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Current-algebra techniques and the hypothesis of partially conserved axial-vector current are used to
derive a low-energy theorem for the reaction e+E~ e+Ã+m+~(soft). Particular attention is paid to
satisfying the requirements of gauge covariance. Except for recoil corrections, the resulting matrix element
is proportional to the nucleon axial-vector form factors, and we suggest that this electromagnetic process
may be used to measure gz(k').

I. INTRODUCTION

'EASUREMENT of the momentum-transfer dc-
' pendence of the nucleon axial-vector form factor

gz(k') would clearly be of great interest, since it would
give information about the spectrum of axial-vector
mesons, just as our experimental knowledge of the nu-
cleon electromagnetic form factors has provided much
useful information about the vector mesons. Unfortun-
ately, the elastic and inelastic weak-interaction experi-
ments' to measure g~(k') are much more dificult than
their electromagnetic counterparts, and as a result very
little about gz(k') is known at present. Clearly, it would
be useful to have alternative, even if very indirect,
methods of measuring g~(k'). We discuss in this paper
the possibility of measuring gz(k ) in the electroproduc-
tion reaction

s+E-+ e+1V+m+n-(soft), (&)

assuming the validity of the current algebra and of the
partially conserved axial-vector current (PCAC) hy-
potheses. This possibility is suggested by the recent
work of a number of authors, ' showing that when cur-
rent-algebra —PCAC methods are applied to the photo-
production reaction y+N~1V+m+n. (soft), which is
the k' =0 case of Eq. (1), the results of the old Cutkosky-
Zachariasen static models are obtained, with the doxni-

nant term coming from the matrix element of the axial-
vector current (1V~

I
Jq"

I 1V).
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t Supported in part by the U. S. Air Force Once of Research,
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periments, see E.C. M. Young, CERN Report 67-12 (unpublished).' T. Ebata, Phys. Rev. 154, 1341 (1967); P. Carruthers and H.
W. Huang, Phys. Letters 24$, 464 (1967); P. Narayanaswamy
and B. Renner, Nuovo Cimento 53A, 107 (1968); S. M. Berman
(unpublished) (Berman has also considered the extension to electro-
production); W. X. Keisberger (unpublished).

'R. E. Cutkosky and F. Zachariasen, Phys. Rev. 103, 1108
(1956). LSee also P. Carruthers and H. Wong, ibid. 128, 2382
(1962).j The soft-pion result generalizes their model to a relati-
vistic frameworl~ in the same way that Chew, Goldberger, Low,
and Nambu extended the Chew-Low static model for E3,3~
photoproduction.

In Sec. II we apply soft-pion methods to the reaction
of Eq. (l), and get a relation between the matrix element
for this process and the matrix elements for single-pion
weak production and electroproduction, (1'

I
Jq"

I
1V)

and (1' I
JPM I1V). By carefully keeping all pion pole

diagrams, we eliminate some discrepancies noted in the
previous work on two-pion photoproduction. The ma-
trix element (1V7r

I
Jq"

I
1V) can be related, in turn, to the

axial-vector form factor g~(k'), using models analogous
to the very successful CGLN' treatment of pion
photoproduction.

In Sec. III we retain only the I=J= 2 partial wave,
treated in the CGLN approximation, and discuss the
possibility of measuring g&(k') in the reaction e+1V-+
1Vs,s*(1238)+m.(soft).

II. DEMVATION

We will consider the electroproduction reaction

e(kg)+1V(pr) -+ e(k2)+1V(Pp)+n (g)+n'(g, ), (2)

with the superscript s an isospin index. Letting k=41
—k2 be the four-momentum transfer between the elec-
trons, the hadronic matrix element for Eq. (2) is

Mz= d'xd4y e'~'~e '~'~(—H„'+3II~')

&&(1V(P ) (0) I &(4 "(y)~ ' ( )) I1V(P )) (3)

We wish to find the limit of Eq. (3) when vr' is soft, that
is, as q, ~ 0. This can be done by the standard soft-
pion methods'; the only delicate point is to insure that
our soft-pion approximation for M), satis6es gauge
invariance.

