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Preface

Professor Abarbanel has asked me to prepare a set of notes on the
string model to supplement the material being presented in his lectures. As
a working hypothesis it was assumed that the participants know a modicum
about this field. Combining this premise, the extensiveness of the work
done on the model, and the constraint of space limitation, it seems to me
a "survey' format is appropriate for these notes: no pretenses to completeness
are maintained, and the notes are in no way a review. Rather, they are designed
to introduce the vocabulary of the field, to provide a source of references
to genuine reviews, and to the original literature only where reviews are not

available,

(To be presented at the Summer Institute on Particle Physics, Stanford
Linear Accelerator Center, Stanford, Ca., July 29 - August 10, 1974)
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A. What is the String Model?

The string model is basically an attempt to understand what physical
strucéures can underlie scattering amplitudes of the type originally written
by Veneziano.1 The hope is that by understanding the physics of these amp-
litudes, one may learn something about fhe structure of hadrons. This, in

turn, should lead to a variety of new predictions.

An example of a Veneziano amplitude, for 2 to 2 scattering, is
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Veneziano proposed this simple expression for the amplitude because it
incorporates many desirable features such an an amplitude should have: Regge
asymptotic behaviour, crossing symmetry in the case of linearly rising tra-
jectories, daughters with residues in fixed ratios, saturation of super-
_convergence relations, and duality between Regge poles and resonances. We
will discuss other properties of Veneziano amplitudes later.
For now we want to focus on a different feature of Eq. (1), namely,
that it is easily generalized to have an arbitrary number of external particles,
and that the generalized amplitudes share the good features of the original
amplitude. A very concise way to write a term in such an amplitude is the

following:2
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and ag are simple harmonic oscillator creation and

In these equations, aﬁ

annihilation operators, +
[am/__&’ 0&’“)’3 = = S""“"‘ %}W) .

The "ground state" | 0? is annihilated by the ag : ag ] 0> = 0. Using
simple properties of these operators, and the integral representation for the
propagators, one can easily calculate an integral representation for An ana-
logous to the integral representation for A 4 given in Eq. (1). The properties
of the amplitude can then be studies from the integral representation. Hist-
orically, the integral representation for the amplitude was proposed first, 3
and then it was discoverec:I that the factorized "operator" form Eq. (2) was
possible. This factorization property was a major step forward in arriving
at an interpretation of the physics of the model. |

To see why, examine what the vertex creates from the ground state

(which is interpreted as the initial, unexcited external particle):
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A general term in this power series expansion of the exponential looks like:

M
(6)';::-5-: %ﬁl%ﬂ&"”%ﬁn

4+ T
Ay Qo pin - oe By pr

o

-« = -

\0*{;3/4,

‘le)/&, (

i

o & e & & @

+

@ﬁ)}&z;."

v o o °

zf!'
w)/gm‘/

Any state in the bracket is an eigenstate of the ""mass operator" R, with a

definite eigenvalue, and we see that for a given tensor structure of n indices

as above, there are an infinite number of such eigenstates. Furthermore,

the index '"n" also runs to infinity, and so V creates states of all possible spin

from the ground state, i.e., excites the initial hadron into all possible Regge A

recurrences and daughters.

However, the propagators A only have poles for a single value of R,

namely R = s+ « (0), for fixed s. Let us suppose, for example, that

( s+a(0) ) = 2. Eigenstates of R can be
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spin 2. The singly occupied state has spin 1.
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The first, doubly occupied, state has two tensor indices, and so maximum

However, there is a second

spin one state which is obtained by appropriately anti-symmetrizing the tensor

indices Ky and Mo And so on.



Generalizing, we can readily see that at a pole, there will be a single

. state With miximum spin M= «@(0) +s and a large number of states of lower
spin, making up the daughters. The degeneracy of the daughter levels is very
large. In fact, asymptotically one finds that the total number of states at a
given pole grows exponentiallkaagedorn- degeneracy. )

This is the famous requirement that dual amplitudes will be dual only if
the direct channel spectrum is very rich. Most of the degeneracy of the model
could be removed if we used only a single harmonic oscillator operator a“,
instead of an infinite number of oscillators aun' In fact, one early attempt was
made to construct dual amplitudes using only a single harmonic oscillator.

The resulting amplitude was not dual.

But what physical system has just the spectrum of R? 1t is clearly the
violin string, that is, the continuum limit of an infinite number of mass points
experiencing  harmonic forces between them. Eq. (2) can now be piétured as
an unexcited string coming in, having momentum dumped in by a series of

external potentials, and finally re-emerging as an unexcited string (see Fig. 2)
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This is clearly a very unsymmetrical way to view a reaction whose amplitude

is supposed to be crossing symmetric and dual. In the process of trying to check



the crossing and duality properties of dual models directly in the operator
" formalism, -6 very interesting discovery was made.4 It was that when the
amplitude was written in one way, less intermediate states appeared than
when the amplitude was written in another way. In other words, some of the

states created by the vertices were spurious. (See Fig. 3)
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Now, this was very interesting indeed, because many of the states of the
type exhibited in (6) are unphysical. If a timelike oscillator creates a state,
| that state has negative norm. This will show up in certain scattering amplitudes
by having negative residues where only positive residues are allowed. Probability
will not be conserved. 5
A lot of work has gone into showing that the spurious states that were discov*
ered are '"ghosts" of this type, or else states of zero norm, and can be eliminated
consistently from the theory. All of this "ghost elimination' occurs for a price,
however, and we will come to that. 6
Once one gets accustomed to the idea that the Veneziano amplitude is
telling us a hadron is behav{ng like a string, it is natural to ask whether a form-
alism to deal with this physical picture exists, so that the rules for writing amp-
litudes can be derived. Elimination of unphysical statesb of excitation should also
follow naturally from the formalism, as in quantum electrodynamics. In a striking
generalization from the action principle describing the motion of a classical free

point particle, Nambu proposed that the motion of a classical string be described



by an action principle based on7
m I = d -'a.

