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The techniques for computing S-matrix elements for nonpolynomial scalar-field Lagrangians with deriva-
tive interactions are presented. To second order in the interaction Lagrangian, it is shown that all the depen-
dence arising from the derivative part is completely separated out as operators acting on integrals identical
to those obtained in a nonderivative theory. The Fourier transforms of self-energy graphs for a class of non-
local interaction Lagrangians are taken in the massless case. The on-mass-shell contributions are determined
by the analytic continuation of the coefficients appearing in the series expansion of the Lagrangian. As
special examples, two Lagrangians which are isoscalar analogs of chiral SU(2) XSU (2) Lagrangians are
treated. The possible equivalence of on-mass-shell matrix elements for Lagrangians related by nonlinear field

transformations is discussed.

I. INTRODUCTION

HE partial-summation method of Efimov! and

Fradkin? for treating nonpolynomial Lagrangians

has been extended by Delbourgo, Salam, and Strathdee?

to Lagrangians with derivative interactions. In this

paper we develop the techniques required for calculating
S-matrix elements for these Lagrangians.

We consider a one-component scalar-field Lagrangian

given by

L(¢,0,0)=3: (0u0) (0ud): —3m?: ¢%: +Lini(¢,9,9) , (1.1)

where the interaction Lagrangian is of the form

Line(¢,9:8) =h:u($): +g: (0us) (0u0)v(d): . (1.2)

Here u(¢) and »(¢) are taken to be arbitrary functions
of ¢ which have a Taylor-series expansion about ¢=0; g
and % are coupling constants. The normal ordering in
(1.2) is defined by expanding #(¢) and v(¢) and then
normally ordering each term.

General expressions for the S-matrix elements to
second order in L;y, are derived in Sec. II, and in Sec. I1I
we take the Fourier transforms of the self-energy graphs
assuming zero-mass fields. All the usual difficulties'5 of
constructing field theories with nonpolynomial Lagran-
gians without derivative interactions are also present
here. In particular, the ambiguity arising from the
summation techniques cannot be completely eliminated
by unitarity and analyticity arguments. This is dis-
cussed in detail for the self-energy graphs.

Our future interest lies in comparing the predictions
of chiral Lagrangians in the so-called “tree approxima-
tion” to a field-theoretic approach where one computes
lower-order perturbation graphs (loops). The above
Lagrangian contains as a special case, when 4=0, the
isoscalar analogs of chiral SU(2)XSU(2) meson La-

* Beit Scientific Research Fellow.

' G. V. Efimov, Zh. Eksperim. i Teor. Fiz. 44, 2107 (1963)
[Soviet Phys. JETP 17, 1417 (1963)]; Nuovo Cimento 32, 1046
(1964) ; Nucl. Phys. 74, 657 (1965); Trieste Report Nos. I, II,
and ITI, 1969 (unpublished).

2 E. S. Fradkin, Nucl. Phys. 49, 624 (1963).

3 R. Delbourgo, A. Salam, and J. Strathdee, Phys. Rev. 187,
1999 (1969).

4 M. K. Volkov, Ann. Phys. (N. Y.) 49, 202 (1968).
®B. W. Lee and B. Zumino, Nucl. Phys. B13, 671 (1969).

3

grangians. In Sec. IV the self-energy diagrams for these
Lagrangians are treated in two coordinate systems. In
both examples there arise additional ultraviolet in-
finities. These infinities prevent a direct on-mass-shell
comparison of the S-matrix elements in the different
coordinate systems. It is possible to obtain the same on-
mass-shell matrix elements only with a special choice of
the renormalization constants.

II. S-MATRIX ELEMENTS: SECOND-ORDER
PERTURBATION THEORY

Following the discussion of Delbourgo, Salam, and
Strathdee,® we derive in this section general S-matrix
elements in second-order perturbation theory for the
interaction Lagrangian (1.2). The matrix elements for
the nonderivative part of (1.2),

hLi(¢)=h:u(¢): , (2.1)

have been derived by several authors'—5 and in order to
extend their results to the interaction Lagrangian (1.2)
we first derive the S-matrix contributions for the
derivative interaction Lagrangian,

gL1(¢,04¢) =g: 3,49,90(9): . (2.2)
The contribution from the product of L;(¢) and
L;1(¢,0,.¢0) can then be simply deduced by the same
methods and is given towards the end of this section.

