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We suggest that it is a reasonable approximation to consider the bosons and fermions found
in nature as the normal modes of an underlying field theory which is invariant under gauge
transformations of the second kind. The field theories for the boson and fermion “trajector-
ies” contain an infinite number of fields with bilinear interactions between nearest neighbors
in the index space of the finite-dimensional (5% ,3%) representations of the Lorentz group.
When we turn on the electromagnetic field, we find that the physical particles have form fac-
tors. We discuss the connection between the bare masses of the underlying fields and the
masses and form factors of the physical particles. We show how to choose the bare masses
so that the physical particles lie on asymptotically linearly rising Regge trajectories. We ex-
pand our space to include isospin and trajectory normality, and construct a Lagrangian which
contains both the 7 and p trajectories. From this Lagrangian, we then find the vector and
axial-vector currents, and show that these currents obey the chiral SU(2)® SU(2) algebra.

By postulating that scattering is the absorption and emission of external quanta by the under-
lying fields, and that the external p and T mesons couple to the underlying fields via the vector
and axial-vector currents, we are able to give rules for calculating, in the narrow-resonance
approximation (only tree diagrams), any N-point function, where all but two of the external
legs are m, p, or A; mesons. We also can calculate any particle + current — particle +current
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amplitude in that approximation.

I. INTRODUCTION

Recent attempts to understand duality, whether
in terms of finite-energy sum rules,! or in terms
of Veneziano-type models,?** suggest that the gross
features of a scattering amplitude are reproduced
by exchanging an infinite number of narrow reso-
nances lying on Regge trajectories as long as a
large number of satellites is included. Some at-
tempts at understanding vW, and W,, the structure
functions for inelastic electroproduction, suggest
that this approximation is also reasonable for the
off-mass-shell Compton scattering amplitude.*'5
Given the fact that an infinite number of resonances
can approximate amplitudes reasonably well, one
would like to get some physical intuition as to how
the resonances arise and what the dynamics of
scattering is. In an effort to give a physical pic-
ture of the Veneziano model (and at the same time
“explain” the particle spectrum) several people
have proposed that the physical particles are the
excitations of a quark-antiquark system (or three-
quark system) which is bound by rubber-band
forces.5'7 In this picture, the states are the nor-
mal modes of the “rubber band” to first approxima-
tion. Scattering is thought of as the absorption of
an external quantum, the excitation of all the nor-
mal modes, and subsequent emission of quanta

4

with deexcitation. This picture leads directly to
the Veneziano model. The main problem with the
Veneziano picture has been the absence of good
models for scattering processes such as 7N - 7N.
The problems of spin and isospin were overwhelm-
ing, and there were also technical problems such
as ghosts.

In 1966, before “duality” was discovered, Nambu
investigated the question of whether wave equations
exist which describe an infinite number of particles
with reasonable spectra and electromagnetic form
factors.® He considered fields which were infinite-
sum fields of the type J,, ®(3k, 3k), where (3%, 3k)
stands for the (3%, 3k) representation of the Lor-
entz group, i.e., a symmetric traceless tensor of
k indices. His fields obeyed a first-order wave
equation which implied that the source of the
(3k, 3k) field was the fields (3(k+1), 2(k+1)) and
(z(k—=1), 5(k—1)). Thus with each point in space-
time there was associated a one-dimensional lat-
tice in Lorentz-index space with nearest-neighbor
interactions. Nambu restricted his attention to
wave equations which could be solved by group-
theoretic means. The theories he studied had non-
realistic hydrogenlike spectra (accumulation point)
and hydrogenlike form factors for the particles.
The first-order wave equations also had the prob-
lem of not having a positive definite probability
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density. Nambu’s work showed that a rich particle
spectrum, with a particle having intrinsic struc-
ture, could be obtained by an underlying field the-
ory with nearest-neighbor interactions.

Recently Chodos and Haymaker showed that one
could choose non-group-theoretic masses for the
underlying fields which would result in the phys-
ical particles lying on Regge trajectories which
were asymptotically linear.® In that paper differ-
ence-equation techniques were developed for di-
agonalizing the wave equation of Nambu.

In a recent paper of the authors,™ it was shown
that the first-order wave equation had certain
gauge transformation properties. These proper-
ties led us to consider Lagrangian field theories
which were invariant under the same transforma-
tions as the wave equations. The canonical field-
theory aspects of these theories were explored in
that paper. These new Lagrangians lead to second-
order wave equations which admit solutions which
have particles lying on rising Regge trajectories,
as well as having a positive definite probability
density. Even more important, there is a pressing
aesthetic reason to consider these field theories.
We will show in Sec. II that if we ask that a theory
with nonzero bare-mass fields be gauge invariant
of the second kind, we are automatically led to
consider field theories which contain an infinite
number of fields coupled with nearest-neighbor
bilinear interactions. By letting the fields take on
an extra spinor index (Rarita-Schwinger fields),
we are able to consider similar Lagrangians for
fermions as well.

We then go on in Secs. III-V to diagonalize the
second-order wave equations for bosons and show
the connection between the parameters of the
underlying field theory and the masses and form
factors of the physical particles. Specifically we
give one choice of parameters which result in the
physical particle lying on asymptotically linearly
rising Regge trajectories. In the Lagrangian
framework it is easy to introduce electromagnetic
interactions via minimal coupling. We show how
the form factors, diagonal and off-diagonal, de-
pend on the input parameters. The diagonal form
factors are given in terms of a power series in
the (3 + 1)-dimensional Legendre polynomials and
their derivatives.

In order to discuss the physical 7 and p trajec-
tories, we generalize our fields in Sec. VI to have
two additional indices, i (=1, 2, 3) corresponding to
isospin one and 7 (=0, 1) corresponding to the
normality of the p, 7 trajectory P=(-1)'*", With
these additional indices we look at two rotations
in the (¢,7) space and determine the vector and
axial-vector current. We show that the vector and
axial-vector currents generate chiral SU(2)& SU(2)
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algebra.

Since we are considering the underlying fields
as the fundamental entities, we picture scattering
as taking place the same way as in Susskind’g
rubber-band picture of the Veneziano model®-it is
merely the absorption and emission of external
quanta by the underlying fields, the Regge poles
being the propagated normal-mode excitations.

We obtain the vertices by postulating that the ex-
ternal photon couples to the electromagnetic cur-
rent, the external p couples to the isospin current
and the external pion couples to the divergence of
the axial-vector current of the underlying field
theory.

We then show that we can generate in the narrow-
resonance approximation all the tree diagrams for
the 4-point processes:

jp+A"ju+B7

‘7 ) m
pr+A-<{ p’s+B,
A, A,

(1.1)

where j, is either a vector or an axial-vector cur-
rent, A and B are arbitrary particles on the 7 or
p trajectories. We also give rules for calculating
the N-point functions when the external particles
are 7 or por A, in the tree-diagram narrow-res-
onance approximation.

Although we know the vector-and axial-vector-
current matrix elements in principle, in practice
they depend on the coefficients which are used to
expand the underlying fields in terms of physical
particle fields. These coefficients are solutions to
second-order difference equations, and we lack
explicit expressions for them except in particular
cases. In general we shall be forced to resort to
solving for them numerically. Thus we will never
get simple formulas for scattering, like the Vene-
ziano model; we have achieved a certain theoret-
ical simplicity at the expense of rather complicated
expressions for the final amplitudes.

We will devote most of this paper to a discussion
of the boson Lagrangians. A complete discussion
of the fermion field theories will be deferred to a
later paper.

II. GAUGE INVARIANCE OF THE SECOND KIND
AND INFINITE - COMPONENT FIELD THEORY

In this section we show how gauge invariance of
the second kind forces the introduction of an infin-
ite number of fields with bilinear interactions
among them.

Let us start with a massless spin-zero theory.
The Lagrangian for that theory is

L£=39,¢d"¢. (2.1)
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We notice that this theory is invariant under the
constant translation ¢(x)—~ ¢ (x)+a.