As indicated in Fig. 2, a string‘propagatit-lg in space-time sweeps out a world
sheet. In Eq. (7), 3 are the coordinates of the sheet, and g is the deter-
minant of the metric tensor on this two-dimeunsional manifold. The string is
actually propagating in the full four-dimensional Minkowski = space, however,

so the invariant interval on the sheet is

ds* = -—'ad(é i%d d%ﬂ
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Given this expression for the action, one must try to proceed canonically
to obtain the equations of motion of the system, any constraints that may have
to be satisfied, and attempt quantization. After all the dust has settled, it turns
out that the spectrum of excitations implied by (7) is indeed that of the string;
to show this explicitly, it is necessary to impose certain conditions of constraint
on the states of the system. 8 These conditions turn out fo be just the "ghost
elimination' conditions that we mentioned before.

However, we should recall that in electrodynamics the ''ghost eliminating"
condition ['3,. A» ]G’) Iq}?k7 = 0 is necessary only if we work in the
Lorentz gauge, which is expressed classically by (gﬂ) = 0, If we work in
the radiation gauge, we can solve fof one spurious photon degree of freedom

explicitly, and not have to impose conditions on states. Analogous choices of



gauge can be made in the string model, and the results we just mentioned
. are applicable in the analogue of the Lorentz gauge.

A different choice of gauge is possible. 9 We can motivate it by observing
that one of the sheet coordinates, ’_3;9 E.(Y is like a "proper-time' variable;
clearly one of the Minkowski vafiables, Xo’ is a time variable in some frame, and
so we expect things can be simplified if we identify these two to be the same. Working
in a gauge of this type, it was found that the theory is not Lorentz invariant if the
Minkowski space has only four dimensions. For the Lorentz algebra to close, it
is necessary to have a 26 dimensional space-time. What is more, the ground state
has to be a tachyon, (m2 = -1)! (Actually, these catastrophes can be dug out of the
manifestly covariant gauge as well, but we won't go into that here. )6

We have, then, a well-defined action and a perfectly well-behaved classical
theory. Somewhere in the canonical quantization of the theory, something goes
-wrong, and no one quite knows whatitis. I will mention some recent‘attempts to

deal with this question as we go along.

B. How Can A Hadron Look Like a String, Anyway?

Hadrons, as opposed to leptons, are not point objects. We think they are
composed of point objects, maybe quarks and gluons, which, dancing to some unknown
ryhthm, give the hadron a spatial extent that can be measured experimentally. In
short, we are used to visualizing a hadron as a little clump of matter - but a string?

To gain some insight into how a hadron can look like a string, 1o just remem-
ber the Feynman-Wilson interpretation of the inclusive distribution in a plot of
rapidity vs. p_L . For moderate values of Py > say p.‘L :& 400 MeV, the 'central

region' is supposed to look like this:
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This figure is supposed to represent a "'snapshot' of the typical, universal,
interior hadronic matter distribution in terms of partons.

Imagine that at energies so large that we can see very many partouns, it
turns out that we can better and better interpolate between the parton-points on
this plot by a smooth curve. In this case, our "snapshot" of the hadron would
look like a string! If we keep the longitudinal momentum fractions as the "length"
axis, and Fourier transform from p.L ~-space to X_L - space, we get just the
interpretation that follows from the GGRT formulation of the string model. It
is because of this precise matching of the string formalism with the parton
language that we will develop the parton language to gain physical insight.

Now, what can it mean to have this kind of smooth distribution of partons ?
Again, recall that the Feynman-Wilson picture of scattering in the Regge region
has the dominant contribution to the amplitude arising from the following steps:
1) The hadrons convert virtt;lally into large numbers of partons, including a
"wee sea' of partons with infinitesimally small fraction of the parent' s long-
itudinal momentum; 2) the wee partouns forget which hadron they belong to
because all the hadrons' wee seas look pretty much alike; 3) recombination into
hadrons occurs.

The probability for these things to happen can be estimated, 10 and depends



-10-

on the distribution function for wee partons in the hadron. If this goes like
jx,‘ A % 3 o is the Regge intercept for the Regge behaved amplitude that
results. Well, this is just multiperipheralism, and by looking at graphs in
simple theories, one can see these dominant contributions occur when the cascade
from the parents into the wee sea proceeds sequentially in the 1ongitudina1€moment—
um fraction x.

Multiperipheral ladder graphs, however, do not look very dual, so we must

make some changes in this scheme:

g > e

7 Fut e 4
The first attempt to derive dual models from conventional field theory proceeded
by calculating graphs of the type Fig. (6) in varying degrees of sophistication. 11
This is the "fishnet diagram' approach you may have heard of.

