjecture.

Qur string formalism is modeled after that of
the MIT bag' and the SI AC bubble, ' and the quanti-
zation procedure is modeled after that of the free
string' and of the SLAC bubble in three-dimension-
al Minkowski space' (which is equivalent to a
quark-binding closed string).

From the investigation of the quark-binding
string we find it has a few undesirable features:
Its ground state is an empty string state; it also
has exotic states, i.e., states with any number of
quark excitation modes. To remove these bad fea-
tures, a quark-confining string is constructed.
Here the quarks come in color triplets interacting
with color SU(3) gluon fields. Because we demand
there be no local color electric field pointing out
of the string, only color-singlet states exist.
There are no gluon degrees of freedom; only color
electric fields are left. Also there are no pure
string modes, so that the ground state of this
string is a meson; the quarks and the antiquarks
may have masses, in which case they sit at the
ends of the string, one at each end, linked by the
appropriate electric flux line, which also defines
the string.

Section II contains the formalism. In Sec. III we
solve the closed string problem with only clock-
wise-moving quarks. In Sec. IV we examine the
quantized system, and discover that I.orentz co-
variance is not satisfied. Section V contains dis-
cussions and speculations. Here we speculate what
the spectrum for the quark-binding string would
look like. {By"quark-binding" we mean the ab-
sence of massless free pointlike quarks. ) How-
ever, a string with any number of quark and anti-
quark modes can be present. In this section we
also discuss how a quark-confining string can be
written down in the action formalism. (By "quark-
confining" we mean only color-singlet states exist. )
Some of the technical details and supplementary
discussions are relegated to the four appendixes.

described by (see Fig. 1)

x„=x„(u"), p=O, 1, 2, 3, n =0, 1 (2.1)

where the choice of the parameters u is arbi-
trary. We assume that x„ is differentiable. (Our
notation will be such that the indices o., P, 5, y re-
fer to the V, space and p., v, A., p refer to the S,
space. ) The quantity

(2.2)

which is a covariant symmetric tensor with signa-
ture (1, -1).

At each point on the string, a plane perpendicu-
lar to the tangent vectors can be defined,

llvOX at 8 ~y p
7 p7'

PP (2.4)

where 6p p) is totally antisymmetric, with cpy23

=1, andg=det(g„s) =g»g»-g»'. An alternative
way to define this plane is by introducing two
spacelike outward normals n„(u ) and m„(u"):

m v =n 7~=0.

They are normalized to unity,

m m =m =tl =-1P 2 2

(2.5)

(2.6)

and, for convenience, are taken to be perpendicu-
lar to each other,

(2.7)

Now U„, can be defined including its orientation in
terms of n„, m&,

U„, =n„m„—m„n, . (2.8)

U p. v

is tangential. to the string and is a vector in both
V, and 84. The induced metric for the V, space is
given by

(2.3)

II. FORMALISM

The geometry of a relativistic string is that of
a two-dimensional subspace (V, ) embedded in a
four-dimensional flat Minkowski space (S,). To
describe a quark-binding string we must develop
a convenient set of variables in the language of
differential geometry. '

I et g„and u be the coordinates in the Minkow-
ski space S, [with signature (1, -1, -1, -1)] and the
curved space V, [with signature (1, -1)], respec-
tively. The shape and position of the string are

n~(u')

FIG. 1. The geometric coordinates of the string.
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B
vpI~ = h~87q + v„m~,

8
t t~ ='~67u "~"u

(2.10a)

(2.10b)

introduce the torsion v =n"(m„~„)=-m"(n„~„) and
the symmetric curvature tensors

h„B=n~ TB= nT„-~8=-n TB|„=-n Tsi,„, (2.1la)

ln~ = -PZ'Tn
ll g, (2.11b)

where the covariant derivative of v.„is given by

ails ni8 4 8) y

(2.12)

The "Christoffel symbol of the second kind" i;
function of the metric

( TB)=2gT (gna)8+gas) —g 8)S)

77e 7 (2.13)

Let us now introduce the quark fields. Since
they are confined on the string, we can write

The Minkowski metric at each point on the string
can now be expressed in terms of the curvilinear
coordinates provided by the set of linearly inde-
pendent vectors,

gp p Tp 7Q p SQSp mphil p (2.9)

where v„=g ~78„; g ~ is the inverse of g 8, and
is a contravariant symmetric tensor. The tangen-
tial components of any vector v& can be projected
Outi Vii~ = (O'T )'Tn~ = V Tnp.

Let us introduce some more quantities that are
needed later. The derivatives of the normals

where gg 8&)=P 8&g —(8&iii)g g (Piiy=gp'"8„$)
The constant 6 is the only dimensional parameter
of the system and acts as a tension to prevent the
system from expanding without cheek. d'u v'-g
is the invariant "volume" element where g& 0. The
tangential derivative (~i

—g 8 describes the quark
motion along the string. However, each quark
field has four components. This means the quark
dynamics is not completely specified by the action
(2.16) which gives only the tangential motion. To
determine the system completely, we resort to
the physical picture. Since the string system must
be closed, i.e., the conservation of charge and
Poincard generators must be guaranteed, it is re-
quired that the normal components of the charge
current densities j„and the energy-momentum
"current" density 6' „must vanish:

j&n" = (iiiy&g)n" = j&m" =0,

t n~=S m~=0
p p

where

(2.17)

ag tlat
P gYP

2+4—g 2ZQ~ p57" V'-g
CX

= T„Z —,'iV'- gy, [ig 8(—gn„+stlm„)+T',p]8,q, .