Let us begin then by studying the gauge properties
of Mz. Multiplying Eq. (3) by ikz, integ—rating by parts

4 G. F. Chew, M. L. Goldberger, F. E. Low, and Y. Nambu,
Phys. Rev. 106, 1345 (1957). Hereafter referred to as CGLN.

'See, for example, S. L. Adler and F. I. Gilman, Phys. Rev.
152, 1460 (1966}.
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with respect to x, and using BqJqEM=0 gives

t'k—~M~= d'xd'y e's' e '"'"(—G„s+M ')

XP'(ps)w(q) lb(xs —yo)I Js'M(*)A "(y)jl &(pt)) (4)

In all simple canonical 6eld theories involving pions
one 6nds'

~(*s-yo)[JO'"(~)A - (y))=set-b'(x-y)4 - (y)' (~)

substituting this into Eq. (4) and finally integrating by
parts with respect to y gives

k 3E ..(g.'+=3—E ') Jd'y

x.'t'-"&'&ll (p,) (q) ly. (y) I~(p ))

es„(q,'+M ')
d4y

(k —q,)'+M '

Xe" "'"&&(ps)w(q) I J"(y) l&(p )) (6)

As expected, when x' is on the mass shell, kq3fq=0, but
in the off-shell case the divergence of Mq is nonzero.
Our soft-pion approximation for Mq will not actually
satisfy Eq. (6) exactly, but will obey the approximate
version

es„(q s+M, s)

(k —q,)'+M '

Xe""9'(ps)w(q)
I J"(y) l&(pt)) (7)

obtained by neglecting q, in the matrix element of J
but keeping q, in the rapidly varying factor (q,s+M ')/
L(k—q.)'+M '$. Clearly, Eqs. (6) and (7) are identical
both in the soft-pion limit (q, =0) and on the mass shell

(q,'= —M ').
In applying PCAC to Eq. (3), it is helpful to introduce

the "proper part" JqA~ of the axial-vector current, de-
Gned as follows: Let u and b be arbitrary hadron states,
and let q= p,—ps. Then we define JzA~ by

Then using Kq. (10) we can write Eq. (11) as

~NgA
g J eAP — J

g.(o)
(12)

which says that the divergence of the proper part of the
axial-vector current is a smooth interpolating operator
for the pion source. Thus, we can rewrite the gauge con-
dition

I Kq. (7)] in the alternative form

iesec(qes+M ')k g, (0)
d4y

(k—q,)'+M ' MsrgA

xe*&'p(p) (q) IJ."'(y) 1~(p)). (»)

To get a soft-pion approximation for Mq, we substi-
tute Eq. (11) into Eq. (3) and integrate by parts with
respect to y. This gives

with

M'
M), =M ),~o+MP"ar,

q,s+M, '

g.(0)
&Efgac

~NgA

Xe" "'*&&(p) (q) IJ~"(*)l&(p)) (15)

Clearly, the proper current JzA~ has no pion pole; Kq.
(9) is thus a convenient decomposition of the axial-
vector current into pion-pole and non-pion-pole pieces.
I As an illustration, let us take tt and k to be nucleons.
Then ($1Jq"

I X) ec N(gAyqys+iqqk~ys)tt. In the approxi-
mation in which the induced pseudoscalar form factor
kz is given by It&=2M&gz/(qs+M„s), the proper part
of &$1Jq"

I Ã) is just the piece ugAyqysg. f Let us now
introduce the PCAC hypothesis in the form

Hfdf 'gA
g JsA — y ~

g.(o)

gx
&el J." If') = &el J."I»+

3f ' (g) the equal-time commutator of Js'A with JPM, ' and with

which implies that
gx

(elJ~" l&)=&elJ~" I&)— &elq J "'I&)~ (9)
q'+M. '

g (o)
M sURP —

zg d'xd'y e"'e 's's
~NgA

q'+M '
M~

xQ(p.) (q)l&(J. "(y)J" ())I&(p)) (16)

(10)
the remainder. Separating Eq. (15) for Mq~o into a

6 When integrated over space with respect to x, Eq. (5) becomes
/II+, F, p j=ies„p; which is just the statement that the pion
is a particle with the quantum numbers I= 1, I"=0. The local
form, Eq. (5}, follows from the integrated version in canonical
field theories, since in such theories the charge density J0 is
a bilinear form in the canonical fields and momenta, and thus
pfs™(x),e ~(y)j(~s~s contains no gradient of e-function terms
which vanish when inteyated spatiaQy.