Another very pretty way to motivate in terms of graphs the verbal descrip-

tion we have been giving is due to Bjorken. 12 If we actually calculate the gravh
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in the infinite momentum frame using old-fashioned perturbation theory, with
the assumption that in the cascade the #] - transfers are ordered (8 n—??m; + ﬁm-ﬂ)
with Bn +1 << 7m+l R just as in the dominant multiperipheral scattering graphs,

a very interesting qualitative picture emerges ~ near neighbor partons in rapidity

are also close together in transverse configuration space. (It is an open question

how much of this result survives in theories with vertices less trivial than ¢3.
See Section F.)

If we want to examine rescattering corrections to this basic parton model
picture of the hadron's wavefunction, it is plausible to consider that these cor-
rections invo‘i‘ve repeated soft interactions between near neighbors in rapidity,
with the basic dynamical variables involved being the distances in transverse
configuration space between the interacting partons. (This is why the string
picture starts off as a first quantized theory.) |

One then attempts to describe the behaviour of the wee parton sea by means
of an effective Hamiltonian, which is a function of the partons' relative transverse
momenta, labeled by an ordered parameter corresponding to the parton's longitud-
inal momentum fraction. The simplest dynamical hypothesis is that the near A
neighbor forces are harmonic. If, in addition, the density of partons along the

longitudinal fraction axis is chosen to be constant, the string Hamiltonian is

obtained in the continuum limit:

o (Hess)op, ~ 52: iy + (%, “Zi,—ﬁl,,s.)g%??z.
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Here 6 labels the parton, (8/ )N(?/l).nT Sotlb R (é'l and XJ-(Q)

is thi transverse coordinate of the parton labelled by 8.

(Actually, instead of working in the Q@ ?% frame, we can do our guantum
theory off planes tangent to the 1ight cone. Then ’ﬁ' is replaced by p'=

p° + PZ, but P is not ﬁecessarily approaching infinity.) The choices of relevant
dynamical variables, and the interpretation of the 6 label in terms of longitudinal
fraction, match exactly with what emerges mathematically from the string model
in the GGRT gauge.

To reiterate, physical insight into how a hadron can look like a string is
gained by looking at the planar graphs in a q§3 theory; observing that in a sequential
ordering approximation the longitudinal and transverse dynamics decouple (see
Bj' s paper for details), with the longitudinal fraction serving only as a label;
assuming a soft, near-neighbor residual parton-parton interaction; and finally,
assuming the parts of the wavefunction with the number of pax;tons a0 are the
most important, in some sense, so there is no Z‘)\?(In) in Eq. (9).

All of these assumptions are subject to questioning. We will see later that dual
models fail fo predict certain qualitative behaviours that we expect from hadrons.
In most such instances of failure, we will be able to point to some suspicious
assumption from among the above as the one that is likely at fault.

A reasonable way to proceed would be to always keep in mind that the string

picture of hadrons can make sense as an approximation to some complex dynamical

situation occurring within each hadron. One of the things the string model con-
tributes to our requirements on a theory of hadrons is that it should correlate
properties of the spectrum with the "soft'" physics of the Regge region. However,
this requirement of duality does not seem to force any of our assumptions to be
strictly valid. 13

Finally, 1 should mention that it is not at all clear from Heff (p+; X L ) that
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the theory can be relativistically covariant. With the string action principle,

‘_ the cgvariance can be shown using canonical methods, albeit with the troubles
that have been mentioned. However, with the strict factorization of longitudinal
and transverse dynamics that occur in Heff’ alternate methods of analysis exist.
The expressions for thé Lorentz generators could have been "guessed' in advance
of the string action principle if me had been clever enough. This is important for

future model-building, and we will say more about it in the next section.

C. What if the Partons Have Spin?

So far we have argued the amplitudes of oscillation of the string are the
transverse coordinates of the partons, and we are working in first-quantization.
Experiments suggest that the valence partons have spin 1/2, and it is reasonable
to assume the wee parton sea will have many spin 1/ 2 partons as well. We now wish
to expand on Bjorken's <1>3 theory arguments, and suppose thét, in addition to X-L 9),
it is legitimate to include the spin variables among the possible dynamical variables
upon which near-neighbor parton scatterings can depend.

Working in complete analogy with the X 1. (8) arguments, we can suppose
the first quantized Pauli spin matrices Gl (8) are the relevant dynamical spin
variables. (Actually, Bjorken, Kogut, and Soper have shown that in the light-
cone quantization of the free Dirac theory, 15 these 2 x 2 Pauli matrices are
really the spin variables of the second quantized theory, even taking anti-particles
into account.) As good fortune would have it, a reasonable, simple guess for the

Heff depending on near-neighbor spin-spin couplings, 16

( H‘“’)sr'"

is exactly solvable in the continuum limit! It becomes just the Hamiltonian of

al Z: 67 (8:) -6 (8i4))

the free, massless Dirac theory in two dimensions. 10
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Now, depending on the boundary conditions me chooses, which amounts

in thig case to selecting whether the string has an even or odd number of spin 1/2
partons, one obtains either the Neveu-Schwarz (NS) model1 7 or the Ramond model, 18
respectively. The N-S model was originally proposed as a model for the (f )
trajectory system, as §ve will see. The Ramond model, because of its odd

number of fermion constituents, is a candidate for a fermi particle and its
recurrences and their daughters. This could be a nucleon, or perhaps even a
guark itself. The gq amplitude in this model has poles at bosons with the same
structure as the bosons of the N-S model, and in fact the emission vertices are
just those of the N-S model. 19 However, let me just concentrate on the features

of the N-S model, so as to get the general ideas across.