Et is clear that the string part of 6'& is already
tangential. Because the quarks are all distinguish-
able from each other (different quantum numbers)
we demand that the normal components of 6'& of
each quark must vanish:

g,. =g,. (u ), (2.14) -6'"„l(u8) = 2i g"8j), (T—fn „+Q.m„)88ili,
j=1,2, . . . , 1V, where N is the number of quark
species. (Throughout, repeated indices are
summed unless specified otherwise; for the indi-
vidual quark field, the index is suppressed. ) The
Dirac matrices, which obey

or

=0, j not summed

4Tfeak = 0+8nk =0.
(2.18)

b", y') = y "y'+ y'y" = 2n"",

are chosen to be

(0 11 (1 0)
oi (0 -1)

(2.15)

where a, are the Pauli matrices. |f=a„y", for any
vector a&. Now we can write down the action of
free quarks confined on a string" (5 = c =1),

8 = d u v —g(p1$~Piiiii~ —6)

(2.16)

This simply means the momentum of each quark is
tangential and Eq. (2.18) may be considered as the
normal components of the quark equation of mo-
tion.

Although the quarks are confined along the
string, they are physical spinors in the S4 space;
hence "continuity" of each quark field across the
string must also be satisfied:

(2.19)

Equations (2.17), (2.18), and (2.19) can be con-
sidered as constraints on the spinor fields. To-
gether with the action (2.16), the system is com-
pletely determined except for boundary conditions.
The latter depends on whether the string is open
or closed. For an open string, the momentum
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"current" density and the charge current densi-
ties must vanish at the ends of the string. For a
closed string, all variables must be periodic
(antiperiodic for fermions) in the parameter that
measures along the length of the string.

The physical picture of the model is clear. The
string moves and vibrates while the quarks are
moving left and/or right along the string. The dis-
tribution and the motion of the quarks affect the
shape of the string, which in turn defines the path
of the quark motion. Since there is no direct
interaction among the quarks, the left-moving and
the right-moving quarks pass each other freely.
However, the complete solution of the quark fields
is not a superposition of the solutions of the left-
and right-moving quark fields because of their
nonlinear influence on each other via the geometry
of the string.

In this work we shall study the string when there
is only left-moving or only right-moving quarks.
We discover that this system can be solved com-
pletely. The complete solution of the subsystem
allows one to speculate (a rather natural guess,
we believe) at the complete solution of the guark-
binding string we have just formulated.

When there are only left-moving quarks on the
string, the boundary condition of the open string
at the ends cannot be satisfied, since quarks will
flow in and out there. Hence we can only study a
closed string; the left-moving quarks become
quarks moving clockwise around the string. The
first thing we have to do is to project out the
clockwise-moving quarks.

We note that from Eg. (2.7),

which provides a signature for the plane U„, . This
can be used to specify the direction. The projec-
tion operators w, must satisfy

and

j n=(yy„y)n" =~
= Q(iy, r6QP)

= (i yy, afire)Qg

= —ipplip = 0,

(2.21a)

and similarly for j m = 0. It is useful to note that
the normal components of the axial-vector current
are also zero,

j,„n" = ggy, g= ij„m" =0.
Hence, using Eq. (2.9)

j5 p
= (kP y54)r p

= ~5 7
p

~

(2.21b)

That is, both the vector and axial-vector currents
are tangential.

Next we demand that the energy-momentum
"current" density of the string be tangential also:

where

= 6g" + i g& Pa—
(&

— i fr& g az g,.g"—

(2.22)

This follows from Eq. (2.18), which can be re-
written as, using Eqs. (2.10), (2.11), and (2.21),

pea q= -ia„(yrjiy, y) —iyy, (a„g)g
= i v~ gy, yig —i l„&gy5$ g

=i L~~J, =0,

(2.20) automatically implies Eqs. (2.19) and (2.17),

y0 = g(iy.WA)
= (ifygWii)4

and yga~y =ih~8 4 8 =0. (2.23)

((d ~ ) = &d &
.

Let us define

1+i y, r/ig
COp =

2
(2.20a)

Hence we have a closed system when the axial-
vector current is identically zero.

It is now straightforward to derive the equations
of motion of the system. The Euler-Lagrange
equation for the string coordinates is

and study only the case when one projection of the
spinor field is present, say as

5Z 8a
gX

i y, Qgy, = y, . (2.20b) =4-g (-T T p)lls —0. (2.24)

That this projects out the left-moving quarks will
become clear later. From now on we shall drop
the + index whenever it is obvious. The quark spe-
cies index is implied in Eq. (2.20b) also.

The inclusion of iy, in the choice of co+ in Eq.