By the usual arguments of Gell-Mann and Lévy™
this tells us that there is a conserved current

0L
i —— =k
J éaua(x) ¢

such that 8, j* =0, i.e., C2p =0. Corresponding to
this conservation law, there is also a charge which
is the generator of the transformation:

sz.7°d3x=f 8°¢d3x=f7rd3x

such that

(2.2)

1% (x)em® =g (x) +a . (2.2a)

This invariance under a constant transformation

is referred to as gauge invariance of the first kind.
Suppose we ask what field or fields must we in-

troduce so that £ is invariant under the nonconstant

transformation

@)= @(x)+alx). (2.3)
Under this transformation we find

0L =28,¢98"a(x). (2.32)

Let us now introduce a vector field ¢, (x) which in-
teracts with ¢ such that £, =md,¢p¢"; i.e., we
consider

£:§(3u(p+ me o' g+ mo*). (2.4)
If we make the simultaneous transformations

()=o) +alx),
1 (2.3%)
Q" (x) = @# (,\')—;n— a*a(x),

then we find £~ £. We see this Lagrangian

[Eq. (2.4)] introduces the bilinear interaction
md, pp" as a consequence of the gauge invariance
of the quantity G*=9"¢ + me*.

This discussion is very similar to the treatment
of gauge invariance of the second kind in quantum
electrodynamics (QED).!? There one starts with the
fermion Lagrangian,

L=Pliy-a-m), (2.5)

which is invariant under ¢ — ¢~y and § - e,
with o constant. If we now let @ =a(x), we obtain

6£=e$y“ip6ua(x). (2.6)

Thus to obtain gauge invariance of the second kind,
one introduces the field A*(x), with interaction

edy"PA, (x)
such that
A* <~ A~ 3ra(x) 2.7)

when ¢~ e-#¢®)y, If we now require that the free
Lagrangian for the field A* or ¢" be gauge-invari-
ant of the second kind we are led to introduce the
term

£frec=-é(a“Ay—aI’A“)(auAl/- aUAu)' (2-8)

In the case of QED this requirement is the same as
saying that A* is massless since mzA“Au is not
gauge-invariant. Thus gauge invariance of the sec-
ond kind for the above fermion Lagrangian “re-
quires” the introduction of a zero-mass particle,
the photon.

Suppose, however, we add the kinetic term

- 38" = 8" 9" )0,9,-03,9,) (2.8a)

to our boson Lagrangian. Then we have
£=%(8u<p + m(p“)(i')“(p +mot)
- 3(okp" - 8" ") (0,0,-8,9,). (2.9)

But this is the Stueckelberg formalism for describ-
ing a particle of mass m and spin one, and nothing
else.’® To see this one lets mA,= mg,+8,¢.
Then

L£'==3(3"A"-08"A")(8,A,-8,A )+ 3m?A A" .
This is the ordinary Lagrangian for a field of spin
one and mass m. We notice that the gauge invari-
ance in this theory is “spurious”. That is, we can
introduce a new field A* which expresses the full
content of the “gauge-invariant” theory, but whose
Lagrangian admits no gauge group.

Let us instead choose for the kinetic term

_é(au<pv+ By‘pu)(au(pu+ 3u‘ﬂu)y (2-10)

or, so that we have an irreducible representation
of the Lorentz group,

- 20 g 0" ~ 5 gV 0,9")
X (au(/)ll+au§0u_ %guvax‘px) .
(2.11)

Then this new piece is not gauge-invariant under
1
B(y) =~ @M (y) =— gH
@*(x) =~ o (x) a(x)
since

6£=%n8"<p"6ﬁ,‘,"d>\aca(x), (2.12)
and we have to introduce a new field ¢, with bi-
linear coupling £, =¢,,04%8"¢° (where 847 is the
projection operator onto the space of traceless
symmetric tensors). This makes the second term
gauge-invariant of the second kind. That is, we
have for the second term

_%(auwu"'au(pu_ %gpua)\(P)\+m2(puu)2’ (2'13)
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which is invariant under way to obtain a theory which is gauge-invariant of
u u 1 ., the second kind where the gauge fields have mass
¢H )~ @t ) - m, draln, is to continually introduce the symmetric deriva-
(2.14) tive kinetic term. Thus we are led to consider
QP (x) - @HV (x) + BKY 92 9%a(x). theories with an infinite number of gauge fields
myma @H1" " "HFe which are symmetric and traceless and
Again, if we introduce the kinetic term for ¢*” in are the (3k, 3k) representations of the Lorentz
a gauge-invariant way, we can remove the gauge group. The full action can be expressed as follows:
invariance by a redefinition of the fields. The only
il
W= [t DG O 0, 0y O Py ) T EGM G (2.15)

Here 7, is (~1)**! and is necessary to make the mass-term contribution to 7 % have the correct sign, and
65:3 .. ,‘j: is the projection operator for making tensors symmetric and traceless (the unit operator in the
(3%, 3k) representation of the Lorentz group). A preliminary study of this field theory was given in an
earlier paper.'® Clearly this Lagrangian is invariant under the gauge transformations of the second kind,

Py - .,,k(x)-»(p,,l. .. ,,k(x)+y,,6{§i: Siipay - -9, Alx), (2.16)

provided y,+ &, V51 = 0.

The presence of gauge invariance leads (as we shall see) to the absence of spin-zero states. This is fine
if we are looking at the p Regge trajectory. In order to include the possibility of 7 mesons we must relax
our stringent requirement that the Lagrangian be invariant under arbitrary gauge transformations. We look
instead at Lagrangians invariant under restricted gauge transformations, or gauge transformations in which

the gauge function A(x) obeys the Klein-Gordon equation. This allows us to add a third term in defining
Gt v,

Specifically we consider Lagrangians of the form

£= E;o[n,,c"x‘ BRI, @y TPy, B Py ) - MGG, ] (2.17)
This Lagrangian is invariant under the infinite set of gauge transformations

Py ey =@y uk(x)+y{; IR L N PSR b, (), (2.18)
provided

@2+ mAV,(x)=0, 5, V"1 "Vi(x)=0
and

mP? =i+ Dk+i+2) Y,
- 21 (k+ 1) BeYas1+Qp¥atyy-1=0.

III. BOSON FIELD THEORIES

In this section we will discuss in detail the physical attributes of the normal modes of the two boson La-
grangian field theories, i.e., the masses and electromagnetic form factors of the physical particles. The
problem of finding the masses of the normal modes is equivalent to solving a second-order difference
equation with the boundary condition that the physical states are normalizable. This boundary condition
leads to an eigenvalue problem which we can solve explicitly for particular choices of the input parameters
a, and B,. For arbitrary choices of a, and g, we can discuss the asymptotic behavior of the leading
Regge trajectory for large j. The method of finding the eigenvalues is an extension of the techniques of
Ref. 9. The canonical field-theory aspects of these boson Lagrangians have already been discussed in
Ref. 10.

The Lagrangian, Eq. (2.17), leads to the following first-order field equations:
Meer @G "’H’Th-xﬁk-légi: . v 3G"" " =0, @, G T e

(3.1)
Gupe e vy, S0P I8, @y v, - .,,k+B,,8)‘<p,\,,l. Cewy
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which we write in shorthand as
8-GM* 1+ (Th- /leu Br-1 608G 1= (Wk/ﬂku akG ’ (3.2)

G*=009" '+ a,p"+ B, 00"

This gives the following second-order equation for ¢*:

1 2 & B\ e, [ Ng= Ny
@ 608-*+ 118,-,2680- p* - a, ot
k+1 +<k+1> <n,z” k=1 n k

R+1

M= Mg .
=‘/3k+13'3"l)“2+( < kBk_ak+l>a <Pk+1+(n a,= Bk—lak-)éa‘pk- - Br-1080¢,5 -
UITS! Ne+1 Ne+1 Ne+1

(3.3)

These equations also describe the totally gauge-invariant Lagrangian [Eq. (2.15)] when we set 3,=0. Here
we see that the fields G, obey first-order wave equations with nearest-neighbor coupling in the Lorentz-
index lattice, whereas when g#0 ¢ has both nearest and next-nearest interactions. We also see that for
the mass of the bare field (when the couplings are assumed to vanish) to be real, n,/n,,,=-1. If we look
at how «,? enters T%, we see in fact that we need n, =(= 1)**'.