~We have, of course, evaluated the equal-time commutator us-
ing the Gell-Mann algebra of currents PM. Gell-Mann, Physics 1,
63 (1964)].The possible presence of Schwinger terms in the time-
space commutators is irrelevant because of the cancellation of
the Schwinger term and "seagull-diagram" contributions in soft-
pion calculations. See, for example, S. L. Adler and R. F. Dashen,
CNrrsrtt Atgebrtts (W. A. Benjamin, Inc., New York, 1968), Chap.
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may be calculated to be

N(p, ) N(p, )'
(~)

N(p, ) N(p, )

'«(q, -k)
«(q)

N(pi) N(p&)

FIG. 1. Contributions 'to 3E/,suns LE|1.
(16)g. (a) Axial-vector current couples to
a virtual pion. (b) Axial-vector current
attaches to the initial external nucleon
line in single-pion electroproduction.
There is a similar diagram (not shown) in
which the axial-vector current attaches
to the final external nucleon line. (c)
Axial-vector current and vector current
attach to a virtual pion at the same space-
time point La "seagulV' diagram). {d)
Axial-vector current couples to internal
lines in the matrix element (Ã(po)s. (q) ~

XT(J,'"(y)JpM(x))
~
A/(p&) ).

~ SURF{e) de
(k—q,)s+34r '

Xs'" ""(&(Ps)~(q) I J- (x) I&(pt)&».

g„(0) q,xk,
&tlesc d s

3f~gg (k—q,)s+3II '

X "'9'(P ) (q) l~.'"'(*)l&(p )) (21)

Finally, in Fig. 1(d) the axial current couples to internal
lines in the matrix element

P(P ) (q) I
2'(~.'"(y)~ ' ( )) I &(P )&'

«(q)

N(p~) (d) N(p2)

proper part and a remainder gives

g.(o)
MEET~= —ie,3,

~xg~-
de s't' o~l '*(1V(ps)or(q) I

(k-q. )&(k—q, )„
XJ/, '~~(x)

I E(pt)&—— de
(k—q,)0+3f',0

x *" '*"P'(P ) (q) I
~ "'( ) I &(P )& (1&)

g.(o)
dox e"*($(Ps)or(q) I

J/'~r(x)

(k-q.)gk„
xl&(p)&-

(k q,)s+3f '—pe gib e

xP(p) (q)l&;" (*)l&(p)& . (18)

~ SURF(a)—

q, '+cV„s

In Fig. 1(b), the axial current attaches to an external nu-
cleon line in single-pion electroproduction; an expression
for M), "RF{"can be obtained from the usual axial-
current insertion rules and is given below. In Fig. 1(c),
the axial current and vector current attach to a virtual
pion at the same space-time point; this is a "seagull"
diagram contributing to virtual radiative pion decay and

In going from Eq. (17) to Eq. (18) we have neglected

q, in matrix elements of the proper part Jq™Pand its
divergence BP,'~~, but have retained q, in the rapidly
varying factor (k—q, )q//L(k —q.)'+3II 'j. The surface
term 3fqsU ~ contains four types of terms, shown in
Figs. 1(a)—1(d). In Fig. 1(a), the axial-vector current
couples to a virtual pion; it is easy to see that

consequently, MqsURF{") is of order q, and may be
neglected.

Comparing Eq. (21) with Eq. (18), we see that the
e8ect of including the radiative pion decay diagram is to
change the coefficient of the pion-pole term in M),~~
from (k—q, )/, to (k—2q, )/, . This eliminates the factor of
two discrepancy noted by Carruthers and Huang, ' who
neglected MqsU ~{', and leads to the satisfaction of
the approximate gauge condition (13).