The Euler-Lagrange equation of the quark field
52/a(=a 52/aa y becomes

left-hand side =i&'-gg a

and
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right-hand side = -&„(iv' g-g P)

,'-i-v' g—(g ~~„y+g s„q).
Introducing the mean curvatures

2u, =a n,
)n

the Dirac equation becomes, using Eq. (2.12),

ij s q= i(y,yi+a, g)q. (2.25)

It follows that 8 s= ,ig-, g"B.ag~ since p s /=0.
Projecting out the normal and tangential compo-
nents of Eq. (2.24) and using Eq. (2.12), we get

III. SOLUTION

The scheme of solving the set of coupled non-
linear equations of motion (2.25) and (2.2V) is as
follows: First we derive some properties of the
system, which are essential for the solution. We
then solve the geometry of the closed string in
terms of the fermion distribution by adopting a
particular coordinate choice. Finally we go back
to solve the Dirac equations in terms of the geom-
etry. Supplementary discussions and details are
relegated to Appendixes A, B, and C.

A. Properties of the system

and

h 8T 8=l gT"8=0,

(2.26)

(2.2V)

Here we derive some of the properties of the
system. In particular, we show that there exists
a parameter choice such that the string coordi-
nates obey the free-string equation of motion. For
convenience we write

which are just Eqs. (ii) and (iii) in Table I. Note
that these equations of motion can also be derived
using the constraints (2.1V)—(2.19). Hence they are
also the equations of motion for the complete (i.e.,
with both left- and right-moving quarks) system.

It is straightforward to show that Eq. (2.26) is
redundant: Qne can derive

T&8 gBy gn

using Eqs. (2.21), (2.23), and (2.25). This means
that not all the dynamical variables, namely the
quark fields and the string coordinates, are inde-
pendent. This is a reflection of "gauge invariance"
under reparametrization.

To summarize, the system of a closed string,
along which massless quarks obeying the projec-
tion (2.20) move freely, is completely specified
by Eqs. (2.25) and (2.2V) together with the period-
icity condition on all dynamical variables and the
vanishing of the axial-vector current

(a v)
gaa =

(v B)
(3.1)

2 p5 ~ (3.2)

Next we observe that the current is a null vector;
in fact (see Appendix A)

j';y~ = (y;r„g;)r &j ~
= 0, i not summed (3.3)

for both i = 0 and i e k. Multiplying g~ on the left,
we get

i „iF=~n~a =o (3.4)

so thatg =AB —V'&0, since the signature of the
metric is (1, -1). Let us also introduce, for any
function W(u"), the following notation:

~ ~R', ~S'
au'' au'

Using Eqs. (2.4) and (2.8), the projection (2.20) can
be expressed in terms of 7 „,

jsg = 4rprs4 = o ~ (2.28) Also

Classically, any system involving fermions is
plagued with negative energies. In particular the
fermion energy density is not positive-definite.
We shall ignore this difficulty by assuming that
the fermion energy density is positive-definite,
which is the case after proper fermion-antifermion
identification and Fermi statistics are taken into
account. This is discussed in Sec. IV.

In the absence of quark fields, the quark-binding
string action reduces to the Nambu or the empty
string action. This is clear from the original ac-
tion (2.16) and also from the final spectrum, as
we shall see later.

gn 01ln

& n=2~ ~

(3.6)

To study the string geometry, we can, for the
moment, concentrate only on Eqs. (2.26), (2.2V),
(3.4), (3.5), and (3.6). The quarks appear only in

J.e '=0,
where e ~ is the fermion part of the energy-mo-
mentum tensor (2.22), or

(3.5)

Using the Dirac equation (2.25), we also obtain
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the form of the current and their energy-momen-
tum density 6 ~.

The original action is independent of the choice
of the parameters ua. Since T"~ is symmetric
and has signature (1, -1) (see Appendix B), we
choose T 8 to be off-diagonal:

T" =CT' 0 1

1 0

That this is possible should be clear: Gi;en
T"8 (u', u'), a local coordinate system can be
found, (u', u')-(v, ), such that T"8(~, c) is off-
diagonal.

Using Eqs. (3.1) and (3.6), T 8 becomes

„, c (o 1 )
!

1 0/
(3.7)

gJ J8 J yaBJ 0 1 0
f3 a g V

We find that either J, or J, must be zero. We
choose (this defines our sign convention)

J, =O.

As we shall see, V =x.x' must be nonzero. Using
Eq. (3.5)

{,',}=A'/2V,

$o o}=
2V V2 (V A/2)
A A ~

Using these and Eq. (2.26)

we obtain A' =0, so that the Christoffel symbols
are further simplified:

(,',}= (lnV)',

(,',}= (lnV)',

A AV
(o o} 2V V'

(3.9)

~ ~ ~ AVx„=xq(lnv)'+ hoonq+ loomq y

(3.10)

Equation (2.27) immediately gives

~01 Ol

Equation (2.12) becomes, when written explicitly,

Then from Eq. (3.4),

J J'a ga6 J J 0

we obtain g"=0, which means

(A V)
Sag

iv of
and

xq = xq(inv) '+ h„n q+ g,m„,
x' =0

p

the last of which allows us to write

x„(v, o) =S„(a)+Q „(g ) .

B. The geometry

(3.11)

(3.12) .

(3.13)

CA. = Cx' = 2i q, boa og, (3.8)

The Christoffel symbols of the second kind now

simplify to

(,',}=(lnV) -A'/2V,

(, ',}=(lnV)',

1 t'O

(1 -A/V1

so that -g = V' & 0. This gives

/A o)

(o oj
,i (,g~ssg& . —

It should be clear that we cannot choose J&, =0 for
some quarks while J~o =0 for some other quarks.

