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A prescription is presented for modifying the stress tensor of the Sugawara model in order that it become
consistent with general postulates of field theory. The prescription involves redefining the stress tensor as the
limit of a spatially nonlocal operator. Within the context of the modified theory, sum rules are derived by
considering the vacuum expectation value of equal-time stress-tensor commutators. Variations of our
limiting procedure are also considered. It is shown that convergent Weinberg second sum rule in the frame-
work of the Sugawara model leads to a null theory. The existence of a nontrivial Sugawara model leads to
a specific behavior of the cross section for positron-electron annihilation into hadrons at high energies.

I. INTRODUCTION

HE success of the current algebra® in correlating
experimental facts has led to a considerable inter-

est in model theories in which currents appear as
coordinates.>~* An interesting example of such a model
which is relativistic is due to Sugawara.? It consists in
postulating equal-time commutators for two SU(3)
octets of vector and axial-vector currents; the energy-
momentum stress tensor 6,, is then determined, es-
sentially uniquely, to be a sum of bilinear local products
of currents under the requirement that it be a unitary
singlet, satisfy the Dirac-Schwinger covariant condition,®
and be a finite polynomial in currents. The stress tensor
in turn gives the equations of motion for the currents.
An equivalent Lagrangian formulation of the Sugawara
model has been found®® and the model has been ex-
tended to include various forms of symmetry break-
ing.%8? Furthermore, with a view toward testing the
theory, sum rules have been derived which might be
compared with experiment.’® But the recent demon-
stration!! that the Sugawara model leads to a particle
spectrum consisting of parity doublets of degenerate
masses makes the physical relevance of the Sugawara
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model questionable, although the degeneracy in mass
is not valid when symmetry is broken in a specified way.

We shall be concerned with the Sugawara theory not
as a physical theory but as a model. Difficulties in com-
puting any physical quantity in the framework of the
Sugawara model are already known. Our purpose is to
study the Sugawara model to get an understanding of
some of the formal problems associated with a model
with currents as coordinates and their possible solutions.

With Sugawara’s expression for 6,, and the current
commutators, one can compute the equal-time com-
mutators involving components of the stress tensor. All
of these commutators contain terms involving at most
first derivatives of spatial § functions. But, in general,
the spectral representation of the vacuum expectation
value (VEV) of an equal-time stress-tensor commutator
(ETSC) leads to not only first derivatives but third and
fifth derivatives!? of § functions. The absence of the
leading Schwinger terms, the third derivatives of &
functions, means the spectral function is identically
zero and the theory does not exist. The genesis of the
problem is that 6,, is a sum of local products of two
operators which is ill defined. One is familiar with such
difficulties in the definition of current as a local product
of two field operators.

In this paper we present a prescription for formulating
the Sugawara model so that the ETSC’s contain the
necessary Schwinger terms. Basically, our prescription
is to redefine 6,, as a suitable limit of a sum of nonlocal
products of operators. The analogous case of currents
is well known'? and has been treated elegantly and in
detail by Brandt.!*

In Sec. IT we give our prescription?® after briefly stat-
ing the basic equations of the unmodified Sugawara
model and discuss how the equations are modified by
our prescription. In Sec. IIT we evaluate an ETSC using
the nonlocal expression for the stress tensor and give
arguments for using a particular type of limiting pro-
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cedure. The derivation of spectral sum rules as a conse-
quence of the limiting procedure is given in Sec. IV. We
conclude, in Sec. V, with comments on variations from
our limiting procedure and Weinberg’s second sum
rule’® and with an expression for the high-energy be-
havior of the cross section for ete~— hadrons.