We now assume that there exists an infinite number of free fields, labeled by an index N=0,1,2,... of
definite spin j and mass m,; which correspond to the normal modes of the underlying set of coupled fields.
These fields

q'oﬁ'l. e (x)
therefore satisfy the equations
(mES my2)p"=0 and 8“1(0{1"1‘,2. .. u,-(x) =0 (8.4)

as well as being symmetric and traceless in the indices {u,- - - ;). Interms of creation and destruction
operators, we can expand <'p as

W= [Tt € s palbd s N+ G (05 N (39)
where
[a(b jy s, N, a"(p"y 37y 8"y N = 2po0*(p= )01, 05518 (3.6)
(and similarly for 4 and 5*) and where the ¢, uj(p, s) are the polarization vectors for a spin-j particle,

as given for example by Scadron.*
We now decompose our canonical gauge fields ¢ and G in terms of the normal modes &:

pr = 5 5 T LS R LA 3.7
and
GHM1t e Z) Z b(NJ)G[Jl ;1,281114’l ayk(.Pl,v,l..-uj- (38)
N=0j=<k

The requirement that the &, diagonalize the field equations [i.e., that the Eqs. (3.1) hold separately for
each component &7,] leads to the following relations between the Myj, a(”” b(”“, and the parameters of the
underlying field theory «, and g,:

_mwy® (k+j+2)(k=j+1)

2 (E+17 b(klijl)nk-u == nk—lBk—lbgzjl)+ Ne QO bLNj) (3.92)
and
) myi? (B=j+1)(k+j+2) ;
bi’v”= i)+ a, dV - g’ J "+ 17 . L alti) (3.9b)

When g+#0, (3.8)isa second-order homogeneous difference equation for the %), and (3.9) is a second-order

inhomogeneous difference equation for a(N’). For 3=0, we have two first-order difference equations which
are easily solved.
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The boundary conditions on the difference equation can be expressed as an eigenvalue problem for the
my;, the allowed masses of the physical particles. These boundary conditions are

a(:’j)szNj)___O’ for k<j (3.10a)

[74(), 9" (W), -y, ==i0°(x =), (3.10b)
and

(@3 Ui(x)y @y ooy, W= =80y PRI (Y= 3), (3.10¢)

where 7* is the canonical momentum conjugate to ¢*, as derived from the Lagrangian (2.19):

A . e X
. = e + O L .. k=1 Gy ...
Tye o * by nkG“l My 10 N2 Pr-2 My Heeqt Engm0bny A

(3.11)

k=27

and P is the projection operator

3 ip e (xm v) PRERETR
Pz;:::z;:(x-y):}'_jJ'(—Z—nd)T’z’E[e'fP'<x-ﬂegl...,,j (p, )e's™ Vi lp, 8) = e * Ve, (b, )T i (py 8]
(3.12)

Equations (3.10a) are the “initial” conditions for £=j. Equation (3.10b), when expanded using (3.7) and (3.8),
gives us a sum over N and j for fixed k; thus it is not a boundary condition on a single one of the difference
equations (3.9), but is rather a completeness sum over all the solutions. In Eq. (3.10c), if we knew the in-
verse of the expansions (3.7) and (3.8), we would indeed have a sum over k for fixed N and j, which would
provide bounds of the growth of a{¥¥) and b{"¥¥) for large k.

To avoid this rather cumbersome program, we make use of the fact that for charged bosons (3.10) leads
to

(@, p(x) = -edlx), [Q,9"()]=ep"(x). (3.13)

Here @ is the electromagnetic charge operator fj"(x)de determined from the original Lagrangian, Eq.
(2.17), by the principle of minimal coupling. This implies, for normalizable states |Nj), that

(Njp|QINjp')=2p,ed*(p —p'). (3.14)

When we first expand @ in terms of the gauge fields ¢ and G, and then expand the ¢ and G in terms of phys-
ical-state operators, we shall obtain a normalization sum over the a{¥/”’s and b{¥/)’s. We get

Loyt CDGUE (kg )= 1)1
k=j

; . ; i
P Gl [enif LA B Gl (3.15)
as we shall show below. (Here we have assumed all the ¢’s and b’s real for simplicity.)

We shall also find that the expression b{¥’a{"?) +3, b{¥)a{¥J) contains a factor of (1)’ which cancels the
(-1) that appears explicitly in (3.13). Thus we avoid one of the problems that plagued the first-order La-
grangian of Nambu, which had the structure

L=9(8,L* +m)yp
and which predicted that the matrix elements (pj |J°|pj) were proportional to (-1)/. We have instead a
second-order Lagrangian, and the problem seems to disappear.

We now proceed explicitly to make our fields charged. In addition to allowing us to calculate (3.14), this
will also enable us to show that the physical states have intrinsic form factors. We shall give expressions
for the form factors and the transition matrix elements of j, (x) as a series in k involving the a{*?, b{¥¥),
and the (3 +1)-dimensional Legendre polynomials iny=p - p'/|pl|lp’|, |p|=m and |p’'|=m".

To introduce charge one must double the space by introducing two Hermitian fields ¢* and ¢%, or what
is more commonly done, one introduces the non-Hermitian fields ¢, and (p,’; which are eigenstates of the
charge operator Q. In terms of the complex fields ¢* and (,0” we can write the Lagrangian as

£=3 ,?o[mG”(éam-l + 0Py B0 * s ) + (000, + 0 0] 48,0 * 0l )GF] = 3 1, G*TG,,. (3.16)
- kR

=0
We notice that this Lagrangian is invariant under the constant phase transformation
Vr~eT %y, Gp=eTiG,,

. (3.17)
pl-eipl, Gl-e'*G].
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Thus by the argument of Gell-Mann and Lévy, there is a conserved current
j,J:ég—f; such that 3,j#=0 (3.18)

and @ = [j%?x is the generator of the above phase transformation. That is,

[@,¢]=-¢ and [Q,¢T]=¢". (3.19)

This shows that ¢ destroys charge and <pT creates charge. Letting @ =a(x) and using Eq. (3.16), we obtain

g WG VR, L BT REG L — ] G RSB G L 0 ]

NlN.

j*(x)

(3.20)

One can easily verify that this current is conserved and that @ satisfies Eqs. (3.19) by using Eq. (3.11).

We should like to have an expression for all diagonal and transition matrix elements between physical
states a"(Njsp)|0), which we designate by |Njsp). Using equations (3.20), (3.5), (3.6), (3.7), and (3.8),
we obtain

. 1 PpYegfonfmi?
(N’j’p’s' Uu(x)ll\r]ps):(zﬂ)aei(p -9) "(z)’ i

xkz 6“‘ tol Vn "h+l [(b*(N i) (Nj) +Bk a’;ﬁ”{"')bﬁﬂj))i*"‘ e "!'(p', S,)eul e u,(p’ s)
X P gy ey (@ DD B a)
X €N Vi(p,s)ed .. u,'(p,’ s )plsies -p”k“PLJ,“' IR
(3.21)

We show in Appendix A that

. . L (ormpres( gy gims" AV
N5p'S! 13 ) INps) =y () 0 Ty

Ik i’ mh Fi
XZm ok-ik-jrl {m bk+lak+‘3kakrlb )[(k+1 R HCEH Y +1)1(k+j5' +2)'J1/2

X[D(i(kﬂ),%(kﬂ))(L-l(pr))LuD(%k.%h)(L(p))L's, ’s
= M(@¥ Dy, +BybL @y N[k =) (R +5" + 1)1 (R —j + 1)1 (k+j +2)1 ]2
X[D(ik,ih)(L—l(pl))LuD(%(lu l).%(k+1))(L(p))]jlsl,js}' (3.22)

Here b'=b"W'i") etc. The form factors are thus given by

(Njp's’ lj”(x)Iij8)=(2 E et op) ((21])1({)11)2

Z(k -1)
X Enk 9r-j*1 (k J)'(k+] +1)'[(k+1 -])(k+] +2)]'/2Re(b,,+lak+3,,ak“ k)
k=f

x[D(%(kn).%(kn))(L-l(pr))LuD(%k- %k)(L(p))