The relation between the coordinates and the
quark fields is manifest:

The embedding of the string in Minkowski space
requires the introduction of the metric and the
curvature tensors. The consistency of the geom-
etry is guaranteed by the integrability conditions,
namely, the Gauss-Codazzi equations'

Ao Syp
= (h~y h~ p

—ha Bhyp ) + (lz lap —i~pl p )

~aally ~ayl'l8 Vy as VB ay ~

Lamell y layll 8 =
Vy Sag + Vg ka y

where the Riemann curvature tensor is given by

&g, ~ =4„"s}),—fs"~})„+E,"~}E,"6—E. „}(~V.
When the curvature tensors are all constructed
from the metric tensor, the Gauss-Codazzi equa-
tions are automatically satisfied. However, since
we are going to solve the string by making a co-
ordinate choice which apparently breaks Lorentz
covariance, it is reassuring to check that the inte-
grability constraints are satisfied.

From its symmetry properties, it is clear that
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1A AV
~00 V 2 V

~11 1 00&

A AV
00 V 2 V ll 1 00 &

hll= &0&11 ~

0 11 11 '

(3.14a)

(3.14b)

(3.15a)

(3.15b)

We observe that the theory has conformal invari-
ance; that is, Eqs. (3.10), (3.11), (3.12), (3.14),
and (3.15) are form-invariant under the conformal
transf or mation

~- e(v),

o "f(o) .
Hence we can choose from Eq. (3.13)

the Riemann tensor has only one independent com-
ponent. Using Eq. (3.9) the Gauss-Codazzi equa-
tions become

g,y=~ g,(g,g, )q=o. (3.19)

A
2V2 ll

Substituting the above four equations into the Dirac
equation (3.25), we obtain

Differentiating with respect to v., we obtain, using
Eq. (3.13),

B,(g, y) =g,(=0.
Differentiating with respect to o, we obtain, using
Eq. (3.12),

~,0' = -(I iP'+ 4.+)0.
Note that

A
0, —2h n= —2~&1„

x, = p(~+0) =x, +x, , (3.16) g"g,y'= —,(h„g+ l,qadi)q.

where P is a constant. Then the constraint among
the string coordinates

g„=—x"=0

can be written as

Multiplying this on the left by P, and using Eqs.
(3.11) and (3.19), the Dirac equation becomes

and Eq. (3.8) becomes

(3.17)
Equation (3.19) puts a constraint among the com-
ponents of g. Using this to eliminate the depen-
dent components, we can write g in terms of the
two unknown functions u, v,

= —(x,'+ x,'+A) . (3.18)

Hence x„x„and A can be taken to be the indepen-
dent dynamical variables, with

2V=(x, -x, )'+(x,'-x,')'+&.

Similarly h 8 and l
& can be expressed in terms of

x„x„and A. The Gauss-Codazzi equations can
then be explicitly verified (see Appendix C).

Actually there is another Gauss-Codazzi equa-
tion:

&8)n &nts+~ny "8 &Sy&n =0 ~

Since all physical quantities are tangential, this
is automatically satisfied.

x„'u /p

-x,' v/p

x„'=x)+=x'+ ix'.
The Dirac equation can now be written in terms of
Q, V:

(x,' —x, )x„"
2V

(x„'-x„)xf

C. The Dirac equation

Equation (3.2) becomes

gy', = v(1 —i y, r/iQ),

or

g,g, = v(1+iy,gj).
Therefore, with A = g,g„

LF(v) +
x„'/p 0

RG (v), (3.20a)

where

Solving this, we obtain

1 0
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L=g~=exp --,' ' ' " do
(x'-x )x„"

V
(3.20b)

and F(v) and G(T) are arbitrary functions of v.
This is an implicit solution of g since L is a func-
tion of 4 (via V) which in turn is a function of the
quark fields [see Eqs. (3.8) and (3.18)].

Since the axial-vector current is tangential, the
only nontrivial component of j» in Eq. (2.28) is,
using Eq. (3.19),

and the antifermion. The confinement on a two-
dimensional manifold has deprived the Dirac par-
ticles of their conventional spin structures. The
reader probably would have guessed this from the
fact that the energy-momentum tensor T"~ is sym-
metric without the introduction of any "superpo-
tential" terms. We should also expect the absence
of the spin part of the angular momentum tensor
density M "', which is given by

2
yfoy5$ = —(GtG —FtF) = 0 .0 5

p

This means E and G differ by a phase only; we
choose F=G. It is clear that if tjI is a solution of
the system, so is

where

+ f (Po" +&~ g )g (3.22)

0, = c4*= (iy. )4*,

where Cy' is the charge-conjugation matrix. Ex-
plicitly, we have

iy, r/if', =(,
and

ig s„y, =-i(u, g+u, g)q, .
Here

It is straightforward to verify this is indeed true,
that is,

—,'q(g a&'+o&"g")/=0

using Eqs. (3.20) and (3.21). Note that

LR = LLt = 1/V .

Using this, we see that CA is quite simple
despite the complicated form of g

A = 2i p, gosog, .

(x„'/P )LF
0c= ~'4

-(x,'/P)R F

(FtF, ——Fj~F, ) .. (3.23)

Poincard covariance should be satisfied, since the
original formulation is Lorentz-covariant.