II. MODIFIED MODEL

The symmetric Sugawara model is defined by first
postulating the equal-time commutators of vector
(V%) and axial-vector (4,%) currents (xo=120):

[Vo*(x), Voo (x") ]=[40*(x),40°(x") ]
=1fupcVoo(x)0(x—X),

[Vo*(x), Vit(x') = [Ao%(x),4x%(x") ]

=1 fape Vit (x)d(x—x")

—{—iCBabak(”)é(x—-x’) ,

[Vor(x), Axb(x") J=[Ao"(x), Vit (x') ]
=1 fancAr*(¥)6(x—x'),

[Via(x), Vit (a') J=[Ar(x),4:5(x") ]
=[4:%(x), V() ]=0,

where a,b,c=1, -+, 8, fab, are SU(3) structure con-
stants, and C is a finite ¢ number. The stress tensor is
obtained by requiring it to be a finite polynomial and
obey the Dirac Schwinger covariant condition.® It is
given by

0,()= (1/2C){ [V, *(), Vo (x) 1+

(2.1)

—gu @) VA (V— 4)}. (2.2)
The Heisenberg equations of motion are
9V, (x)=0=9*4 ,*(x), (2.3a)

8,V (x) =0,V 2 (%) = (1/2C) far{ [V (%), V.o (2) ]
+[A4,2(x),4,°(x) ]}, (2.3b)
8,4,7(x) = 8,4,4(x) = (1/2C) fare{ [V, 2(2),4,°(%) ]+
+[A4.2(x), Vo (2) 14}
For the reasons mentioned in the Introduction,
the stress tensor has to be defined as a limit of a

spatially nonlocal operator. In analogy with the case of
currents,'®:14 we redefine the stress tensor as

0,(x) =15i£r[} [0u(x; &) _<O| 0,(%; &) IO>]; (2.4a)

(2.3¢)

where!” £= (0,€) and

Ou(e; £)=[f(O/4CHLV u*(), Vo (x+8) 1+
+LVuo(a+8), V() 1o
—8u[ Vx(x), VMot 1+ (V— 4)};  (24b)

f(®) is a function of ¢ and the vanishing of f(0) is
chosen to cancel singularities of local products like
V,.%(x) Ver(x).’8 We shall suppress the appearance of the

16 5, Weinberg, Phys. Rev. Letters 18, 507 (1967).
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18 See, for example, R. A, Brandt, Ann. Phys. (N. Y.) 44, 221
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function f(#) until we come to Sec. III. Commutators
involving 8,,(x) are to be calculated using 6,.(x; &) and
then the limit £ — 0 is to be taken.

The equations of motion for currents are assumed to
he given by

6,J(x)=il£i§; /dx'[t‘)on(xo,xl; H,J ()], (2.5)

where J represents either vector or axial-vector current.
Equation (2.5) gives consistent results if

[Jb#(x+ E),Jw(x)]+= []bﬂ<x)>va(x“£)]+ as £—0.

With this condition as a part of our prescription, the
equations of motion for the currents become

V4 (x) =0=09%4 ,4(x),
0,V,(x) — 9,V ()
=lim (1/8C) furel [V (v+8),V,5(6) ]

(2.6a)

FLVubx—8),Voe(@) Je+L Vi), Vool —§) I+
+HLVu*(@), V(w81 4-(V — 4)},  (2.6b)
9ud (%) — 9,4 ,%(x)
=lim (1/8C) fasel [Au* (w48, Vo(2) ]+

H[AW (= 8),V,0(x) Lo +-LA4 (%), Voo(x =) 11
FA4 @), Vue(x+8 1 +(V—>4)}. (2.60)

Using the equations of motion, one can determine the
form of various equal-time commutators of the stress
tensor with the currents (xwo=1y"):

[Boo(x),J 0%(x") ] =15i13}) [Boo(x; &), 0%(+") ]

=iJ2(%) 9@ (x—x'), (2.72)
[Bo0(),i(2") ] =Limn [Boo(ie; £),7 k(") ]
=iJ o4 (x') 9@ 6(x—x’)
—i0Jx4(x)8(x—x"), (2.7b)
[Box (), 7 0%(x) ] =1£i£% [0ox(x; £),70%(x") ]
=iJ0%(%) 9 @ 8(x—x'), (2.7¢)
(O (x),T m(x") ] =T x2(x") Om @8 (x —X')
0, T o(x)0(x—x). (2.7d)

There appear additional terms of the form
lin funl 259,750 O(xcHE—x) —d(x—x)) (28)
in the commutators (2.7). If we assume that