_ D(%k, %k)(L-x(pr))LuD(§(k+1).i(k+1))(L(p))L,s,.js . (3.23)

For j =0 we can express this very simply. Using the fact that

v ’ y R+l
Frp=obiillbaplieeevipl coepl = [p|* [p' [ ZmP,(y), (3.24)

where
sinh(k+1)6

— = p'p' b1 cinho
% _coshe-——lpl p7]’ Pk(')')_(k+1)sinh9’
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and that
By LT p e e = zuF

1 k{p'“ bl b P PL) +p* (D P2 [ RPL0) —vPL]},  (3.25)

we find

1 .
(Nj=°P'|j“(x)|Nj=0P>=‘(21T_)3(PH+P'“)€“’ bz

had 2k
X 3o ’;f [(k+1)Ppy () + Pon /01 =7) | Re(OX P a(™ +8, Y 0iM) .
k=0

(3.26)

Thus we obtain an expression for the form factor as a power series in the (3 +1)-dimensional Legendre
polynomials. To obtain the charge, we set i =0 in Eq. (3.23) and use

Liqae1 g0 = =3l +1=3)(k+j +2)]%5,,:6,,1

(3.27)
Lg'l-l jo.,kj'c’ =%[(k+ 1 _])(k “"j +2)]l/26“'6001
to obtain
(Nips|i°w) | Njps) =iy et @' -#2x(-1y7 U0
(2 ) @j+1!
m2k=1) (p 1 : :
X E"» = ([(k 7;),;2 (k+j +2)! Re(bF N af¥” 18, a Vb)), (3.28)
Thus the normalization condition on the a,(t” 9 is
—~_ mAD (h—j1)! ( .
— . ; ) (N§)p(Nj)
1=(-1) (2] 1), Z T T (G DIT (k+j+2) Re(bE N glNi) 4 B ax NDpNI) (3.28a)
as we recorded above in Eq. (3.15).
r
IV. FULLY GAUGE - INVARIANT THEORY sections, we introduce the expansions
We turn now to a more detailed examination of > d¥) e ¢(,-”) (4.5)
theories governed by the Lagrangian defined in Nisk
(2.15). and
£ =’§lm[ck(oa¢k~l +0,0,) = 2G*G,). (4.1) G,= i ,-sz B 5= 1) ) (4.6)

As mentioned in Sec. II, this type of theory is in-
variant under the gauge transformation

<Pk"‘l)k+7k53ul'“aukA(x) (4.2)
provided
Yro1 @Y =0. (4.2a)

The equations of motion that follow from (4.1)
are

Gp=00¢,_; +a, ¢, (4.3)
and
a'Gk-&L:ahngk, (4.4)

with &, =1, /My, = -1.
Following the general philosophy of the preceding

where the %) are the normal modes of the field
theory. By demanding that Egs. (4.3) and (4.4) hold
for each normal mode separately, we obtain the
difference equations

b= W s @, gD (4.7
and
- ( mgfz) (k-j Zlir)(lk):j +2) BN = g, B
(4.8)
In these equations, the boundary conditions
ai~1)= b&”")=0, k<j (4.9)

are to be understood. Solving (4.8) first, we have
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. 2 \*9 /Rl (2j+1)! ik ) j
(N3) = AR W G 2 L PN
O (m) <ﬂ><k-j>!(k+j+1>! (:I},-"" ’

(4.10)

[Note that [Tz}, is defined to be (1/a)II}-,a,
=1.] The solution to (4.7) is then

. fR=i 1
ai"”=<—1)*‘f<n o )
1=0 i+
j

k= -
x [bg”“* 2(—1)%(]_1\1;’)(1110{#9)] . (4.11)
r= »=0
We now define
. k= 2 Y [(r+ )\
() 2)=1 - \r+))
fk (mNj) +;< m~j2>< ;! )
(2_]+ 1), r=1 2
rir+2j+ 1) L (@)
(4.12)
and rewrite (4.11) as
. WELTA | R
(N5) = - = \pWNi)) )
@’ =17 ]<II=Io ozj+z>bjm 13 (my 2) . (4.13)

With the help of these formal solutions to the equa-
tions of motion, we shall now explore the proper-
ties of various systems determined by specific
choices of the input parameters «,. In particular,
we shall discuss the following four cases:

A. An uncoupled theory (with alternate a,’s =0)
which possesses a single trajectory and point form
factors;

B. A coupled theory (i.e., no «,=0) in which a,
behaves like the 1/k for large k, which possesses
a leading trajectory and an infinite family of satel-
lites, and which has structured form factors;

C. As we increase the o, to behave like 1/VEk,
we shall find that there are only a finite number of
bound states;

D. Finally, if we take all the «,=const, the
bound-state spectrum disappears entirely.

A. Uncoupled Theory

We can simultaneously destroy the gauge invari-
ance and the nearest-neighbor coupling of the the-
ory by choosing some of the @,=0. To be specific,
let us consider the situation:

a,#0, %k odd, (4.14)
a,=0, keven.

There are then three distinct possibilities:

Case 1. j even, m,® #0. Then from (4.7) we
immediately have 5*”=a;a/¥"=0 (since @, =0) so
that

b =aW=0 for all k. (4.15)

That is, there are no massive even-spin particles

4
in the theory.
Case 2. j odd, m,? #0. In this case one can
readily verify that the solutions are
p')= arbitrary constant
! ’ (4.16)

G) = )=
b =aP=b,/a;,

and 5{’=4{’=0, otherwise. The mass eigenvalue
condition is

m2=a2(j+1). (4.17)

Thus there is one particle with each odd-integer
value of spin, i.e., a single trajectory with odd
signature. From (4.16), however, we learn that
the expression for the form factor of a spin- j par-
ticle has only one term [only k= j contributes in
Eq. (3.23)]. In fact at zero momentum transfer we
get

<p’j|fdod3xlpj>=2poé”(p-p’)
_Gne_1

T 9i-1

[6,126%(p—p") (4.18)
J

so that the choice |b;|> =27m;?/(j!)? properly nor-
malizes the electromagnetic current. This is a
noninteracting theory; there is no gauge invari-
ance, there is no coupling between nearest neigh-
bors, and the form factors have no structure.

Case 3. We mention before proceeding to the
next choice of a,’s that in addition to the massive
solutions we have found, there exist an infinity of
massless solutions for each spin. Putting m >=0
in (4.8), we see that 5*”’=0 for k odd and }"”’
=arbitrary for % even.

If j is even, we learn in addition from (4.7) that
»¥9=0; but then all other 4*/’are unconstrained
for even k. The 4" are given by

a; == aj+1bj+2 ’

;415040
_ (4.19)
Ajrp == Qje3bjia,
aj,3=b;,.,, etc.
The case j odd, m ,?=0 is similar.

B. Coupled Theory with an Infinite
Number of Bound States

We shall now examine a particular theory with
all the o, nonzero. This has the effect of restor-
ing gauge invariance, and of coupling each field to
both of its nearest neighbors. We see immediately
that all massless solutions have disappeared, since
from (4.8) and (4.7) the only solution for m ,?=0 is
a=p¥=0 for all k. We shall also see below
that the form factors have acquired structure.

To be specific, we choose

a,=a/(k+1). (4.20)



4 GAUGE FIELD THEORY OF PARTICLES. I.

We insert this choice into our general formulas
(4.10), (4.12), and (4.13). We have, in (4.12),

b j .
) 2y _ , (2j+1)
I3 (m )= ,_Z;Z rir+2j+1)1° (4.21)
with
z2==2a%/m . (4.22)

We also define, at this point, the limit function

) =1lim @ (m,?). (4.23)

In our casek _;:e have
-F, g e
fot}l I,;,2V2), (4.24a)

where / is the modified Bessel function.