(x„'/P)L

-(x,'/P)R

8
This means g should have both quark and antiquark
solutions. Using its antiperiodic property (with
the period v, taken to be 1) F(T) can be expanded
into Fourier components. Hence

(4.1)

where the integral is to be taken at any fixed time
t

t = i+0'. (4.2)

IV. THE QUANTIZED SYSTEM

A. Noncovariant quantization

We choose our units such that 6=1. We shall
restore it only at the end. The energy-momentum
is given by

(xl /P)L

(x' /P )R m = -~
(3.21)

p = a(~- o) (4.3)

This means the integration is over any spacelike
submanifold, where the spacelike parameter

where the prime indicates the sum over half-inte-
gers with coefficients b, and gt is the normaliza-
tion to be determined. A Dirac field has fermion
and antifermion solutions, each with two spin
polarizations. The projection (2.20) is a geomet-
ric one, leaving one solution each for the fermion

H=P,P . (4.4)

To evaluate H, let us expand x"as follows, which
is permitted by Eq. (3.13):

actually measures along the string. To see this,
we observe that P is the generator of infinitesimal
translations in the x, direction [see Eq. (3.16)];
therefore, the Hamiltonian should be given by
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1 + ~~~o'r+ v ~ co'o

a~ . c~
+ ~g 2ffgn'T + fL ~ 2g dna'

2vp „n n

(4.5)

a0

where periodicity requires c,= a, , or

(4.10j

where the period of p is also taken to be unity.
For fixed t, the periodicity condition of x~ is

x ~(t, p) =x '(f, p+ 1).

This implies a,'=c,". Reality of x' implies

Qp 9p~ an -n~ a0 a0 & Cn C n'

The Hamiltonian is now given by

H = 4v(20+ 2o)

=4m a~ „+ ~'c„+a0'
n=&

+ g mb,'„b,„ , (4.11)

E(luation (3.16) then gives

q, = a„'=c„'=0, n ~0

P= v ma,'.
(4.6)

2C„cn
0

~n= ~Q c ('cn+(-
g -«ao

(4.7)

1 (c-( cn.( c-(cn+().

Therefore, from E(ls. (3.1V) and (4.5) we obtain

where all the independent modes appear in bilinear
forms. Furthermore, H is already diagonalized.
This suggests that, if we introduce canonical
quantization to these modes, any function which
can be expressed in these modes automatically
satisfies the Hamiltonian equation of motion. We
shall not burden the reader with details. The
quantized system is specified as follows:

d =b, nz&0
(4.12)

are respectively the annihilation and creation op-
erators for anti(luark modes while b„,bt (m &0)
are those for the quark modes. They obey

To calculate the dependent modes a„, we have to
fix the normalization of the fermion fields. Con-
sider the conserved charge Q,

(4.13}

where i and j are quark species indices. We also
have

Q= fdZ 4-gJ'„

4
d7 I'~I

P 0

4=st' —g b'b .
p

(4.8)

This suggests the normalization Ot' =p/4 to be a
convenient one. Now, we can put E(ls. (3.18),
(3.23), (4.5), (4.6), and (4.8) together to obtain

2Z„a =
n a+

0

[a„', a', ]=nb„,6",

[c„',c',) =nb„

[q' a']=i,5"

[ q, a,']=-i,

(4.14a)

(4.14h)

(4.14c)

(4.14d)

b ~0)=d ~0), &0

a„' ~0) =c„'(0), n&0.
(4.15)

where the upper indicesi, j =1,2 are the space-
time indices. All other commutators (or anticom-
mutators) among b„, d, c„, a„, q', q, at, and

a,' are zero. Ambiguities arising from the order-
ing of operators are resolved by normal-ordering
with respect to the ground state ~0)

2„=-,'Q a, ~ a„., + g (m+-,'n)b,'b,

(4 9)

Hence the charge operator becomes

Q =g (btb —dtd„)+go.
m&0

(4.16)
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Also
00

00~c& c+—'0 ~ tf ff 2
(4.1V)

M~ =q~a'07

M' =- —,(q ao+a~ ) —4nEp,

M' =M) +M' -q ao'- , (a—o'E+Eao')p,
2m

0

where

n=& m&0

where

coap=s, —n

apaP cGP Qf0.

(4.18)

Since ap~ is the momentum of the string, the mass
(K2) spectrum follows immediately from the Ham-
iltonian,

SR =4716 (20+ to —Co —(Xo —Qo), (4.19)

where we restore the dimensional parameter |'.
The Regge trajectories are linear with slope +'
= I/8ve and intercept (n, + u, ).

Some useful commutaiors are given in Appendix

B. No Lorentz covariance

Since the quantization is noncovariant, Lorentz
covariance has to be examined. To construct the
angular momentum operators, the ordering prob-
lem arises again. This can be resolved by sym-
metrizing the classical expression in g„and g„
to ensure that M"" is a Hermitian operator

dZ v'-g x"+ "-x"6' "

+d "x" O "x")

since we have shown earlier that the spin part of
M "" is zero. The angular momentum operators
are

00

n
n=&

no, 50, and Q, are constants arising from normal-
ordering. Since the charge of the empty siring is
zero, we shall assume @0=0. Condition (4.10) can
be imposed weakly, i.e., all physical states ~A&

must satisfy

M, =— q —.(2, —n, )+ —,(&, —n, )q

i ~ u~„S„-S„„g~,
co~ n

n=$

M'=- q —,($0- u, )+—.(2,—n, )q

" c'„8„-S„c„'
n

a' n
n=&

(4.20)

and the right-moving part

IYx R a,' ~ n
n~&

(4.21)