For notational convenience we introduce the concept
of a “five-vector” defined by

i)
or=(¢0), )
Zp
=(¢(2),0.(2)) - (2.3)
The second-order term in the S-matrix expansion
in
S=Y —Sm™ (2.9)
" pl

is given by
S(”=g2fd4zld422T*{LI(¢N(21))L1(¢N(22))} , (2.5)

where the modified time-ordering operator T* is defined
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such that the order of time ordering and differentiation
is inverted in taking vacuum expectation values of the
following kind®:
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where

(T{op(x1)(x2)}) = A(w1—42) . 2.7

As usual we take the propagators to be regularized by

i}
(T*{pu(x1)p(x2)}) = Ap1 (21— x2) = A(x1—x2), the Pauli-Villars method or by an equivalent method,
X1p and we let the regulator mass M — o at the end. We do
(T*{¢, (1), (22)}) = A1, pa (01— 2) not denote the regularized propagator by a different
symbol.
=— —A(x1—ax5), (2.6) Expanding S® into normal-ordered products, one
0%x1y %3y obtains
¢"(21) ¢"(22) ¢’"(Z ) " (= )
S(2>=g2/d451d422 Z Sm; n(A(21—322)) : t 281, 0 (A (51— 22)) : ¢n(21) : :
m,n=0 m, n %'
¢™(21) ( 2) ¢™(21) ¢"(22)
FSmttunr1.(A(z1—22)): ¢n(z1) (22) i 22 n(A(21—22)) 1 bu(21) 0, (zl)—]—— —
m!  n!
o™ (z1) ¢”(Zz)
F 282,50 n 1, (A (21—22)) 1 u(21) 0, (21)—‘*—?5 (22)
¢"(21) ¢"(22)
+Sm+2,up;n+2,va(A(Zl—Z2)):¢u(zl)¢p(zl) : ¢V(Z2)¢V(ZZ) ; c. (28)
m! ”
The coefficient functions in the normal-product ex- Taking Lr to be given by Eq. (2.2) gives
pansion (2.8) can be written in the form? Py
‘ Li(sa) =0(5) 3w, (2.14)
rOSu

d
Smk; nL(A) =3XP< Ayn

o)
02, v/ \0¢1 K

b1, m
0 n
X(-) Lrra0Liton) . 29)
a¢2,L 1, =0; b2, N=0
where
A Av?
Aul Aul,vZ

The indices 7 and # refer to the number of external lines
(including derived scalar lines) at vertices 1 and 2 and
K, L are the five-vector labels.

_ Subst1tut1ng the five-dimensional Laplace transform
Li(¢a) of Lr(pa), where

Lo = / B ane s Lis),  (211)
0

into Eq. (2.9) and noting that

=/ % oy (= a0) L (§ar) e omlnn
0

d
'(9—LI(¢M)
(2.12)

037} 60

we obtain

SmK;nL(A)=/ / d5¢1, %o v (—¢1,8)™(—$2,1)"
o Jo

XLr(t1,m)L1(s2,n) exp(riduntan). (2.13)

6 P. T. Matthews, Phys. Rev. 75, 1270 (1949); F. J. Dyson,
ibid. 83, 608 (1951).

where 7(¢) is the Laplace transform of v(¢). Substituting
into Eq. (2.13), we obtain for the case of no external
derived scalar lines

Sm;n(A)'_‘/ / dE1d¢ A% 1 d a0y (=)™ (=)™
0 0

62 62
Xo(6)9(6) [——«a«m][——a«fz,v)]
ag‘l.uag‘l,u a(2,va§‘2,v

Xexp(§18¢atE18uiatE18ml e 1ulutpeb ) . (2.15)

Higher-order S-matrix elements can be obtained by a
generalization of this equation. The vector integrations
are performed by partial integration to give