Unlike Case A, there is now an intimate connec-
tion between the allowed mass spectrum and the
structure of the form factor. Specifically, if we
calculate the form factor of a given state at zero
momentum transfer, we find

(Njs|Jy|Njs)

1
(200

1
(1P 55=
J 24 lmN

,b(ij)lz ng)(mm_z) .
i R=j

(4.25)

If |Njs) is a true bound state, i.e., if its norm is
finite, then the sum on the right-hand side of (4.25)
must converge. But )., 9 can converge only if

lim £ (m,?) = f9(z)=0, (4.26)
R — o0
i.e., we are looking for zeros of f)(z). Using the
asymptotic form of the Bessel function, we con-
clude from (4.24a) that the criterion for bound
states is

z==[N+j+2]?in?, N an integer, (4.27)
for (N+j) large. From (4.22) this is
8 2
myt= p_~ — (N+j+ 22, (4.27a)

e., the mass spectrum falls quadratically.

Notice that since we now have an infinite number
of nonzero a,’s and b,’s, the form factor at arbi-
trary momentum transfer /, as calculated from
(3.23), is an infinite series in {. Thus we have
nontrivial vertex structure as a consequence of the
infinite coupling of the theory.

C. Theory with a Finite Number of Zeros
Let us choose

a,=alk+p+112/(k+1). (4.28)
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Then

gy 25+ D Sz (r+j+B)
1@ = ,Z;r! re2j+ 1"

For j+ 1<, the series (4.29) can be represented
as a polynomial times an exponential, i.e.,

f(f)(z) =(P(j,ﬂ)(z)ez

(4.29)

(4.30)

where (P‘”"”(z) is the polynomial

e )

(4.31)
Thus we have, for example,
@62 8>(z)— 5(2+2p-2) (4.32)
and
(P(e-s.e)(z)z 1

(28-3)(28-4)
x [22+2(28-3)z+ (28— 3)(23- 4)]

(4.33)

In general, ®Y:8) is a polynomial of degree g—j—1

and therefore we expect 8- j— 1 bound states for

spin j. From (4.32) and (4.33) we learn that there

is one bound state at

z==2(8-1)
for spin j_,,=B~-2, and two bound states at
__(ZB__ 3)1/2[(25— 3)1/2 + 1]

for spin j,,,,—1. Using the definition of z, (4.22),
we have
2

a
B-1

M2 (o) = (4.34)
and

2a? 1
(26‘ 3)1/2 (26_3)1/2i1 .

m E(jmax=1) = (4.35)

Notice that

m+2(jmax—1) < mz(jmax) < m‘z(jmax— l)

so that, on the leading trajectory, the higher spin
has the greater mass.

It is of course impossible in a theory with a fin-
ite number of bound states to ask for the asymp-
totic behavior of the trajectory. However, from
(4.34), we see that

az

+1

max

M (o) =

so that, as we increase Jmaxe the leading mass goes
to zero as 1/j,,,.

Finally, we remark that the existence of a struc-
tured form factor is independent of the existence
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of an infinite number of bound states. As we can
see from (3.23), all that is required is that there
be an infinite number of 4"’ and 5**’ for fixed
(Nj), which is true in our case even though the
number of bound states over which (N j) can range
is finite.

D. Theory with Constant Input Masses

Having treated cases where «,~ 1/k and a,~ 1Nk,
we now examine the situation

a,=a forall k. (4.36)
We have in (4.12)

i oy 1 [r+)2 25+ 1)1
frf)f(m;v)"rz:;(z) r!(7+2j+1)! (j!)2

and the limit function

FN2) =, F,(j+1,j+1;2j+2;2). (4.38)

(4.37)

This is only true, however, inside the radius of
convergence of the series (4.37), whichis [z[=1.
For |z|>1 the limit function does not exist. The
criterion for a bound state is that f4)(z) in (4.38)
be zero. We now show, however, that there are
no zeros of (4.38) for -1 <z<1.

The demonstration is a simple consequence of
an integral representation for the hypergeometric
function, namely,

2+ DIt
f(2)= G j; dx

Clearly for -1 <z <1, the integrand in (4.39) is
positive, and hence f%)(z) >0; i.e., there are no
zeros in that range.

xI(1=x)

(—I——W (4.39)

E. General Comments

In this section we have gathered some data on
the nature of particular bound-state spectra. What
further conclusions can we draw?

First, let us remark that although we have un-
earthed several different kinds of spectra, the
most popular kind of Regge trajectory, namely,
an infinitely rising one, is not allowed. Recall
that bound states for spin j are located at the
zeros of a certain function f(z) which is ex-
pressed as a power series about the origin in z.
Since z is proportional to l/mz, in order for us to
have an infinitely rising sequence of masses, we
must have a sequence of points z;~ 0 with f9(z,)
=0, 7=1,2,... . But a function which is analytic
in a neighborhood of the origin and which vanishes
on a sequence of points that accumulate at the
origin, must vanish identically. Hence such tra-
jectories cannot occur.

However, we also discovered above that as we
increased the strength of the input masses (and

therefore the coupling between the fields) the num-
ber of bound states decreased. We went from an
infinite number of bound states for a,~1/k, to a
finite number for a,~1/vE, to none at all for «,
~const. The implication seems clear that as the
a’s increase, the bound states fall victim to an
encroaching continuum. It will be of considerable
interest to see in which cases such a continuum
exists; the completeness relation, derived from
the commutation relations (3.9), will be important
in deciding this question. If the continuum is pres-
ent, one will want to know whether it contains a
resonance structure reminiscent of the bound
states that have disappeared.

V. THEORY WITH 8#0
We turn now to the more general theory with
Gr=00p 1+ Qp @yt Brd Qs - (5.1
This implies the equations of motion

Ne+19° G a1+ Mp=1Bp=100G, 1 =0, M, G, (5.2)

We see that, contrary to the case discussed in
Sec. IV, the equations for G and ¢ are each sec-
ond-order in the index 2. From Eqs. (3.7) and
(3.8) we obtain

_mN]-2 (k—j+ 1)(k+]+ 2) b(Nj)
NMe+1 2 (k+1)2 k+1

- (Nj
ENp kaj)' nh-lﬁk—xbgﬁ)

(5.3)
and

8 -mn\(B=j+1)(k+j+2) a9
R\ 2 (B+ 1) B+ 1

= p(Ni) j j
=t~ a, agNl)_ ailill)'
(5.4)

As we showed in Ref. 10, (5.3) is equivalent to the
difference equation derived from

(8,L* - M) =0;

furthermore, from the results of Ref. 9, we expect
the choice

Be-1 -yk?®
@,y 2(k+a)(k+b)k+c)

to lead to asymptotically linear trajectories. Fi-
nally, we can solve the equations exactly for a par-
ticular j if we let a=j+1, b=a - j, and c=a-j-1
for some parameter o,

Bi-1 - ‘Yk2
@, Qpey 2(k+j+1)(k=-j+a)k~j+a-1)"

(5.5)

We shall concentrate from here on on this particu-
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lar case. The solution to (5.3) with the choice (5.5)
is given in detail in Appendix B. Here we shall use
only the ground-state solution

k 2 k=1
bf'o”:(%) (k-j)§l(€li)+j+ DI T( -1j+a) (H, “)w)’
(5.6)
with the ground-state mass given by
m?=4a/y. (5.7

In (5.6), A(j) is a normalizing constant. As we
show in the Appendix, the excited states are poly-
nomials in % times the ground-state solution (5.6),
and the higher masses for spin j are given by

(5.8)

Given the solution (5.6) of (5.3), we proceed to solve
the inhomogeneous equation (5.4) for q, by first
solving the homogeneous problem

s, <—-m2> (=j+1)(k+j+2) _

2 e+ 17 o1 Byt 0y =0,

m?=4(a+N)/y, N=1,2,... .

(5.9)

and then using @, to reduce the order of (5.4).
Equation (5.9) is essentially the same as (5.3) [re-
call that 7, in (5.3) is given by (const) x (= 1)*],
with solution

(i) _ Z (k’)z 1 k-1 a
G “(2) (k=N (k+j+ I Tk-j+a) ,H,(E,l) ’

(5.10)

We now seek a solution to (5.4) in the form
a’(zoi) =ﬁkd£j) .