T

In momentum space, if bT creates a fermion and ¢’ creates an anti-fermion,

the He of the N-S model is

ff

[Hefé]-ro-r =R+ Z:, (m- 1) (Ltl)m+cj:c.~).

Here R is just the "orbital" contribution to the energy discussed earlier. The new
piece is due to the spin-spin interaction, and has a spectrum of eigenvalues of
1/2, 83/2, 5/2,....

In the quark model we expect the f and TC to be qq bound states in s
waves, in triplet and singlet spin states respectively. Since the spin in the only
difference between the "7 and ')Tlstates, the only thing that can account for the
mass difference between them is the spin-spin interaction. Just as we needed more
than one oscillator for duality, however, we now are forced to have an infinite
number of spins. We get higher and higher energy states depending upon how
many of these spins are deviated from the ground state canfiguration (which is
like the ground state of an anti-ferromagnet). On top of any one of these "spin-

deviate''states we can pile on orbital excitations, with the energy spectrum given by R.
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The resulting trajectory structure is
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The reader should not be misled into believing that b" or ¢ are creating
quarks or anti-quarks. They are creating spin deviation excitations as described
above. When a spin is flipped at one point, Heff moves that spin flip down the ¥
chain. A spin flip means helicity 1/2 (say) is going to helicity (-1/2) for a net
helicity flip magnitude 1. That is why this system describes bosons. But at any
given point there can be at most one fermion to be flipped - that, in a nutshell, is
why we need operators satisfying Fermi-Dirac statistics. The helicity of an ex-
citation is just the ”c:harge” Q= fn (b; bn - c:; Cn)'

Actually, the fact the interesting excitations of the system are bosons can
be brought out more clearly using the Fourier decompoéition of the current
éﬂ = Q;kl/’“ (‘Z/ (Remember u =0, 1 in 2 dimension, and '~P are 2-component

spinors.) It is a peculiarty of two dimensions that the Fourier coefficients

7 .
fu = 7 f 20 Lo cnmo i oime]

:3'\@,, 3
o
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satisfy Bose statistics exactly, 20 [fm) f“]: J;mTPese are, of course,

"composite" operators built out of the b+ and c+, and one can show thatznO

(HesaY,,, = R+ & mj,/l,'”fjfm
+.

. g .
We could as well write {_Q MLQA\&%'fo.JaS 2 ay P ¢ a n& S
where am'g = ?ﬂ_ . If this system is to have any hope of being Lorentz
invariant in four-dimensions, we might expect a transformation from a trans-

verse direction to a longitudinal direction to take a«_{, into f’”‘- . The generator that

does this would have the form
Zo $ed[al, p - plany]

2la

where f(n) can be fixed by dimensional arguments. In fact, Iwasaki and Kikkawa

(IK) have discovered that the Lorentz generators indeed have terms of just this form. 22
Unfortunately, however, there is moretothe Lorentz generators than this.

‘Remember that for the orbital part of the model, we had originallyXu(Q) with

pw=0,1,2,3. We argued XON T, and kept }E‘Las the dynamical variables. What-

ever happened to X, ? Remember 0a/ E?, so that is not it. Actually, X3 (0T Xeme ™

3

to be precise) could be solved for in terms of X.L’ and that is why it has not been

L)
heard from. But there will be Lorentz generators of the form fgx’@ [2:’3 ;{J:a XJ‘/D/;]
which in momentum space lodks erg v Z g(""b E: Lo Qw.@_ -~ Q a {_ 1 N
where é-n Nhﬁz:wcmm ’ Q%.ﬂm@m') a‘-%&:: Qm (ﬁ“?ﬁ).

These Virasoro operators4 are also composite operators as indicated, but they

do not satisfy the algebra of simple harmonic oscillators. These satisfy instead

Y U A . 2 ) J"
[L.M)L%] = (pm —nn) er~§~m 4 “}'fz& e (=l I, -
Technically it is because of the algebraic properties of these Ln that we need tachyons

and 26 dimensions in the orbital model. 23

Now, there are a priori two ways to combine these two kinds of contributions
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to the Lorentz generators. The string formalism, properly generalized by I
and K in Ref. 22 to handle the spin, seems to give naturally the result
M+~ 2 Zn L7 OV € a%k tg e Qta?, Lu]+hec,
where €, = |, €3, = —~/l,
This turns out to be muéh worse for Lorentz invariance than it was before, with
just the orbital part. Basically what happens is that a {ransverse excitation
doesn't make up its mind properly whether it wants to go to an Ln or afn. To
patch things up, we have to abandon our nice interpretation of the fm. as
"longitudinal bosons, and replace the ( @ S’M_ ) generators with other objects