It is straightforward (though tedious) to verify

M+2 " a' a~- a~ a'
+~[MS- M9-]-2 gi ~ -n n -n n

0 L& I 0 24 n=l

24

e,"[Mf,M~-] = 0,

and

(4.22)

N'+ 2 " c' c' —c' c'
+&[Ml- Mj-] 2 gi ~ -n n -ncn
0 Ry R 0 24 n=l

40

+ $- n c ~c~-c ~c„p 4.23
n=&

E=(&0- c..)-(&0- uo) ~

The presence of an explicit dependence on p does
not violate the conservation of angular momentum
since we have E ~A& =0 and E commutes with all
M"" and the Hamiltonian. It is straightforward to
verify that all commutation relations of M"" are
satisfied except [M', M~ ], which must be zero
for the Lorentz algebra to close. (Appendix D
contains some useful commutators. ) Define

2„'=2„-ap'a„,
S„'=„- ap'c„-

The troublesome part of M' can be subdivided
into the left-moving part
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where N and N' are the number of quarks moving
left and right, respectively. For the subsystem
we have been considering so far, N' =0. Hence
the last term in Eq. (4.23) does not vanish in the
commutator [M', M' ] and the Lorentz algebra is
not closed. However, it is still interesting to note
that the commutator of the left-moving part of
[M', M' ] vanishes if N =22 and n, =1 [where Eq.
(4.22) is used]. If, at the beginning, we choose

iy-,Jap,. =
gq, j =1,2, . .. , ¹

instead of the projection (2.20), thenthe left-moving
part of [M', M' ] will not vanish while the right-
moving part vanishes if ¹

= 22 and ~0=1. The in-
clusion of N, number of massless scalar fields
moving in the same direction as the fermion fields
(say, left-moving) changes the condition on the
number of fermions to"

¹N+N,=22.

That this nonlinear representation of the Lorentz
algebra does not close is due to the normal-order-
ing of the operators. This is purely a quantum-
mechanical effect.

V. DISCUSSIONS AND SPECULATIONS

A. The quark-binding string

We have shown that the well-defined, covariant
subsystem of quarks moving clockwise around a
closed string does not have a relativistic quantum-
mechanical solution. Mathematically it is due to
the nonlinear dependence among the dynamical
variables. We are very much aware that there may
exist singular modes in the solution which we have
discarded by fiat; their presence may restore the
much wanted Lorentz covariance. Also it is pos-
sible that our quantization procedure is incorrect;
to resolve the difficulty, we just have to find the
proper quantization. In either case, it may re-
quire slight modifications in the original formu-
lation of the string. Barring these possibilities,
we believe that quantum mechanics and relativity
put very strong constraints on the nonlinear sys-
tem. To interpret boldly the negative results we
are facing, we shall go into a wide spree of specu-
lations. No apology is offered to the cautious
readers, since the unsupported statements to be
made are so precise that we are confident they
can be proved or disproved in the very near future.

We shall formulate our speculations in the form
of a conjecture. First we make a few observa-
tions, keeping in mind also the Nambu string in 3

n&o j=& m&o

22

ni nf

where a„,s„obey the commutator (4.14a); b„and
d„obey Eq. (4.13). Its Lorentz algebra can be de-
fined consistently to be identical to that given in
Sec. IV with the following modifications

c„=0, 0=o

Z„=O, Z=O,

: (a ( 'a» ( s ) 's„():
l

+:Q (m+~~)b,'„b, „,„:.
Normal-ordering is with respect to the ground
state ~0) defined by Eq. (4.15) and

s„~0)=0, n) 0

where

and in 26 dimensions' and the quark-binding string
in three dimensions. '

(1) If we include some massless scalar particles
moving clockwise around the closed string, then
the clockwise part of the Lorentz algebra will
close if the total number of Dirac and scalar
quarks is 22. The anticlockwise part of the
Lorentz algebra remains not satisfied.

(2) If we consider the other projection of the
quark field, iy,r/if'=- g, the quarks will be mov-
ing anticlockwise, i.e. , (~E(o').

(3) The spectrum of the subsystem contains the
spectrum of the empty string (i.e. , Nambu string). '
We expect the spectrum of the complete system
to contain the spectrum of the closed string with
quarks moving clockwise only or with quarks mov-
ing anticlockwise only.

(4) The string has only one dimensional param-
eter P. ; it is not surprising that the Regge trajec-
tories are straight lines.

(5) For the open string to exist, we need a linear
combination of the left- and right-moving quark
waves such that the string is a closed system: that
is, the energy-momentum and current densities
vanish at the ends of the string.

(6) Despite the complicated looking form of the
implicit solution of the quark fields, Eq. (3.21),
the quark part of the Hamiltonian (4.11) is very
simple.