Sm;n(A)=/ / di1dga(—E)™(—§2) 9§ )(E2)

XI:szl,v2Ayl,v2+4AM1A”1’y2AV2§'1§'2
F A1 18,20,0(8 1§ 2) TS 1482

_o f / dsda(—g)m( =)
0 0
X(§1)T({2)esrA8

(2.16)

=1n;a(4),
where the operator © is defined by

O= 2A;;1,v2Aﬂl,v2+4AM1A[l1.l’2Al’2 (a/aA)

+Au1AulAv2Av2(a/aA)2. (2.17)
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All other graphs can be derived in a similar manner
but they are more immediately obtained by partial
differentiation of Su;.(A) with respect to the A,1, A,s,
and A,1,,2 propagators. From the general formula (2.9)
it follows that

Sm+1.u: n+l(A) =

Smin(A),

ul

a
Sm+1,u; n+l,V(A) = __"‘Sm:n(A) )

Aul,vZ

d d
Sm+2,yp; n+2(A) = "‘—’Sm;n(A) )

(2.18)
0A,1 0A 1
i}
Sm+2,ﬂp: n+2,v(A) = Sm,n(A) )
0A,1,02 0A 51
Sm+2,[lp; n+2,vu(A) = Sm; n(A) .
aAnl,v2 0A pl, 02
In addition, there is the symmetry relation
SmK;nL(A)zsnL;mK(A). (2.19)

Performing the propagator differentiations which act
only on the ® operator, we obtain the following
formulas for all second-order contributions:

Smuin(A) =[4Ap1,2052
+24A,14,20,2(8/0A) 1 n; n(4)
© Smoupin(8) =28upAr2A ol m; n(4)
Smttnt1,5(8) =4[ A1,
FAu14,2(8/08) W m;n (D)
S'm,-f—l,up; n+1,v(A) =4gupAy2Im; n(A) )
Smt2upint2,ve(8) =4gupgrelmin(4).

(2.20)

In practice it is also very useful to note the identity

Smy1;1= (a/aA) LSmio. (221)

We make the observation that all graphs are writlen in
the form of an operator acting on Imn(A) integrals. These
integrals are identical to those which one obtains for
second-order diagrams with m external lines at one verlex
and n at the other, using a nonderivative Lagrangian
v(¢).13 Thus all the dependence coming from the derivalive
part of the Lagrangian has been completely separated out.

To take into account the contributions from the
product of the two Lagrangians Li(¢1) and Lr(¢s,¢2,4)
defined in Egs. (2.1) and (2.2), respectively, we again
expand the modified time-ordering operator into a
series of normal-ordered products. The corresponding
coefficient functions in the expansion are Su;a(4),
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23m+1;n+1,V(A): and SM%M—?,M(A): where

. a l¢] i) a \™
S’m; n(A) = eXpl:_(A— +Av2 ):’<—_—>
dp1\ 0oy 03, J¢1.

X(Bi)nLi(%)LI((ﬁz.N)

b2

$1=0; 2, N=0

=Av2Av2/ / dE1dEa( =)™ (—§a)"
0 0

Xa(F1)9(52) exp(£1A82)
=002l n(A), (2.22)
#(¢1) being the Laplace transform of #(¢1),
0 (@)

v2

Srrb+1;n+1,V(A) =

=2A,00 (D) (2.23)

and

Smiins2,0p(8) =28, oL min (D). (2.24)

There are also similar contributions with L;(¢) and
Li(¢s,¢2,) interchanged. The I, integrals are again
identical to those which occur, in second order, for a
nonderivative Lagrangian corresponding to a Lagran-
gian #(¢) at one vertex and v(¢) at the other. Both the
In;n and I, integrals can easily be evaluated.'8 For
the remainder of this paper we only consider the contri-
butions from the derivative-interaction Lagrangian.