containing 2 fermions and one boson: +
7., prathoc = Zo (B £iel) 6 (a6, ¢he
L 4
C;- = EZ:yﬁ . Clnm"7ﬂ %)nn \
The Gn are the famous "'super-gauge' operators which have come into their own
recently, independent from the string or dual models. 24
The advantage, fa our purposes, of these supergauges is that for dJ. > 2
the Lorentz algebra can be made to close once again. The fermions and the orbital
operators a, are assigned the same transverse dimensionality, and for d =10 .
the theory is Lorentz invariant. The supergauge constrution allows this general-
ization for the fermions, while the f n coanstruction is wedded to d.L = 2, 25
(Of course, we also need a tachyon at m2 =-1/2, as indicated in Fig. 7)
Alternately, we might have tried to put by hand
My = &t Za ol A L $-V0 4+ g L]+l e
This type of expression has been suggested by Fairlie, and discussed by Chodos
and Thorn. 26 The net result is that you still have a tachyon but you do not need
extra spatial dimensions. This sounds wonderful at the outset, but unfortunately,

in the context of the NS model, it turns out that "Q" does not measure the helicity

properly anymore. 1If we give up the fermions altogether and stick to f n as

ws
a
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bosons, we lose the two-trajectory structure that was so attractive.

Let me try to summarize. Partons with spin allow us to get fermionic
physi€al particles, and a quark-model-like structure for the vector and
pseudoscalar meson families. There exist reasonable physical motivations for
including the effects of spin by choosing Heff to be of Heisenberg type. Unfort-
unately, when we check Lorentz invariance, the pretty physical picture evap-
orates completely. I have tried to give a bit of the flavor of how the Lorentz
business works so this point can be properly appreciated.

What could be some flaws in the argument ?

~ Why only 6:1.(0 '&"ll‘ﬁ) ? Why not put in & as well? Since

2103 = [ox, oy 1 ,if oy W (fermi field, by a Klein
transformation), we might try a Thirring model as a generalization27. What
happens in the end is that the '"charge = helicity' Q gets renormalized, and
not much else. Nothing is gained except the useless information that in
(0<€6 ¢ ¢ ) the coupling constant is quantized.

- If we have a Nambu-Goldstme pion, how do we reconcile it with the quark
picture ? In principle the string-with-spin model should be capable of shedding
new light on this old question. The reason is that each individual hadron has
all the complications of many-body theory. The net quantum numbers have to be
given by the quark model, but we have a fermion sea to play with. The pion
occupies a special position because it is the ground state meson. Bardacki

has been working on this kind of approach.28

— How about spin—orb{t couplings ? This has also been studied by Bardacki, and
Halpern. 29 Not much has been done to study the relativistic properties of these
models. Also, they suffer from a much larger degeneracy than the uncoupled
theories. A more modern approach would be to Melosh transform the N-S model. 30

— Perhaps the whole picture of how spin is to be incorporated is totally wrong.
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See Section F for a concrete way this could be so.

D. What good is the String Model?

The string model is only as good as the amplitudes it predicts. These are,
unfortunately, not well-suited for phenomenological analysis at all. In recent
years, dual phenomenologists seeking to fit data have turned increasingly to non-
Veneziano, non-factorizable dual amplitudes that have nothing to do with strings. 31

Nevertheless, generalized Veneziano amplitudes do maintain the qualitative
features we mentioned at the outset that motivated Veneziano in the first place.
This makes them valuable tods, satisfying many desirable prerequisites on had-
ronic amplitudes, for studying questions of consistency among the assumptions.
They are, in other words, a valuable theoretical laboratory. Extensive references
to studies into high energy limits of dual amplitudes and their discontinuities,
relating to multiparticle production, inclusive reactions, and the role of the
Pomeron, can be found in Veneziano's review paper., Ref. 5.

We mustn't try to get off the hook that easily, though. The string model,
and the possible "variations on a string" models, do consistently come up with
features that must be dealt with as predictions, even if they are unpleasant. It
is, for the time being, excusable if the spectrum is not fully correct; it is a
serious defect that we have a persistent tachyon. It is satisfying to have a math-
ematical realization of Muellerism; but immensely disturbing that ""deep scattering”32
cannot be dealt with even qualitatively. 1 It is stated one needs a Hagedorn spec-
trum to accomodate dtfality; but I know of only one unpublished paper (by Koba)
where the decay patterns of high mass, high spin resonances of dual models
are analyzed, to give experimentalists an idea of what to look for.

Let me say a bit more about the '"deep scattering' qualitative failure of the

Veneziano model. For both s and t large, where the CM scattering angle is held

y’g‘ o
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fixed, the elastic (2 — 2) amplitude Eq. (1) behaves1 like exp ( ~s In 2) at 900,
as opposed to the power-law behaviour observed experimentally. This is inter-

- esting, because (apart from an overall 0@ ') a straight forward calculation of
the elastic form factor33 of the ground state hadron also behaves as exp (—'q2 i 2).
The origin of the factor (¢n 2) in the latter case is that the mean-square distance

in transverse configuration space between the partons at opposite ends of the string

[<&, -2, (o — <xLemd> - <xf1(o>7]

v In 2. We see the obscene constant (fn 2) is something like the size of the hadron,
and even in deep-scattering the hadron behaves according to this characteristic size. 34
This is important, because current theoretical explanations for power-law
fall~offs in these kinds of experiments invariably start from the assumption it is
the behaviour of the pointlike constituents that is responsible. In the string
picture, the extreme view is taken that the important part of
the hadron wavefunction is the one that is maximally occupied by partons. We
tend to lose touch of the "valence' partons, of the part of the wavefunction
measured by extremely short wavelength probes.