Now we state the speculation:
Conjecture 1. Consider the mass spectrum

N

5}I'=4pe g at a„+g g m(b&„b& +d& d,. )
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d =b

We interpret b and d to be quark and antiquark
oscillators, and s„ to be massless scalar field
oscillators. " Closure of the Lorentz algebra re-
quires z, =1. Hence the lowest "mesonic" state
b~t»d~~&, ~0) has zero mass. o.,=l also prevents
condensation: The mass of a state with M quark-
antiquark pairs is heavier than M "mesonic" states
each with one of the M quark-antiquark pairs. We
speculate that this mass spectrum (and its Lorentz
algebra) belongs to the (open) quark-binding string
with the addition of (22 —N) scalar fields

The Regge slope is n' = I/4zc for the open string.
We also speculate that the closed quark-binding
string has no fermionic states in its spectrum.

B. The quark-confining string

The quark-binding string model formulated in
Sec. II has an arbitrary constant 6 introduced as
a tension to prevent the quark fields from expand-
ing without bound. It is the analog of the MIT bag
constant (as a pressure) and the SLAG bubble
constant (as a surface tension). It may be the ef-
fective binding force of some quark-gluon inter-
actions, so that the quark-binding string can be
considered as a phenomenological description of
some quark-gluon interacting field theory. How-

ever, the present formalism is at best prelimi-
nary: There is no quark confinement; that is,
there are exotic states in the spectrum. Also the
presence of pure vibrational modes implies the
existence of hadronic states which have no quark
modes. Experimentally there is no evidence of
such states.

To improve the string model, we present our
second conj ecture.

Coejectlxe 2. Consider the following action
(without the constant 8):

gg~q- g . ~ 2jg —eA y'I ——F gF~~~

d'u ,

and F'~=0 at the ends of the string. A' = v'A'„
are non-Abelian gauge fields in the color SU(3)
adjoint representation. Quarks come in color
triplets. The index j refers to quark flavors.
They must obey the same constraints in Ta-

ble I as before to ensure the string is a closed
system. Fermion masses (MgP) can of course be
added if needed. " f'."is the group structure
constant

where T' is an SU(3) matrix, a =1,2, . . . , 8. This
model we refer to as the quark-confining string,
since only color-singlet states exist. If necessary,
we can also introduce any number of color-singlet
scalar fields into the Lagrangian

2- Z+ v'-g(&9 /&9 P, —~ p, '$, '). .

This may be necessary to saturate the Lorentz
algebra. Notice that the string constant 6 is not
included. Intuitively we see that there is no color
vector gluons, since F'z has only one component,
namely F,, =E'; A, can be removed by an appro-
priate gauge choice. This leaves only the
"Coulomb potential, "which provides an attractive
force along the string, very much like a tension
in the presence of quarks. Hence the spectrum
contains color-singlet states with quark and vibra-
tional excitations. In the absence of quarks, the
tension (i.e., Coulomb force) also disappears, so
that the scalar fields are not bound. Hence one
can hope that this relativistic invariant quark-
confining string model has only mesons and bary-
ons among its low-lying states; there are no
states which have only vibrational, color, and/or
scalar modes. At high energies, there also exist
color-singlet states with 3¹quarks plus M quark-
antiquark pairs. If the Regge intercept is positive,
which is probable, these states would have very
large widths (to decay to normal baryons and
mesons) and therefore would be very difficult to
observe.

We believe this quark-confining string, where
exact color symmetry and quark-binding (along
a line element) are put in by hand, offers enough
computational simplifications to make it a worth-
while approach for studying quark confinement.

We may also consider the Han-Nambu color. The
color gauge field involved is Abelian. One may
hope to solve this model exactly. In practice, it
is like putting the Schwinger model in a dynamical
curved space, which is embedded in Minkowski
space.

It is straightforward to write down the action:

S=
Jt d u"v'- g[g&g (&t8 e&A )gz—

,F' —8 —M g. |jI.]—
where, for the moment, we include the constant
C. The equations of motion are [see Fig. 2(a)]

g (is —eA )P= —i(kp+k, r/i)g+Mg,
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q(—I/5)

C&0
(a)

C=O

(c)

q(-l/3)

C=O
(b)

C=O

(d)

W

on string has a configuration shown in Fig. 2(c).
For the non-Abelian case, Figs. 2(d) and 2(e) may
also have to be considered. The coupling constant
e is the only dimensional parameter in the model
in the absence of the constant 8 and masses M;
(e& ~ e). In the presence of quark masses, the
Regge trajectories will not be linear for the low-
mass states.

For the case where (M/e)' «1, the system
should be solved in the absence of masses and the
mass terms should be treated perturbatively. For
the case (M/e)'»1, it is straightforward to show
(and is left as an exercise for the reader) that,
to the lowest-order approximation, the potential
between a quark and an antiquark rises linearly
V(~) ~r

ACKNOWLEDGMENTS

The author would like to thank his colleagues at
SI AC, especially R. Giles, for helpful discussions.
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FIG. 2. Quark-confining strings. In (c), 3 and 3 are
the Abelian color hypercharges.