We let
ev=dP-afl),

(5.11)

(5.12)

and rewrite (5.4) as

-mA:\(k=j+1)(R+j+2)_ .
Bk( 2 ) A (k + 1)2 aku(ekﬂ + ek + dlgj..)l)

+aydy(ep+d)) +@,-,d = bl .

(5.13)

By virtue of (5.9), the terms proportional to d,_,
vanish, so that (5.13) becomes

m? (R =j+1)(k+j+2)
k2 (R+1)?
Inserting the known values of b, and @,, Egs. (5.6)

and (5.10), respectively, we find after some
algebra that

Crer T p_ 1€, = —b,(aj) . (5.14)

_k—j-DISNamg  (k=j=1)!
A o ) I
k=j+1,j+2,..., (5.15)
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with
: S\ n=1
U LIRS Y (5.16)
a Ay 1=0

and c, a constant. The boundary condition
NOR=
€jip~=— . H Bis
i 1=0

derived directly from (5.13), determines ¢, =0.
[We note that we have not determined ¢;, but that
e; is not needed, since its coefficient vanishes in
(5.13) with k=j.]

Now that we have e,, we put

() - ;
ay =( > e,,>+dl(.”.

n=j+1

(5.17)

Except for the value of d}’’ (which does not seem
to be determined at this level by the theory), we
now have all the information we need to calculate
the form factor of the N=0, spin-j state; in fact,
we merely have to insert Egs. (5.6), (5.10), (5.11),
and (5.15)~(5.17) into (3.23). Of course a sum such
as (3.23) now represents can at best be done nu-
merically on a computer. However, we make the
following remarks:

(i) In principle, we can evaluate the form fac-
tor at zero momentum transfer [Eq. (3.28)] in
order to determine the constant A(j) in (5.6).

(ii) We notice that the mass spectrum is deter-
mined by the combination of parameters (5.5).
However, the expression for the form factor, through
the g, in (5.16), also depends independently on the
combination (IT}5! ;). Thus in the theory with
B+#0 we have, to some extent, the opportunity of
choosing the form factor independently of the mass
spectrum.

VI. CURRENT ALGEBRA AND INTERACTIONS

In the previous sections we have tried to suggest
that the physical particles are well approximated
by the normal modes of an underlying field theory
which has bilinear interactions given by the prin-
ciple of gauge invariance of the second kind. We
have seen that if we assume the electromagnetic
field interacts locally with the underlying field,
the matrix elements of the electromagnetic current
of the field theory between physical states give us
nontrivial form factors for the physical particles.

Since we are considering the underlying fields
as fundamental, we picture scattering in an iden-
tical way to Susskind’s rubber-band interpretation®
of the Veneziano model - it is merely the absorp-
tion and emission of quanta by the underlying field.
Compton scattering is thought of as a photon being
absorbed, exciting the normal modes, and then
being reemitted, with subsequent deexcitation. The
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vertex is well known, since the photon couples to
the electromagnetic current which is derived from
minimal interaction.

For strong interactions we will use the Yang-
Mills idea that the external quanta which are vector
mesons and axial-vector mesons couple to the
chiral SU(2)® SU(2) currents, and that the external
quanta which are pseudoscalar mesons couple to
the divergence of the axial -vector current. The
vector and axial-vector currents are generated in
the usual way from the underlying Lagrangian
field theory. These ideas allow us to calculate all
4-point processes of the form

j*+A~j'+B,
X+A-Y+B,

where A and B are arbitrary particles on the
SU(2)® SU(2) trajectories (7-A, or p); X, Y stand

1

2 ek, 2\)e"*

for A,, 7 or p; and j, is any component of the vector
or axial-vector current.

A. Electromagnetic Interactions

The principle of minimal coupling tells us that
we find the coupling of the photons to the underlying
fields by replacing 8, by 3,-ieA;*"; the current is
then given by

I

Je.m., = eéAﬁxt
Aside from seagull terms, this is the same current
we looked at in Sec. III. The effective Hamiltonian
is

H,= fjﬁ'""(x)Agn (x)d3x (6.1)

and the amplitude for Compton scattering (elastic
or quasielastic) is given by

: : k'A’ —i(kx=k’ 1ir ol pt seam se.m .
out (Y (RNIN'G's'p’ [y (RANj sp) 1= b7+ —m)s—(——)fd‘xd“ye RN S P | TG ™ (), ™ ) | Njsp)

(6.2)

with j, given essentially by (3.20) and (3.22). Equation (6.2) leads to the two diagrams of Fig. 1. Since, in
principle, we know j*(x) for arbitrary k* and k’2, we can determine the structure functions for inelastic

electron scattering by calculating

W0 =5 T (NjspL O IN'S'S Py ('S by |7, (0) | Njs) (2m)°0%(p +q =y ). (6.3)

The diagonal and transition matrix elements of
Juare given by Eq. (3.21). However, this calcula-
tion involves knowledge of the a{¥/’and "7, for
which we have explicit expressions only in partic-
ular cases. We hope to calculate these matrix
elements by numerical methods in the near future.
We point out that Domokos ef al.’ claim that one
can get a reasonable fit to W, and vW, by using an
infinite number of poles in the s channel lying on
rising trajectories and putting in appropriate
widths and form factors. We feel that if we put in
widths by hand and use an appropriate fermion
Lagrangian, we should be able to reproduce their
successes. We will defer discussion of fermion
Compton scattering to a subsequent paper on fer-
mions.

B. The Lagrangian for the 7-A,
and p Trajectories and Chiral SU(2) & SU(2)

Before we can consider interactions we have to
generalize our Lagrangian to describe the physical
I=1 trajectories for the 7-A, and p systems. We
add two indices to the underlying fields, an isospin
a (a=1,2,3) and a normality index n(n=0,1). The
parity of a particle on a trajectory is (-=1)*7.

r
Thus =0, 1 for the p and 7-A, trajectories, re-
spectively. The quantum number is additive, and
is conserved (mod 2) at any vertex. The vector
and axial-vector currents have n=0, 1, respective-
ly.

With these extra degrees of freedom we can con-
struct a Lagrangian that describes the entire
(m-A |, p) system of trajectories:

£= 27 M Gin(éaq’gzﬁ' 9"+ Bo orly) —%mG'ZnGZ”~

k.,a,n

(6.4)

s N”j e

1itod 0

Nijsp N'j’s’p

Njsp N’j's'p’

FIG. 1. Compton scattering with the exchange
of a Regge trajectory.
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If we want the p to be described by the gauge-in-
variant theory, we set 3]7°=0
Using the methods of Gell- Mann and Lévy,"' w
consider the following transformations on the fields
@R
Pa= Pat€gpe Ab‘pc) (6.5&)
(" g (/)a+€abcAb€(pc . (65b)

Here € is the exchange operator in 7 space,

0 1
cm =1 0)

and it plays a role similar to y; in a fermion the-
ory.

The transformation (6.5a) is an invariance of
the Lagrangian and leads to a conserved vector
current:

58
.
Ve= 5.4,

‘—2 nk abe Gb-lu (P: 1+BknGk qocn)

(6.6)
3,V"=0.

Using Eq. (3.11) we see that
Ve(x)= Z)g“bc AT AN (6.7)
From the commutatxon relations

k
“uk (} )] X9 vo ~! 5&11 ﬁk 6aa 571';’

L COR I
(6.8)

we easily verify
(V(0), Vo) ] =ie®V§(x) 8% (x —y). (6.9)

As in Ref. 10, we expect Schwinger terms in the
[V, V;| commutation relations.

The transformation (6.5b) leads to an axial-
vector current

5
Aau=oafA,,
== 2 e (Gt e oLy + BIG €y o).
(6.10)
We find
Agzkzr;mleabcninenn’(p:n’ (6.11)

Using (6.8), we verify that these currents obey the
chiral SU(2)® SU(2) algebra. That is, we have

[A5(x), AG(D) Ley -,
[V §(x),459)]

€ V(X8 (x —y),

(6.12)
""“Ag(x)63(\ -y).

xo=vo

The axial-vector current is not a priori conserved.
In fact
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5£ .

hes DGy €GL . 6.13

8,A TR €?°G,, Gk ( )

The notation G means that the @, and B, in G, are
for the trajectory of opposite n; for example, for
n=0, G contains the fields correspondihg to the p
trajectory, but the o’s and ’s corresponding to
the 7 trajectory. Clearly if the o’s and 8’s are the
same for both trajectories the current will be con-
served. But the p and 7 trajectories are not de-
generate in nature, so this possibility is not at-
tractive. It might be possible to make (6.13)
vanish by assuming a p trajectory with 8,=0, and
then suitably relating the rest of the parameters
a,(p, m) and B,(m). This possibility has not yet been
checked; it will be interesting to see if it leads to
a reasonable relationship between the 7-A, and p
trajectories.