We shall consider the case when v(¢) is a linear
combination of expressions of the form

w(e) = (ffe")*/ (1—f¢*)",

where a and 8 are integers. The restriction 3>a>0 is
also made since with this condition we shall see that we
meet no difficulties with over-all ultraviolet divergences.
We note that any expression of the form (2.25) can be
written as a sum of similar terms satisfying the condi-
tion B>a>0 together with a polynomial in ¢2 The
polynomial in ¢? can then be treated separately.
Expanding w(¢?) binomially, we have

(2.25)

o (8—atr—1) - (r—at1
w(@) =3 ’ et
o= B-n!

(f*%)r. (2.26)

Since v(¢) is some linear combination of the w(¢?)’s, we
deduce that

o(¢) = g (2?7, @2.27)

where ¢(7) is a polynomial in 7. It is now easily shown—3
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that for v(¢) given by (2.27),

0

Ipn;o(A) =" ca(r+n)ce(r)(2r+2n)!
X(fA)rn(f2)rar, (2.28)

where for later convenience we have distinguished be-
tween the two vertices by subindices 1 and 2. T2,41,0(A)
is zero, and the general integral Is,;;; can be obtained
by [ differentiations with respect to A [Eq. (2.21)].
Thus all second-order graphs may be derived from Eq.
(2.28) with use of the appropriate operators defined in
(2.20).

III. FOURIER TRANSFORMS

In this section we derive the Fourier transforms of the
self-energy graphs in the zero-mass case. As has been
discussed in great detail by Efimov* and by Salam and
Strathdee,” the Fourier transform is first taken in the
Symanzik region in p space (p?<0) and the results
obtained are then analytically continued to timelike
values of 2. For $2<0 one continues the propagators
A(z) into Euclidean x space. Hence, in the zero-mass

case, one obtains

A(x)=—1/4n%2, (3.1)

where 2= —x2—Xx2,
We consider the interaction Lagrangian

gLI (¢’au¢‘) =g:0,09,¢v (¢) Ty (32)

where v(¢) is of the form defined in Eq. (2.27). The
second-order self-energy contributions Syi, Siu1,
S1u1, 520, S2,u50, and S, uy;0 are given by (2.16) and
(2.20). Explicitly we have

a
Si1=0—1¢,0(4),
dA
d\ 9
Sl,n; 1= <4AM1,P2AV2+2AH1AV2AV2_>_IO; O(A) 5
dA/ dA

a
Sl, ; ,,,=4:(A 1,1;2‘}'A 14, P_>I, (A);
w1 " b 23A 0;0 (3.3)

SZ;O= ®I2;0(A) )
i)
Sau0= (4A,‘1,u2Au2+2A;¢1AV2A»252)12; o(4),

S2,;0=28url p2 g2l 2;0(A)
where, from Eq. (2.28),

Ioo(8) =3 c(r)elr)(20) fa,
= (3.4)

Ip;0(A) = f1? ij:o c(r+1)c(r)(2r+42) 1 f4rA2

where f4= f22y.
7 A. Salam and J. Strathdee, Phys. Rev. D 1, 3296 (1970).
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From Eq. (3.1) it follows that
Ay (%) =5 (4m)*A%, ,
Ap1v2 (x) = _%(47")2A2(gnv_4xuxl'/x2) )

where x=x;—x.. Hence the ® operator defined in Eq.
(2.17) takes on the following form: '

(3.5)

0 0 2
0= (41r)4A4[6+6A 2 +A2(——>] . (36)
dA A
Thus
S1;1(8)=S11(4,/%

=0 f‘, c(r)22r(2r) 1 frA2—1

r=0

(4t Y ()26 (2r4-2)  firarr+s
=0

47)4 d
= () /———i—c(z)22z
¢

21 sinwrg

XT(2z+3) (X f4)rA%+2, (3.7)
where we have written the sum as a Sommerfeld-
Watson integral with the contour C taken counter-
clockwise around the poles on the positive z axis in-
cluding the point z=0. Details of such a procedure may
be found in Refs. 4 and 7. Volkov* has discussed the
restrictions imposed on the coefficients ¢(32)2