APPENDIX A

The best way to show j,/~=0 is probably the
straightforward way. Let

where

+ pg+(22 9 —8)A )tpymp](( Equation (2.20) puts constraints among the four
components. Using the Dirac representation (2.15)
the constraints become

7 "=(e+,'F')g" + p,g (--.'zs' s,A~)p, -

and j is the index for quark types. Neglecting
the quark term in T ~, we see that, in the co-
ordinate

1+i(m,n„- m, n )

i(m, n, —m, n, )

1+i(m n, —m, n„)
Z — tO— W ~i(n m, -m n, )

where

= 6+ —'(E")' &0

Since the electric field (E') term is positive, we
can take 8 -0. The boundary conditions at the
ends of the string must be imposed to ensure the
system is closed:

E =0, at ends

6'~ =0.
V

This means each end of the string must end with a
quark (or an antiquark) as in Fig. 2(b). The bary-

m Plo +SZ3p

~r ~~+im~ ~l ~

and similarly for n, and n, „. Using Eqs. (2.6) and
(2.V), we obtain

Now

(-20+3 ' o'

=(A „Ar"
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Hence

where

—g+t8g —g )8~

&r~ a &-~a ~ 1+ft 0
-g un+&8 a

r p j+Vp

the parametrization. This is also related to the
fa,ct that our phase space is constrained. To see
this, let us consider the canonical momentum
6",= 5Z/5x' and the shifted coordinate

1-
&u ='rip ~~&P,r„s,p; .

Naively one may expect them to be independent.
However, they are constrained by the following
relations:

g+= 2Q Q+ 2z zq

= 2'U 'U + 226 K ~

l 2V Q-2Z zg

gq
= 2Q v —2' zp

where g (in j„)and g, can either be the same spinor
or different spinors.

APPENDIX B

T ~ can be chosen to be off-diagonal and sym-
metric if it is symmetric and has signature
(1, —1) to begin with. The proof is almost identi-
cal to that given for Ref. 8. Since g ~ is already
symmetric, we need to show 8 ~ is symmetric.
8 ~ is a tensor; hence it is sufficient to show that
it is symmetric at any given point in some co-
ordinate system. At any given point, we can
choose locally geodesic coordinates

g ~air 0.

Equation (3.2) becomes

It is then straightforward to show that 8"= 8" in
this coordinate system using the Dirac equation
(2.25) and Eq. (2.21). To show that T'~ has signa-
ture (1, —1) all we need is to show that det(T'~)
&0, where

det(T ~) = '-~ + —8 o. + det(e ~) .

e' y, =0,

8 (P "+C y y't' =0
1P

APPENDIX C

The Gauss-Codazzi equations involve the tor-
sion v which depends on the choice of the normals
n„and m . To verify the Gauss-Codazzi equa-
tions in the coordinates chosen, we first make an
explicit choice of n„and m, ; we then calculate all
the curvature tensors and the torsion and substitute
them directly into the equations.

The normal plane

U„„=n,m„- rn„n„

is invariant under the rotation

n -n cos8+ rn „sin8,

I - —n „sin8+ nz „cos8.
Let us choose n„such that n, =no+ n, = 0. (This is
a valid choice since n„ is spacelike. ) To do so,
it is convenient to introduce some notations. Ex-
plicitly Eq. (2.4) gives

a= VU, =2(x,x', -x,x,),
b= VU„=x,x'.-x~,'=p(x, -x,') =ps,

c= VU,2
= x+ x,' —x~x', =p(x,' —x, ) = —pt,

d = VU„= g(x, x' —x x', ) = 2p(x' —x ),

e = VU, =x x2- x2x',

f = VU 2
= xi x-' —x-xa

where

Dirac equation (2. 25) implies

2igf 9,/=0, Note that

and the lightlike currents (Appendix A) imply the
vanishing of the last term. Since g ~ also has
signature (1, —1) then

det(T ~) = —&0.

and

bf = ad+ ce

+s +AV=
2

That T ~ can be chosen to be off-diagonal is, of
course, due to the arbitrariness in the choice of

= d —40 —58 —cf.2 1 2

Now it is straightforward to construct n, m „ in
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terms of g, x' '.

n „=(n„n, n„n2)

1
=(b, „,/, (O, a, b, c),b+c j

1
2V (b2+ c2)& /2

x (2b'+ 2c', a'+ 2be + 2cf, ba+ 2cd, ac —2bd).

Using Eq. (3.11), we now obtain

II+ N

11
(

2 + f2)1/2

sx~ —tx2
s'+P)'" '

tx2 —sx~
Vp

= —SPY ~5 S +t

s'+ t' V

It is clear that the second Gauss-Codazzi equa-
tion (3.15) is satisfied.

The first Gauss-Codazzi equation (3.14) can also
be verified easily once we obtain the other com-
ponents of the curvature tensors. They are, using
Eq. (3.10),

h
sx', —tÃ2

00
( 2+ f2)l/2 7

1 ~ 1 ~ ~

loo
V( 2 + P)l /, (A V - 2 A V - VV),

where

V= 22+ tx, + sx2.

For the record, we note that the "mean curvature"
is given by

( e2 + yt2)1 /2A
2V& 1 2

APPENDIX D

Given the commutators among the independent
operators a„, e„, b, d~, q, , q, ap, and ap, all
commutators can be calculated. We give some of
the useful ones.

[Q/, b) ]=5,,bt„,

[Q„d', ]=- b,,dt„,

[2„,a, ] =- la„„,
[2„,b„]=- (m+-,'n) b„.„,
[2„,b„'] = (m - ~2) b' „,
[2„,c,] =- lc„„,

i
l-i +

( +)2 i

(
3 )(2N+1)

tip sl 12

(n' —n)
+Q

n -m

where N is the number of quark fields. The con-
stant terms in the last two commutators play the
same role as c-number Schwinger terms.
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