C. Rules for Constructing Scattering Amplitudes

Using the ideas of Yang and Mills, '* we assume
that an external p meson couples to the underlying
field theory in the same manner as the electro-
magnetic field; however, instead of the gauge-in-
variant derivative being

: ext
9, —ieA ",
we now use

3, -zegt by, (6.14)

where { is a vector in isospin space. This is just
the statement that the p couples universally to the
isospin current, an idea espoused especially by
Schwinger and Sakurai.’® Thus when an external
p meson is absorbed or emitted by the underlying
fields, the effective vertex is

PA OV 8,

where V| is given by Eq. (6.6).

We next examine the coupling of an external
pion. If we look at the s-channel p pole in 7-p
scattering, we have that the ordinary field-theory
vertex is given by

(6.15)

Lo € Ph @40, @, - (6.16)

In our picture of scattering this s-channel pole can
be produced in several ways. We look at Figs.
2(al) and 2(b5). In Fig. 2(al), the underlying field
is in a normal mode with n=1, it absorbs a p me-
son (n=0), then all the normal modes of 5=1
propagate, and then a p is emitted with a return to
the original state. In Fig. 2(b5), the underlying
field is in the p normal mode, absorbs a 7 with
excitation of the =1 modes, and then emits a =
and returns to its initial state.

In Eq. (6.16), we consider the s-channel pole
term in two ways: Either as
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| o>
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FIG. 2. Diagrams contributing to n*p~ scattering. Two particles (dashed line for the pion, wavy line for the p) are
considered to be external quanta, while the other two are projected out from the appropriate currents. The external
p couples to the vector current at vertices denoted by blank circles, while dark circles indicate vertices at which the
pion couples to the divergence of the axial-vector current. The shaded line denotes a propagating sum of normal modes;

the value of 7 is explicitly given for each diagram.

gPbx Vi, Vi=€"%9%,¢° (6.16a)
or as
Fo@exiAY, Al=€"puo. . (6.16b)

Clearly (6.6) is the generalization of (6.16a), and
(6.10) is the generalization of (6.16b).

Therefore, in what follows, we assume that an
external pion couples to the axial-vector current
with the effective vertex

f19, 0 AL. (6.17)

Similarly we expect an external A, (if it really lies
on the 7 trajectory) to couple directly to the axial-
vector current with the effective vertex

S Al et Ay (6.18)

Now that we have the vertices for external 7, p,
and A, mesons we can write down rules for arbi-

trary n-point functions with 7, A, p plus any two
excited-state particles as the external particles.
The “Feynman rules” are that in a given channel
for the scattering process, we let any external
particle be the underlying field, let it absorb and
emit quanta consistent with the channel looked at
and with conservation of n at the vertices. Then,
we sum over the possible ways of having each ex-
ternal particle as the underlying field, careful not
to count any diagram twice if the two diagrams are
alike according to the Feynman prescription. For
example, consider the process

T (p) o™ (p) = T (D5)p ™ (py).

This is a simple process since there are no res-
onances in the » channel. We start off with the
m*(p,) as the underlying field. We get the four dia-
grams of Fig. 2(a). Next we let p~(p,) be the under-
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lying field, to obtain the diagrams of Fig. 2(b).
The other possible choices for the underlying field
lead to one more diagram shown in Fig. 2(c). We
see that we have four diagrams corresponding to
the 7° trajectory in the s channel [Figs. 2(al),
2(a2), 2(b5), and 2(b6)]. The four other diagrams
correspond to the p° trajectory in the ¢ channel.
Clearly the ¢-channel process n*+71~=p*+p~ has
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exactly the same generalized Feynman diagrams,
so that crossing is ensured. In order to calculate
these “Feynman diagrams” we use the effective
vertices Eqs. (6.15) and (6.17). The result is
similar to that of Compton scattering (where, how-
ever, there is no {-channel exchange allowed).

For example, the amplitude T (where S=1+iT)

for Fig. 2(al) is given by

s 2
- e“(x)e“*(y)fd“xd“y et P2x=pa3) (N=0j=0n =1p4(1 +i2) [T(V{I (x), V(1)) [00 1 p,(1+42)).  (6.19)

(2m)3

This calculation can be done using Egs. (5.6), (3.21), and (3.5), knowing that the ¢, propagate as free
fields. The only thing that prevents this calculation at this time is the lack of explicit expressions for

the a{¥"and the need to put in the widths of the resonances by hand. To calculate the other diagrams, we
need to know the matrix elements of the axial-vector current. From Eq. (6.10) it is clear that one can ob-
tain the matrix element of the axial-vector current from that of the vector current by a simple substitution

rule in Eq. (3.22). That is,

ilp'=p)x

jrjtid=y’

. . 1
Nj'p's'n’ | Ay (INjps = (-5 e

(2]»,+1)1/2(2]-+ 1)1/2

X Enk(mN'j')k-jl(m Ni)k-jz A )/2]-’1{(17:(1“)@*'[31:’ a’;ilbk)mN'j'ﬂ'
R=j

x [(k+ 1= )M(k+j’+ 2)!]1,/2[D(%(k+1). %.O'”»(L-l(p')) L;.'D(%k. %")(L(p))]

i's'\is

x (=t (k+j+ 1))}/ = (@ bper + Ba bF " @par) m gl (R = )1k + 57+ 1)1] V2

X [D(%k.%k)(L-l(p))LpD(%(hn).i(nﬂ))(L(p))]j,s,' ;'sl(k"j+ 1)!(k+j+2)!]1/2} ,  (6.20)

where a’=a""¥'"" and ’=6%"¥'"". By normalizing
the amplitude for 7p— mp at the s-channel 7 pole,
and ¢ -channel p pole, we can determine f, and g
in terms of g ., and g,,,. Once this is done, all
processes of the form (7, p)+A - (7, p) + B are
completely specified. It is easy to see that our
prescription for calculating the 4-point function
leads to all the tree graphs for the 5-point func-
tion. However, when we get to the 6-point func-
tion, we seem not to have the three-Regge vertex,
because of our ansatz of the continuity of propaga-
tion of the underlying field. Knowing what this
vertex is is equivalent to knowing how to excite
the fields with an external quantum of any spin.
At present we can only guess, for example, that
the spin-2 external field couples to the stress
tensor, etc. If we can better understand what the
triple Regge vertex means in this language, then
we will in principle be able to calculate all the
tree graphs for n-point functions in the narrow-
resonance approximation.