Another interesting physical point should be noted. Dual models tend to
give form factors33 (forgetting the 2 -q2. for now) that look like 2

Fetuctee (3%) ~ Jao Csen 6)¥°E )

Ideally, one would like to get form factors like ﬁl (.T/AJ 6) d—? crn /36
which fit data well, 35 but this does not emerge naturally from any model. (Remember
that 9 is the 1ongitudiﬁa1 momentum fraction of the parton with coordinate X L (9) ).

Now, BBG also get formulae for how form factors behave, asymptotically,
from a more direct parton approach. They find F(q2)~ (qZ)—n I, wherelis a
definite integral over the longitudinal fraction. 32 The significant point to note is

that the string malel result cannot be written in this form. The asymptotic

TS TR
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behaviours in the two models are coming from different regions of phase space.

These brief discussions are intended to illustrate significant ways in which
‘the assumptions that go into the string model can be inadequate. A straight
forward look at how deep-inelastic e p scattering works for strings supports
these views as to how the string model fails: the partons never behave point-
1'1ke;36 and probably it would be helpful to relax the strict adherence to a one-
dimensionally extended object. 87

It is possible that more recent developments in the string model can over-

come the second of these problems. Let's see what these developments are.

E. Are Strings Alive and Well?

There are several directions in which recent progress has been made. One
of these directions is in addressing the nagging problems of dimensions, and of
tachyons. Recent approaches to these problems share a belief that there is no
strict requirement that ""canonical quantization” has to give a consistent quantum
theory. In one view, the string picture is not required to make sense except in
the large occupation number limit. The low lying levels of the spectrum can be
totally different, and in fact the ground state particle is not anymore a simple
mechanical object. 14

This is important because suppose (classically) the "ground state" is simply
a collection of particles moving together at the speed of light in the z-direction.
Going over to a quantum picture, the "springs' between these particles cannot
simply be at equilibriﬁm, but rather there must be ground state random oscillations.
The string cannot be well-localized, but must have a spread. But if a portion of
the string is spending time moving in a transverse direction while neighboring
portions are proceeding in the #-direction, the string will not hold together and

move at V = C - unless the transverse moving portion exceeds the speed of light.

While this argument is incomplete, it suggests we really do not want the ground
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state to be a mechanical object. Anyway, a simple model has been constructed
which illustrates a non-mechanical ground state. 14

“Other interesting ways to deal with the problem of dimension which have
been proposed rely on giving the operators in the theory a "color" index. In one
method, new colorful gluons are required, 38 and the interesting result is obtained
that (d = dim. of space-time) d = 10 -2N, where SU(N) is the color symmetry
group. In another approach, basic ambiguities inherent in the canonical quanti-
zation prescription are exploited to introduce a "color' - like index in a very
natural fashion, without requiring extra fields. 39 (There are still tachyons in
these models.) These developments are technical because the questions they are
trying to answer arise from technical points, and I will not be able to supply any
details. Tt should be realized, however, that the modifications in Refs. 38, 39
are not merely relabellings of the redundant transverse degrees of freedom.

By and large, the most interesting recent progress achieved has been in
completing the formal theory of the interacting string. So far, after all, we have
been talking about free strings, while the great virtue of the whole approach was
that scattering amplitudes exist. How do we derive the rules for obtaining Eq. (2)?

To eliminate the asymmetry already noted in Fig. 2, it would be nice to say
that two strings come together, fuse into a single string, and then other strings
split off. P“ A

\___/C_ '
> — T
T, T2

(The T, are the "times' at which string fusions and fissions occur.) Mandelstam

succeeded in inventing the clever tricks needed to make this plausible picture
into a mathematical reality. 40a Todo it, he first re-drew the Rosner-Harari

structure in the figure as indicated. Recognizing that in terms of these drawings
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the length of the string should represent its longitudinal momentum, rather than
its spatlal "size' (which, recall, had nothing to do with 0< 6 ¢ 9f), is a very
important p;nt The constant width of the strip is simply an expression of ‘F"
momentum conservation.

The mathematical problém of calcﬁlating the amplitude is complicated, but
only once. As in the Feynman~Dyson theory, once the rules for calculation are
justified, we can forget the derivation if we like, and use the rules with ease.
Also as in Feynman-Dyson theory, the underlying physical picture is as elegant
as the rules are simple. The Feynman particle path integral is the relevant

A )

formal tool, and one has

An = [ [dracdons Hiapyooo 20

H o= V.2 T T dpl, yn(f,,,myw(?m) )

- One must ask for the probability that n strings can come in, merge, and become
m strings, over all possible things they were and could be. Here the Zi are the
"times' associated with points on the graph where splittings or recombinations
occur, indicated by X's on the graph. The integrand H contains a normalization 7
V; the products of the wavefun'ctions associated with the N interacting strings
(r labels the string), 4’/!'( FA(’A; and a weight factor W. The (p;, o) are the
momenta in the i th transverse direction carried in the normal mode of excitation
n of the r th string. W is a complicated factor containing three pieces of infor-
mation: a) A Fourier transform to relate this path integral to the standard one

eﬂf"
in configuration space; b) the statistical weight exp z Y do ﬁl'f’tfwhere

is the string Lagrangian, (5;2 + x' 2 ); and ¢) (Neumann) functions that assert,

essentially, that one is interested in an amplitude with a given topology, such as

that of the figure. This picture has been extended to include fermions, and allows

e . . . . 40b . .
calculation of fermion-fermion and meson-fermion couplings, as discussed earlier.

w5
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Now among the things that could happen, if we are really to count them all,

is the following possibility:

- -

— T e ”’)\/5{(

The string decides it isn't time to split yet, so it recombines for awhile. You
can see in the drawing how that would look as a Harari~-Rosner diagram. If we
had point particles instead of strings, this diagram would be a radiative cor-

rection to a Feynman graph:

o< e >X

We can have, then, virtual string states, strings off-shell.