The invalidity of Carlson’s theorem for the formal
power series in (3.7) implies that the analytic continua-
tion of the coefficients ¢(7)? from the positive integers to
complex values z is not, in general, unique. For example,
additional terms of the form

d(r) sinmwr A7

with undetermined coefficients d(r) may be added.
Following Volkov,* it is, however, possible in certain
cases to obtain a unique analytic continuation of ¢(r)2
Tor instance, the requirement

1i——>Irolo (2r)~e| (27)lc(r)?| Vr=4, (3.8)

with 0<ae<2 and 4>0, determines ¢(z)? uniquely and
sets d(3)=0. Condition (3.8) determines a class of non-
local interactions* and, with our restriction that ¢(r)
is a polynomial in 7, the Lagrangians (and in particular
the chiral Lagrangians) which we are considering fall
into this class. In the case of more general coefficients,
the presence of the terms d(r) sinrr A7 would lead, after
taking the Fourier transforms, to an undetermined
entire function in the energy for the self-energy graphs.
These coefficients d(r) clearly play the role of an infinite
set of renormalization constants. It is of prime im-
portance that these are identically zero for nonlocal
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interactions (3.8), in particular for chiral Lagrangians
which are not written in exponential coordinates.

We also point out at this stage that with our re-
strictions on ¢(r) we can show, by treating the divergent
series in (3.7) as an asymptotic series, that the ultra-
violet behavior is given by the pole at r=—1,

Sl;l(A)’\‘ '_(4“')426(—1)2 A/f4
+0(A—1) as A—ow. (39)

Hence it is lower than A? and therefore the .S matrix has
no over-all ultraviolet divergence.

The integral (3.7) has a cut in f* from 0 to + . The
Fourier transform will first be taken for negative values
of f* and the result then analytically continued to
positive physical values of f* with an averaging pro-
cedure determined by unitarity. For the massless case
the Fourier transform of A#(x) is given by?

D(p%z)=1 / d*x erzA%(x)

3 —(16m)! /—p2 =2
" sinmz I‘(z)I‘(z—l)\161r2> , (310)

valid initially in the strip 0<Rez<2 and outside it by
analytic continuation. In order to take the Fourier
transform of Sy,1(4A, — f*), the Sommerfeld-Watson con-
tour is deformed to lie in the strip 1<Re(23+3)<2
along the imaginary axis. This can be done without
picking up additional pole contributions since no over-
all ultraviolet divergences are present. One obtains for
s=p?<0 and in the Ref*>0 half of the (— f*) plane

FGs, = 9= [ 4 evSuata), =19

a—io g c(2)22z
= —8ixd /
atio SIDTE sin2wz T'(2z-42)

—s 2z+1
><f4z<16 2) . (3.11)
T

where —1<Rea< —3%. We next collapse the contour
back around the positive real axis and pick up the
residues of the first- and second-order poles to obtain

F(s, —f*)=—c(0)%
e GrDe=p s >
Hert 2 () (2n)! \16x2

o ()OO PNT s
> @r+1)! (161r2> [ilnf +ln<167r2>

1d 1
+ - —Inc(z)?| —¢(2r+2)+ —] . (3.12)
2dz " 2r

2=

1331

Here we point out that the original x-space sum (3.7)
contains only odd powers of A while the evaluation of
the Sommerfeld-Watson contour integral, after taking
the Fourier transform, also yields terms arising from
initially nonexistent even powers of A. The mathe-
matical reason for this is that the Fourier transform
(3.10) of A#(x) has itself simple poles at the integers
2=2,3,4, ..., and therefore changes—as a renormaliza-
tion—the original simple poles under the Sommerfeld-
Watson integral (3.7) into a series of double poles while
introducing simple poles for the even powers of A.