£i_r)r01 [J (), (x+8) 1 — Q| [ (x),J (x+5 T+ [0)
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exists, we have
15133 &[T (), (v 48) 1y
=lim £ O|[J(0),J (++91:[0)  (29)

with #>0, and hence we can replace (2.8) by terms
like that on the right-hand side of (2.9) involving
vacuum expectation values. But the internal symmetric
nature of these terms lead to vanishing of their vacuum
expectation values (VEV). The fact that commutators
(2.7) are the same as those derived in a model-inde-
pendent way’® lends credence to the validity of Eq.
(2.9). Commutators (2.7) are also the same as those
found in the unmodified Sugawara model and hence
we can continue from here on in the same fashion as
before? to show that P, and M ,, constitute the Poincaré
algebra and that the currents have the correct trans-
formation properties under the Lorentz group.

III. STRESS-TENSOR COMMUTATORS
Now the stress-tensor commutators are given by
[0 00o ()] = lim, (003 £)000('5 £ B.1)

In order to compute ETSC’s we can make use of com-
mutators (2.7) and hence write (xo=x,")

[0,(%),00(x") ] = 1;3[9#»(96; £),000(x")]-
Consider (xo=x")
[ﬂoo(x),(’om(x’)]ﬂijgl [Boo(x; £),00m(2")], (3.3a)

(3.2)

where

[aoo(x} £),00m (xl)]
= (i/4C){[Vo*(x),Vo*(&') ]+ 0n @5 (x+E—X')

F+LVo* (x4, Vo (o) 110 @0 (x—x')

LV (@), V(&) 110 @0 (x+ E—x')

LV (a4 8), V(') 11 0: @ 8(x—x’)

FLVe(®),0mV (24 £) — 0V (2+ £) 11 8(x+E—X)

FLVe (x4 8),0m Vi (%) — 0x V() 1 8(x—x')

+(V— 4)).
After some manipulations, one obtains (xo= ")
[B00(x),80m(x") 1=1(800(2") 8+ Orm()) 0% 8(x—X")
+1£i£% r(x,a'; £), (34a)

(3.3b)

with

(x5 §)= (i/4C) f(OLLV o*(x), Voo (x+ £) J1-0m
+LVee(x), V(28 1) 9 @ (6 (x+E—X')+8(x—x"))
+ [V oo(#),0n Vo (x+ 8 1+ Vi (®),0m Vi (x+£)14)
X (6(x+E—x)—d(x—x))+(V— A4)}
+1(0] oo(x"; £)BkmtOkm(x; £)]0)0: @ (x—x'), (3.4b)

1 R, Jackiw, Phys. Rev. 175, 2058 (1968); D. J. Gross and R.
Jackiw, sbid. 163, 1688 (1967).
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where we have explicitly exhibited the presence of the
function f(¢). Using Eq. (2.9), we can show that
(x5 £)= (0] (22’5 £ 0).

At the outset there is nothing in the model to dictate
the form of f(£). But Bardakci ef al. (BFH)® have
shown that the massive Yang-Mills theory?? in a certain
formal limit reduces to the Sugawara model. The mas-
sive Yang-Mills Lagrangian is given by

L(x)= —1Fu (@) Fer(2)+-3me 0, (x) o (x),

where

(3.5a)

F®=0,0,"— 8,0 =380 fave(0u’ 0, 0,°0,%) . (3.5b)
Let
A=m*/g0, C=m/g. (3.5¢)
The hadronic currents are assumed to be given by
Juo=Nep,.

In the BFH limit
my— 0, go— 0, C=const

we get the Sugawara model. We shall look at this limit
in a slightly different way to arrive at the nature of f(£).
We are dealing with local product of operators. In
analogy with soluble models and perturbation theory
and also what we have done in Sec. IT, we assume that
they are appropriate limits of nonlocal products. Then
the mass term in (3.5a) becomes

IEi_rgg 3[mo(§) Pou(x+8) o (), (3.6)
where m0(0) is assumed to cancel the singularities of
the local product ¢,%(x)¢*(x). Appropriate modifica-
tions have to be made in equations of motion and com-
mutators involving local bilinear product of fields.?!
In order to get the BFH limit, we write

mo(8)=moh(£), go(§)=g[A() T,
C(&)=[mo(&) I/ [go() P=C/[h(§) I

[with &(£) — 0 as £— 0], and let mo— 0, go— 0, and
C=const. Under this procedure,?? the existence of
(3.6) leads to the existence of

k
Z(E)Jua(x‘l‘ £)Jra(x).