VII. CONCLUSIONS

In this paper we have shown how one uses gauge
invariance of the second kind to generate Lagran-
gians that describe particles which lie on Regge

trajectories and have internal structure. Assum-
ing that the underlying fields are basic, we have
given a prescription for calculating the n-point
functions in the tree-diagram approximation. We
also show that the vector and axial-vector currents
satisfy the chiral SU(2)® SU(2) algebra. The diffi-
culty in this approach is that although the theory is
relatively simple in terms of the fundamental
fields, the interesting quantities, such as the cur-
rents, have very complicated matrix elements be-
tween physical states. Thus we are forced to rely
on a computer to obtain solutions. We hope that

in the near future these calculations can be done
so that we can directly compare this theory with
experiment.
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APPENDIX A

We wish to show how (3.21) can be simplified to
be given just in terms of a sum over two neighbor-
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ing representations of the Lorentz group. For the
case j=0, this reduces to the usual addition theo-
rem for (3+1) spherical harmonics. In Ref. 10,
we showed how to go from the “kjo” basis for the
(3%, 3k) fields to the more standard representation
in terms of symmetric traceless tensors of rank
k:

(p“l-..uk(x)=§Tul...uk'jo(pkj(; (X), (Al)
where
Tl-ll' t e do = [Lpl' * 'Luk ]O.kjn . (AZ)

The L, are a 4-vector set of matrices in & jo
space, chosen so that

[Luer]:i‘wuu ’ (A3)

where M, , are the generators of the Lorentz
group. Explicitly,

(Lo)kjlsl,k'l gy a(kjl)éjljzﬁslsz ’ (Ada)

(Lo)k-ljlsl,kj232 == agzjz)éjljz@slsz ) (A4b)
where

a= (k= j)(k+j+1)]2. (Adc)
The other L’s can be calculated from L° since

[L°, m*]=iL* . (A5)

In analogy with (A1) we have
€y ey (BrS)=T e uj,,lslz)g.i;"lfjf‘s’(L(1:))2"/2’/]'! ,
(AB)

J

where D**%9 is the (3, 1 j) representation of the
homogeneous Lorentz group, and L(p) is the stan-
dard boost:

L(p)(m, 0)=(po, D). (A7)
We can use the relations
QLIQ =-L, (A8a)
and
QD(L(PN Q™ '=D(L7'(p), (A8Db)
where
Q=(=1)78,,8,;05,", (A8c)
to derive
9i/2 .
€hyr oy 9= DI ST N Ly, Ly L0
(A9)
from (A6). This leads to the normalization
e uj(p, s)eh” T T Hi(p, s)=(-1) (A10)

Using the fact that

e <y 2D
R o

T ukJO.kjo[LUl' “L"]hj0,0
(A11)

we find, for j, m<k,

SH1L L He= 1P XV V(7 5 Y) )—2k(_1)k+j+m mijl i im ~1(4
R e m(p’y s )€y, - u,-(P’ $)= —gmeyra (k)2 D,,'Ls'_'j“zcz (L~ (p")

><[L

and

Vm+1

—1e .o JH; (35,35
Vk]mjzoz.k1303[L“Luk ! Lu”‘]kjsoa.jjqquj;ijf]s)(L(P))

SHL® * * e 1f ok ( , ,) Voeeey. _zk(‘l)ki-jwn m!JV (5m,im) —1(4
vyt ok 6“1...um‘b,s €1 J(‘D,S)——W'z— WD"'S"].ZOZ(L (P ))

)([Ll-‘m+l. . 'L“k-lLu]

(Al12a)
mfz"z'kfa”all‘”jﬂ. ' .L”k]kfaoa-fi4°4D(f:g‘42:ﬁ (L),
(A12b)

All but one L* in (3.21) are multiplied by the appropriate p or p’. We can move the D’s through the p:L’s

using

D(A™YLYD(A) =AY, L¥
and

PNV =md if A=L(p).
Therefore,

p,L"D(L(p)) =D(L(p)) (m L°)

(A13)

(A14)

(A15a)
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and
D(L™Y(p"N pjL*=(m'LOYD(L™*(p")) . (A15b)

Using (A4), (A12), and (A15) we can now convert
(3.21) into (3.22), the desired result.

APPENDIX B

We use techniques developed in Ref. 9 to solve
(5.3). Our first step is to let

k=1
b= (II a>b,, (B1)
1=0
and consider (5.3) for large k. We get
')/ -~

%m25k+1=5k——27ebk_1. (B2)

The boundary condition that we impose is that b,
shall have the best possible large-% behavior.
From (B2) we see that the solutions for large &

are
) 9\t
b,= (W) (B3a)
and
&
. y\* 1
() 3

Thus our boundary condition is that 5, shall have
the asymptotic behavior (B3b).
Next we define a variable f,, with n=k-j, as
P CE3) M <y> 1

P ntn+2j+1)1\2) Tlh+a)

2 1+ (B4)
Notice that the coefficient of f, in (B4) already has
the asymptotic behavior (B3b), so that f, can at
most be a polynomial in n. Putting (B4) in (5.3),
we find that f, obeys

(25) 1 a= 2y 0= s, (55)

or, introducing A f=/ .. -7,

(Gym?) A% f+ [sym?—n- alaf+|zym® - o] f=0 .
(B6)
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We assume that f has the expansion

o= IECI[n]t y (BT)
where
_ Tn+r)
[n]'_l‘(na—)\—l) ’ (B8)

Here A is an arbitrary parameter. Since [r], obeys
aln], =1[n),-, (B9a)
and
n[n]; =[n]; - = 1=D[n], , (B9b)

we can replace the difference equation (B6) by an
equivalent differential equation in a variable 7,
whose solution will be

f) = et (B10)

The coefficients ¢, in (B10) will be the same as
those in (B7), provided we set

Al (B11a)
dr
d
n—-r=-A+l+y — (B11b)
dr

in (B6), as dictated by (B9). Making these replace-
ments, we find

2f"+(l+a=r=-gym?=2)f" +(Gym?=—a)f=0.
(B12)

Here z=5ym?—-vr and f'=df/dz.
The condition that f be a polynomial of degree N
is
fym?-a=N, N=0,1,2, ... (B13)

which gives us the mass spectrum (5.8). Equation
(B12) is then the associated Laguerre equation,
with solution

F)=L5 V() . (B14)

By expanding (B14), we can obtain the coefficients
¢, in (B7), and hence, via (B4) and (B1) we can ob-
tain the values of b for the excited states.
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A formal study of quark models with interactions due to scalar, pseudoscalar, or vector
fields is presented. It is shown that all the results which have been derived in quark-parton
models in which the details of the nucleon’s constitution are not specified can be obtained
formally using naive canonical manipulations of operators. In the case that there is no vector
field some new results are obtained which would provide an experimental measurement of the
proportion of scalar or pseudoscalar gluons in the nucleon.

I. INTRODUCTION

Some time ago we studied generalized quark-
parton models and abstracted those results which
might be true more generally.! In fact, we showed!
that the most easily tested consequences of the
model could all be derived formally in the gluon
model using the Bjorken limit with naive canoni-
cal values for the equal-time commutators. In
this paper we show that «ll the old results of gen-
eralized parton models can be formally derived in
renormalizable quark models. We also present
some new results which depend essentially on the
assumption that none of the partons travel back-
wards in the infinite-momentum frame; it turns
out that these results can be rederived formally
if the interaction between the quarks is due to a
scalar or pseudoscalar field but not if it is due to
a vector field (the conventional gluon model).2"*

In perturbation theory the formal arguments
used in this paper are invalid>® and scale invari-
ance is broken by logarithmic terms. Although
they are not excluded by the data we shall assume
that such terms are absent and that, therefore,
arguments based on perturbation theory may be
irrelevant. In this sense perhaps “Nature reads
books on free field theory.””

We will not dwell on the experimental implica-
tions of the results, which have been reviewed
elsewhere.® After completing this work we re-
ceived an elegant preprint from Gross and Trei-
man,’ who have independently rederived the “old”
parton results in the gluon model.’® They have

actually gone further and derived the explicit form
of the light-cone commutators in the presence of
a vector interaction. This has also been done in-
dependently by Cornwall and Jackiw in a recent
paper.!!

II. FORMAL DERIVATION OF ALL “OLD”
PARTON-MODEL RESULTS

Inelastic electron and neutrino scattering pro-
cesses in which only the final lepton is observed
are described by the tensors

qu:ff%ew-wpfwz(x),n(ouIP>

B 4,4 quv q,v\ Wl
"(guu_ ;ZU>W¥+< u"—;'?)(Pu_—y?>M§y

q
(1

Wil =3 [ e I, 70| P)

P,P,W7 i€,z POqW,7

:_guuW;/’U +

M? 2M?
LI Wi (a, Py +q,P)WYT
M 2M?
Lilg, P, —q,P)Wy”

22 ’

where v=¢q-P, J ] is the electromagnetic current,
J3 [J;=(J})"] is the current which couples to the
neutrino (antineutrino) current, y, indicates an
average over the spin states of the target, and
the states are normalized to 2E per unit volume.
We assume the conventional Cabibbo current and