Analytic continuation of F(s, —f*) to positive values
of the coupling constant f* from below and above the
cut in the f* plane determines the physical amplitude to
be J
F(s,f4b)=aF (s, — f*¢'m)+BF (s, — fte~), (3.13)

where

a+pB=1,

The second equation in (3.14) follows from unitarity.
Thus

Re(a—B)=0. (3.14)

where b is an arbitrary real constant. Therefore the
Fourier transform of the self-energy diagram Sy;1(4) is
given by

F(S7f4)b) = —6(0)23

(3.15)

P O Py
IE = (42! \16

Lo i)

1
—p 22+ ~], (3.16)
27

14d
+ — —Inc(z)?
2dz a=r

where 2= (f2f)Y2.
The amplitude F(s,f%b) may be written in the form

F(s,f*,0) =F1(s,f)+bFs(s,f*) , (3.17)

where Fy(s,f%) is an entire function of s. In the limit
s— 0, i.e., on the mass shell, one obtains

8w
ng(s,f“)=ch(——%2 at s=0, (3.18)
while
Fi(s,f)=0 at s=O0. (3.19)

Similarly the p-space contributions from 2S5 ,1(A)
and S1,41,,(A) can be evaluated and are found to be
—4F(s,f4b) and +4F(s,f4b), respectively, where
F(s,f4b) is as given in Eq. (3.16). Thus the contribu-
tions from these two graphs cancel. We stress that
without our restrictions on c¢(r) this relation is not
necessarily valid.
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The self-energy contribution Si;0(A) is a p*inde-
pendent constant. From Egs. (3.3), (3.4), and (3.6),

Syo(8) =220 3 o(r+1)e(r) (2r-+2) frra®r

0

=f12(4m)* X c(r+1)c(r)(2r+2)(2r+3)!

r=0

X firar+4, (3.20)

The asymptotic behavior for large A is given by the

coefficient at = —1 and normally gives a behavior ~A? .

which would lead to a logarithmic divergence. However,
because of the factor 2742 which has arisen by applica-
tion of the ® operator, the asymptotic behavior is lower
than A2, Performing as before the Fourier transform by
Sommerfeld-Watson technique, only the energy-inde-
pendent term has to be taken into account. We im-
mediately obtain the expression

G(/) =167/ /) ¢(0)c(—1) (3.21)

for the Fourier transform of Ss;0(A). We note that here
no ambiguity parameter arises.

The contribution from Ss,,;0(A) always vanishes
trivially in « space since it is of the form

54() / SomoAE)ds, (3.22)

where

S2,u0(A(2)) =21 (2) (3.23)

and the integral (3.22) then vanishes by symmetry.
Finally we have

0

Sa,um0(A) =2g,,1672 12 3 c(r+1)c(r)(2r+2)!

r=0

Xf4rA2r+3 s (324)
which again exhibits no over-all ultraviolet divergences.
Taking the Fourier transform, we obtain the expression

H(s,f*) =s2bmc(3)c(—3) 2/ f*, (3.25)

which clearly vanishes on the mass shell. All final re-
sults are to be evaluated with fi*= f,2. Then with the
definition f2=-(f2f)'2, it follows that

f&/fr==£1 for f220, i=1,2. (3.26)

Thus the self-energies from all second-order diagrams
for Lagrangians falling into the class that we have
considered may be simply determined by substituting
into Egs. (3.16), (3.21), and (3.25) the coefficients ¢(r)
appearing in the expansion of v(¢), the scalar part of the
Lagrangian. Let us remark that the use of the
Sommerfeld-Watson method in taking Fourier trans-
forms of divergent series, especially with reference to
Egs. (3.21) and (3.25), has a formal character. However,
the results given here can also be obtained using other
methods.®

HUNT, KOLLER, AND SHAFI 3

The Lagrangian can be shown to be equivalent to a
free-field Lagrangian. If, therefore, we wish to require
that the sum of all second-order self-energy graphs
vanishes on the mass shell for zero-mass particles, then
this implies

bEy(f9+G()=0 at s=0 (3.27)

and allows the ambiguity parameter b to be uniquely
determined as

2¢(0)e(—1) f2
T oo(=9? S

It is seen that zero self-energy (to second order) on the
mass shell implies, in general, 5%0. An extremely
interesting point to note is that the coefficient ¢(—1)
appearing in the numerator of the expression for & also
appears in Eq. (3.9) for the leading term in the ultra-
violet behavior of Sy;,1(A). For the scalar part of the
Lagrangian given by Eq. (2.25), we see that this co-
efficient c(—1) always vanishes if 8—2>a2>0, i.e., for
a theory where the scalar part of the Lagrangian ~M—*
or better applying the usual power-counting method of
Dyson.