Note that the BFH limit and £— 0 limit are to be
taken in that order. The dimensionality of the product
ou(x+£) pH(x) is 172 and hence we take its leading
singularity on the light cone to be like £2. This leads
us to have A(§)~&® and hence f(£)~¢2. The leading
singularities of the product of operators being given by

3.7

lim
£-0

20 C, N. Yang and R. L. Mills, Phys. Rev. 96, 191 (1954).

21 A similar procedure has been used by J. D. Bjorken and R. A.
Brandt [Phys. Rev. 177, 2331 (1969)] to get “minimal algebra.”
But we differ from them in that we keep the limiting procedure to
get local products fron nonlocal ones and the BFH limit separate.

22 This procedure is by no means unique.
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the dimensional consideration is not true in general.
But it is true in perturbation theory and in models and
is suggested by axiomatic results’®; and it follows if
there is exact scale invariance.?® In Sec. IV we study the
consequence?® of f(£)~ £ and mention the consequences
of having f(§)~&" (>0) in Sec. V.

IV. SPECTRAL SUM RULES

Now we take the VEV of Eq. (3.4) to derive a set of
spectral sum rules. For this purpose we write the
Killen-Lehmann spectral representation for conserved
vector currents as

O[[Vue(),V,%0)1+]0)

= —ba /0 ) dSpV(s)<

where A®(x;s) is the even, invariant solution to a
Klein-Gordon equation of mass s'/2. There exists a
corresponding expressmn for axial-vector currents. We
first evaluate (0| r(x,2’; £)|0) by expanding d(x+£—x)
about £=0 and obtaln an expression involving &,
Embn, EmEnfp, etc. Because the limit £— O should be
taken in a rotationally invariant way to preserve
spatial symmetry, we should have

gmén - a’(f E)amn )
EmEnbifp—> D(E-E)*(Omndipt Omibnpt dmpdni) 5
Ennbibpldbr— d(f' §)3<5mn61paqr+ Pel'mumtions) ’
and

3,9,
)Am(x; 9, @1
S

(4.2)

Enknc -+ —0

for any product of an odd number of £’s, where a, b,
and d are pure numbers and are undetermined. They
need not necessarily take the values obtained by averag-
ing with a spatially symmetric function with unit
integral (that is, a=4%, b=1/15, d=1/168). Using (4.2),
we arrive at

Ol r(aas e>10>=——i(z—)<1 _3) f ds p¥(5)3n®
i f )
Xb(x— x>+-——§—£—[ £-E(a—6b) f ds p¥(5)

28;
—108 / ds s"lpV(S)jIAam(z)a(X—X,) ——2Cz-f(£)d

T
dess‘lpV(s)Azam(’)é(x—x’)+(V——)A). 4.3)

We have not included terms which obviously vanish
as £— 0.

23 K, G. Wilson, Phys. Rev. 179, 1499 (1969).
# Coleman et dl. (Ref. 15) conclude that J(&)~£E? is necessary
for massive free-fermion theories.

Expression (4.3) may be simplified by using Wein-
berg’s sum rules.’® Taking the VEV of commutators
(2.1), we get the first sum rule:

/ds sTpV(s)= /ds sTlpA(s)=C.

The second sum rule is obtained by considering the
VEV of the commutator (xo=xy")

LV (x),0;V o (x") — 8oV ;2(x") ]
=[4:(x),0;40%(x") — oA ;(x') ]

(4.4)

=limif‘(ai)f (CVetd), Ve
o g et el LV (e 8, Vi) I

HLVso(@), Vie(x+8)14)
XO(x—x)+o(x+E=x)+(V—4). (45)
We have made use of the equations of motion to arrive

at Eq. (4.5). The VEV of Eq. (4.5) gives

B(X—x’)iéabgij-[pv(s)ds =5(X—Xl)i6abgij

/ ds[pV<s)+pA<s>J[ Tt ez

1
Xé(x— x’)g,-j——B[%as (& H+4b]A8(x—x")gys

8b
_I_._.
s(€
Taking f(¢)=n2NCE-§, where N is a dimensionless

constant (7? is included merely for convenience), in
the limit £ — 0 we obtain from Eq. (4.6) the relation