The desire to describe these processes using conventional second quantization
techniques rather than particle path integrals has recently led Kaku and Kikkawa
to develop a field theory of strings .41 The bookkeeping for the various possibilities
is generally simpler this way, and these authors have enumerated the basic
vertices of the theory, the possible ways strings interact. They have found that
the triple coupling used in the above drawings must be supplemented by a direct
four-string interaction.

The new interaction that must be included from the outset in the theory has

the graphical form

I want to stress that this observation is not merely a curiosity, but is intimate-
ly connected with the possibility of resolving some of the basic qualitative problems

the model has had up to now. For example, I have not harped on the point that
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the resonances of the Veneziano model have zero width., This is alright in
Born approximation, provided '""Born approximation' has meaning within a
“complete theory. The field theory of strings accomodates this approximation,
and justifies farmally the hope perturbative unitarity may be implemented. Note
that this field théory is a field theory of a totaHy new kind, involving multilocal
rather than local dynamical variables. Many questions regarding whether such
a theory satisfies general requirements that locality insures in ordinary field
theories are discussed in Ref. 41, but many problems remain that require
investigation. There are other potentialities in the field theory, and this brings

us to our final topic.

F. What do Strings Have to do with Anything Else?

So far we have tried to motivate why the string model is interesting, and
to explain in what ways it might succeed, in what ways it might fail, We now want
to try to view this model in a broader context, asking its relation to other recent
developments in strong interaction physics, and, in aswering this question, attempt
to assess its remaining potentialities.

The string model is actually one of a class of models which try to recognize at
the outset that hadrons are composite objects, although perhaps of a very different
kind than other bound states such as atoms a nuclei. It has long been suspected that
string models are "infinite canponent wave equation" (ICWE) models, for example,
although only with the recent formulation of the field theory of strings could this
connection be firmly éstablished_ I mention this because, even though I have
stressed the "parton' school' s views about the meaning of the string, there is no
logical necessity for this point of view. Any approach which succeeds by whatever
means to incorporate relativity, quantum mechanics, and reality as revealed by

experiment into a consistent synthesis is surely lggically acceptable. String models
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in light-cone quantization and in noncovariant gauges bring to ICWE a fresh
approach, unencumbered by manifest covariance or manifest locality. This can
perhaps help in evading the premises of no-go theorems that plague the ICWE
approach, and its cousin, saturation of the current algebra.

Even in the conventional field theory, however, there has been a recent re-
surgence of interest in obtaining non-conventional solutions. One possible way to
view a composite hadron is as a three-dimensionally extended volume in which
fields are contained. To actually do this, however, the boundary of the domain
aquires the status of an independent entity - the bag. 42 But other possibilities
exist. Approximate solutions to the classical Yang-Mills isospin theory in the
static approximation exist, e.g., that tend to be localized in a finite region of
space. 43 The fields just sit there and feed on each other. In addition, field
theories of fermions coupled to scalar mesons have been discussed using various
methods to display at least approximate "confinement' of the fermions. 44 And
what is of interest to us, solutions exist to the electrodynamics of scalar mesons
that in the strong coupling limit, tend to look like strings. 45

This last result is exceedingly important if we want to know whether some
of the features mentioned in the parton interpretation of the string model are due
only to the simplicity of the ¢>3 theory used to discuss them, or whether they can
be present in a large class of field theories. The derivation of stringlike solutions
from a gauge invariant theory (which are like vortex circulations about trapped
magnetic fields in Type II superconductors) encourages the belief that the relevant
features may be quite :general. 46

Additional support for this point of view comes from calculations in* Yang-Mills
gauge theories utilizing a new kind of approximation scheme. Assume, for example,
that there are not just three colars for the quarks, but N, where N is very large.

In the limit where N is infinte, all the possible Feynman graphs of the theory
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collapse into a small subset of graphs. 47 In the case that an external color-
less source current creates a qa pair and subsequently another current annihilates
it, e.g., the surviving graphs are those with a single quark loop on the periphery,

and with vector gluons filling in the loop, but only in planar configurations. If N

is not infinite, say N = 3, other graphs Survive, but are suppressed by powers of 1/N:

~ 6(1))541;@% %(5’;))

~ 0(N-l)) n t it J.

~/ E(Hd’)) Y

In this application, therefore, the 1/N expansion is a topology-selecting expan-
sion. 48 There are three points I want to discuss regarding this:

1) Perturbation expausion of string model is similar.

Kaku and Kikkawa have gone on to study higher order effects in their field
theory of strings. ''Hole'' and "wormhole' graphs of the kind drawn in the figure have
long been proposed as candidates for radiative corrections to the basic string
amplitudes'r,3 and this come out systematically in the string field theory approach.
There are other, more exotic, topdogies possible in both the string and the Yang-
Mills gauge theories which I have not written down. I am not trying to argue that
there is an exact matching, graph for graph, between these theories. (Indeed, so
far we have said nothing about isospin, SU(3), color, etc., in the K and K theory.)