When the self-energy graphs contain additional ultra-
violet divergences, then it is not possible to deduce from
Eq. (3.27) a unique value for d. This will be the case for
the chiral Lagrangians.

(3.28)

IV. CHIRAL LAGRANGIANS AND
ULTRAVIOLET INFINITIES

We now apply our results to chiral meson Lagrangians
without isospin which are of the form

L(¢)=3:£(¢)0,99,9: , 4.1)

where g(¢) is a metric on the circle S*. We consider two
different coordinate systems on S*. Coordinate system I
is obtained by restricting the coordinates of the plane K?
to a circle of radius 1/\, giving

g()=1/(1-N¢"). (4.2)
Coordinate system IT yields
g (@) =1/L(A+iN¢?)], (4.3)

and is the stereographic coordinate system on S*. In the
case of chiral SU(2)XSU(2), these two coordinate
systems are generalized to coordinates on the three-
dimensional sphere S? embedded in the Euclidean
space R*,

It is known that in the massless case, scalar Lagran-
glans of the type given in (4.1) can be reduced to the
usual free massless scalar-field Lagrangian

L (‘P) = %: Ao:
by the transformation

¥=G(¢),

(4.4)

(4.5)
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where

)= / 28 %dg. (4.6)

The Lagrangians L' and L may be generated from the

free Lagrangian L(y) of Eq. (4.4) by the respective
transformations

¥=—(1/)) sin"'(A¢)
¥=(2/)) tan™'(3N¢). (4.8)

These transformations from a free-field theory are of
course not possible for the chiral SU(2) X.SU(2) theory.
The two Lagrangians L' and LY are also related by a
coordinate transformation of the field since Lagrangian
L(¢) can be obtained from the Lagrangian LI(¢) by
the transformation

¢ — ¢/ (1+iNe?). (4.9)

Subtracting from the total Lagrangian the free part, one
obtains the following two interaction Lagrangians:

(4.7)

and

Lml<x2,¢>=—;—:(aﬂqb)(auqb)( —1): (4.10)
1—\2?
and
Lind1(k%,0) =%:(0,0)(0up)| ———— —1}):, (411
() = (0,0)( ¢>((1+K2¢2)2 ) @an
where
E=1N2, (4.12)

Note that the two interaction Lagrangians are also
related by differentiation with respect to the coupling
constant. We have ~

i}

Lini"'(x?) = —k*Lins" (—«?). (4.13)

k?
This relation would allow one to deduce, in perturbation
theory, all the Green’s functions of Liy!! to any order
from the corresponding Green’s functions of Lin! and is
one of our reasons for having distinguished between the
couplings arising at each vertex.

We see that in both coordinate systems the total
Lagrangians can be dealt with as special cases of Sec. ITI.
Simply by noting that gl(¢)~M~2 and g'l(¢)~M 4, we
can immediately tell that the d-independent contribu-
tion to the on-mass-shell self-energy, i.e., that of Sy,
will be zero for coordinate system II but nonzero for
coordinate system I. Explicitly, the respective coeffi-
cients and couplings are

c(r)=3, fE=fl=N,
A()=50+1), fi=fl=—x,

and from Eqgs. (3.18) and (3.21) the second-order
contributions for the total Lagrangians are

ST(s=0, \2) =2m3b/\2+4n2/\2,
SU(s=0, k2) =n%b/2 (=2mh/A2).

(4.14)

(4.15)
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Note that, with A2=4«2, the S1;1 on-mass-shell contribu-
tions are equal in both coordinate systems.