)6,-(”>6,-<’”)6(x— X’)] . (46)

1
/ds pV(S)=/dS p"(s)=%NC(2+a)/(1—%N)E-E. 4.7)

Combining Eq. (4.4) and Eq. (4.7) with Eq. (4.3)
gives, with f(§)=mNCE-E,
iN2C

6
O] (o’ s):o>=’?§—<1—sa><z+a>am<x>a<x—x'>

+4iNC[EN (a—6b)(2+a)/(1—2N)—10b]

XA, @ §(x—X")—56iNE- EcdA?0,,D6(x—x"). (4.8)
Now we have from Eq. (3.4) (for xo=x")
(01 [800(),80m (") 1|0y =Lim (O] r(,5"; £)[0).  (4.9)
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By making use of the Killen-Lehmann representation
for stress-tensor commutators, we!? can show that
(for xo=xy')

O [B00(x),80m(x")]]0)
=— /‘e<7 ds[4ma(s)Fmo(s) JAD,®6(x—~x")

—i[4ma(o0)Fmo()]A20,,8(x—x"), (4.10)
where 75 and o are spin-2 and spin-0 spectral functions,
respectively, and (e )=1lim,., mi(s). Comparison of
both sides of Eq. (4.9) using Eq. (4.8) and Eq. (4.10)
gives

a=3%, (4.11a)
/ dsTima() o)
0
—4NCT10642N 24a)/(1—2N)(6b—a)], (4.11b)
%WQ(CO)—l—ﬂ'O((X)):O, (4—11C)

Equation (4.11a) gives the same value for ¢ as that
obtained by averaging with a spatially symmetric
function with unit integral. If we assume that b takes
its spatially averaged values 1/15, then Eq. (4.11b)
becomes

0 2
/ ds[%n(s)—!—m(s)]=EA'C(8+N)/(4—3A‘*). (4.12)
0
Since the spectral functions m; are positive definite,
Eq. (4.12) implies 0<N<4. Note that Egs. (4.11c)
and (4.12) are consistent with one another. One can
use the pole-dominance approximation in Eq. (4.12)
to determine the value of V. But at present the relevant
coupling constants are not known.

V. COMMENTS

It is evident from the above considerations that,
because the Sugawara model has all the pathologies of
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a local quantum field theory, one should not draw con-
clusions from naive manipulations of local products of
currents. In conclusion we want to make the following
remarks: (a) We have used the BFH limit of the massive
Yang-Mills theory and dimensionality arguments to
conclude f(¢)~ . But if one chooses to have f(§)~&n,
the consequences are interesting. With #=0 and n=1
we can arrive at different spectral sum rules. If #>2,
we get limg.o (0] 7(x,2’; £)|0)=0 leading to vanishing
m; (=0, 2), which means the theory does not exist. The
existence of Weinberg’s second sum rule [Eq. (4.6)]
requires #=4 and thus leads to a null theory. (b) With
our limiting procedure, we can show that a nontrivial
Sugawara model (0<#<2) leads to a divergent Wein-
berg’s second sum rule [see Eq. (4.6)]?

/ds pV(S)=]d3 pi(s) =00,

which, when combined with (4.7) and the expression for
the total cross section o104(s) for ete~— hadrons, 28

(5.1)

16732
O'tut(s> = PVem(s) ) (52)
s
leads to?”
Ti0t(s) ~ s (0<e<1). (5.3)

It will be interesting to see whether experimental cross
section for et¢~— hadrons will show behavior (5.3).

2 This result has been obtained by D. Corrigan and J. Kuriyan,
University of California, Los Angeles Report (unpublished). Their
arrival at it involves manipulations of local products of currents
which are highly questionable. The basis of their conclusion is the
elimination of an inconsistency which, in fact, disappears in our
limiting procedure.

26 J. D. Bjorken, Phys. Rev. 148, 1467 (1966); J. Dooher,
Phys. Rev. Letters 19, 600 (1967).

¥ We have ignored iog factors.