What I am trying to suggest is that since the Yang-Mills theory has dynamics
in all three spatial directions, but can be made to look like a planar theory in a
well-defined approximation, the inverse process may be possible for string models.
There, the "two-dimensional” structure was counstructed first, but by calculating

higher order corrections, latent higher-dimensional dynamical structure may
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emerge (i.e., the longitudinal and transverse variables may no longer decouple
as they did in Bj's illustrative model.) Some support for this point of view already
-exist®: more sensible results for amplitudes involving currents are found if the
currents are "tubelike' probes. 33b

The idea,then, is to perturb. away from the planar approximation. A natural
question is whether this perturbation expansion converges rapidly enough to be
useful. . It is important to do calculations in higher orders to see whether any
of the gross qualitative failures of the string picture get rectified by this procedure,
49

in manageable orders of the perturbation.

2) But there are big differences !

The analogy between the second quantized string perturbation theory and the
1/ N expansion for gauge fields should not be taken too literally. One simple
difference, e.g., is that in the latter case, the qa loop is filled with gluons, and
there is no fermi sea. If the physical arguments we gave reauy have anything to
do with the Neveu-Schwarz and Ramond models, the fermi sea should be present
in the hadron wavefunction to "leading order." On the other hand, the Yang-Mills
approach readily picks out valence particles for us.

Another important point has been discussed in detail by't Hooft. 41 It is that
while the 1/ N perturbation procedure selects out planar graphs as the leading order,
there is no reason to conclude from this fact that the "effective' theory obtained in
this approximation looks anything at all like the string theory. 50 Recall that to say
that the planar ¢3 theory could look like a string, it was necessary to assume more
than just that the relevant graphs were planar. Assumptioﬁs had to be made as to
how momentum flows through the graphs. It is important to study what sensible
approximations to the momentum flow problem will lead to in gauge theories. There

is no reason to expect they will be identical to what happens in (1)3 (but see point

3 below.)
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One should not get the impression, however, that it is necessary to "derive"
the string theory in full from conventional field theories. The string theory may
well prove to be a new and fully consistent approach to hadron physics which is not
equivalent to conventional field theory. Still, it is necessary to understand the
general features  the string theory may share with other theories, since the
string theory is incomplete.

3) Other Surprising Similarities..

I will conclude by mentioning two further points of similarity between the
string theory and Yang-Mills gauge theories that are surprising and tantalizing.

The first has to do with a remarkable property of Neveu-Schwarz amplitudes
in the limit that the slope of the Regge trajectories goes to zero.

Each amplitude is assigned an isospin factor in such a manner that correct
SU(2) values are assigned to graphs, and such that amplitudes with poles in exotic
channels (such as aqx g ) receive coefficient zero, 51 It is then found that the
tree graphs of the theory have the coupling structure of the analogous SU(2) Yang-
Mills theory with vectors and pseudoscalars. 52 However, in the usual NS model,
there are only trilinear couplings of strings, and care is required in taking the
a’— 0 limit to pick up all the required terms. (Recall that in YM theory, there
are also quadrilinear couplings of the gauge fields.)

In the K and K field theory, a number of simplification occur. 41 One does
not have to put the isospin factors by hand, but can assign quantum numbers
directly to the string field variables. Also, the new four-string interaction leads
to just the isospin and helicity structure of the four field interaction in the Yang-
Mills theory in an appropriate gauge. One may conjecture from this that the
connection between strings and Yang-Mills theory is deep-seated.

Finally, 1 want to mention a different kind of calculation that has been done

recently. In the study of phase transitions in bulk matter, it seems to be the case

LT
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that detailed knowledge of the microscopic interaction in the particular species
of matter is totally irrelevant to understanding certain features of the phase
transition. An atomistic point of view is not relevant for a study of these systems-
rather than seeking what differences arise in systems as we probe deeper into
them, the relevant question is something like "what is it the deeper ' layers' share
in common in their response to certain kinds of probes?"53 K. Wilson has developed
a theoretical formalism to deal with this kind of question. 54 One of the features of
this formalism is the sensible point that if the microscopic details are really ir-
relevant, we are better off if we "integrate' these details out at the outset.

This kind of procedure may be reasonable for the study of the planar graphs
of the YM theory. If we want to study those graphs in which momentum flows more
or less uniformly throughout, we might do it by first lumping subgraphs in which
"hot" lines occur into new effective vertices among soft lines.

In any case, K. Wilson himself has recently studied spinor electrodynamics
in a spatial lattice, and in the strong coupling limit. 55 The first device cuts off
the magnitudes of the momenta that can flow. The strong coupling requirement
intuitively suggests dominance of graphs rich in vertices. The result of his cal-
culation is that, unlike weak coupled electrodynamics, the current-current cor-
relation function in this theory can be described using an effective action which is
proportional to the area of a fermion loop. It is difficult to pin down precisely
what the connection of this result with the Nambu action principle, Eq. (7) actually is.

So, again: Are strings a separate contribution, or are they an extrapolation
from existing theories;? It is clear that the physical picture itself points to inade-
quacies, and the string theorist has much to gain by studying how conventional theories
deal with these problems. On the other hand, the manner in which string theory act-

ually realizes the underlying physical assumptions can still be viewed as a promising

and stimulating approach. 56
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