To consider the interaction Lagrangians (4.10) and
(4.11), we need only evaluate the additional contribu-
tions resulting from the subtraction of the free part from
the total Lagrangian. Explicitly, the scalar integrals for
the interaction Lagrangian reduce to

Too(A) =3 c(r)*(2r)LfirA% 1,
(4.16)
Iy, 0(A) = f1? éﬁc(w{—l)c(r) 2r4-2)1f4A% — f12%(1),

where the additional_contributions from the free part
are just the single terms subtracted off from the infinite
sums. These sums simply yield the results already given
in Eq. (4.15). Applying the appropriate operators as
defined in Egs. (2.16) and (2.20) to obtain expressions
for the x-space second-order contributions, we see that
the additional terms only contribute to Sty 1,,(4),
S2.0(A), and Ss,,,;0(A). The respective expressions for
these additional terms are

S w1y (8) = —Bu1,2, (4.17)
S/2§0(A) = —2f12c(1)Au1,r2Anl,v2
=—0f7(4m)'c(1)At, (4.18)
SIZ,;W;O(A) = _2gyvf126(1)Ap2AP2
=2guvf12(47|')25(1)A3. (4:.19)

Here we notice the appearance of ultraviolet diver-
gences. In Eq. (4.18) there is a quartic divergence and
in Eq. (4.19) a quadratic divergence. In removing these
divergences finite parts will remain, which we denote by
¢4 and ¢, respectively. Thus the Fourier transforms of
(4.17)-(4.19) together yield the following additional
contribution to the self-energy:

S7(s) =s4-catcas.

Thus, on the mass shell we are left with the unde-
termined constant ¢, arising from the removal of the
quartic divergence. Clearly this constant is not neces-
sarily the same in both coordinate systems. Hence Eqs.
(4.15) must be amended to

ST(s=0, \2) =238/ \2+4m2/\2+-c4,
S (s=0, \2) =230 /\2+c4,

(4.20)

(4.21)

which are the final on-mass-shell second-order self-
energies.

V. CONCLUSIONS

We have explicitly given the techniques required to
calculate second-order diagrams for nonlinear scalar
Lagrangians with derivative couplings. The on-mass-
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shell contributions to the self-energy for the massless
case are determined by the analytically continued ex-
pansion coefficients ¢(z) at the critical points z=—1,
—1%, 0 and yield for a theory with no over-all ultraviolet
divergences the general self-mass contribution

5 [Ir—sf— (=3t 0y 1)]
t= —g? —c(—3%)? c(0)e(—1) |,
K g (f12f22)ll2 f22

where b is a real parameter. Restricting ourselves to the
class of nonlocal interactions considered in this paper,
it is clear that the second-order self-mass du? will be an
invariant for those field transformations

¢— ¢'=G(¢)
which leave unchanged
o(—3)? ¢(0)c(—1)

— % and —
(f12]’22)1/2 an f22

In general, however, there are additional ultraviolet
divergences which introduce extra renormalization pa-
rameters and then this statement becomes more
complicated.

In the case of chiral Lagrangians, the finite self-energy
graph Sy;1(A) gives the same result on the mass shell for
both coordinate systems; the invariance of c¢(—%)?/
(fEf2Y? is quite remarkable. However, the S2,0(A)
graphs are infinite. Hence in this model, using the
Efimov-Fradkin method of partial summation of pertur-
bation theories, the theorem of Coleman, Wess, and

HUNT, KOLLER, AND SHAFI 3

Zumino,® that coordinate transformations leave in-
variant the on-mass-shell results of S-matrix elements
with a fixed number of loops, cannot be checked
directly because the S-matrix elements are infinite to
each order in Liy(¢). This theorem must be imple-
mented by the requirement of a coordinate-independent
choice of the parameter & and the renormalization
parameters. Coordinate independence to second order
can be guaranteed by a suitable choice of the renormal-
ization parameters ¢4 and c4'.

The techniques developed here can be extended to the
physically important self-energy diagrams of chiral
SU(2) XSU (2) Lagrangians. This will be dealt with in a
forthcoming paper.

Nole added in proof. We wish to point out an un-
resolved problem, concerned with the possible connec-
tion of the normal ordering prescription that we have
employed to the recent work of Charap. He deals with
chiral Lagrangians which are not normally ordered and
shows the necessity of modifying the T™* product to
obtain the correct Feynman rules. This problem is
being examined.
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