Combining aQ the terms, we may write our answer as
follows:

3f' '
M/, = (2x)434(ps+q —pt —k)I

&2PtoPsoqo

Xu(ps)lV/, u(pt)+O(q, ), (22)
-

(2q.-k)&k, - ( ig, (0)-~
&~= e.s. , ,+3/,

(k q.)s+N. 0 — k /M/v'gg J

g„(0) Ps+i 3/lrr
+ rsq ~ OEM

2M~ 2ps q,

Pr+iNg g, (0)
+OP &'Sv»—2pt q, 231/v

where 0 '~P and 0),EM are de6ned by

s ~1/s

P(p)-(q) I~. " l~(p)&=
2plopsoq0i

X.(p)O. " (p), (»)
j./9

&~(p.) (q) I~""l&(p))=
2propsoqo

Xu(ps) OpMu(pr) ~ (23b)

The terms proportional to OqEM are the single-pion
electroproduction contribution 3fg

URF { ) mentioned
above. ' Since the single-pion electroproduction matrix

8 In writing the matrix element OPM we neglect the additional
momentum q, carried by the intermediate nucleon. It is clear that
the error is 0(q,), consistent with our approximation,
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element is gauge-invariant, we have k1(P2+iMN)
XO&, 28(pr) = k),28(ps)0&, (pr+iMs/) =0, and thus the
divergence of Xq is

TABLE I. Isospin coefBcients.

/7, 2+M ' (—sg„(0))
k,X,=.„. k„l lO». (24)

(k—q)'+M ' k Mp/gg /I

e+p -+ e+m-+(soft}+N3, 3~0

N3, g*' —+ p+~
Q e+m0

0
—-'( )'

Combining Eqs. (22)—(24), it is clear that the approxi-
mate gauge condition of Eq. (13) is satisfied. In particu-
lar, when q, 2= —3f ', k~S~ 0, so on-mass-shell Eq.
(22) gives a gauge-invariant approximation to the ma-
trix element for two-pion electroproduction.

(3/2) —M (3/2)Bf (3/2)/f (8/2)B

g (8/2) —
h& (8/2)Bf (8/2)/f (3/2)B

(3/2) g (3/2)Bf (3/2)/f (3/2)B

(8/2) —~ (8/2)Bf (3/2)/f (3/2)B

(23)

where f1+""& is the pion-nucleon scattering amplitude
in the (3,3) channel and where the superscript 8 de-
notes "Born approximation. "Expressions for fr+(3/»B,
My+(' ') By+('") ~ are given in the Appendix. '

9 That is, the frame defined by y2+q+q, =0. In the case q, =0
which we consider, the center-of-mass frame of the final baryons is
identical with the center-of-mass frame of the hard pion and nu-
cleon (the Ne, g* rest frame)."S. L. Adler (to be published)."Our mgltipoles are a factor (82 W//M&/el times those of Ref. 4.

III. DISCUSSION

Let us now brieRy consider the possibility of indirectly
measuring g~(k') in the reaction e+X~ e+E+or
+pr(soft), by use of Eqs. (22)—(23). For simplicity, we
will restrict ourselves to the case in which the soft pion
is at rest (threshold) in the center-of-mass frame of the
final baryons, ' and in which the hard pion and nucleon
emerge in the (3,3) resonance. At the soft-pion thresh-
old, the kinematic structure of two-pion electroproduc-
tion becomes identical to the kinematic structure of the
more familiar case of single-pion electroproduction; this
makes it easy to compute the two-pion cross section
from the matrix element in Eqs. (22)—(23). When the
hard x and lV form an S3,3*, the matrix elements in Kqs.
(23a) and (23b) describe weak production of the (3,3)
resonance from a nucleon target and have been exten-
sively studied. "The vector matrix element [Eq. (23b)]
is found to be dominated by the magnetic dipole" am-
plitude M~+('"', while the axial-vector matrix element
[Eq. (23a)] is dominated by the electric, longitudinal,
and scalar amplitudes 8&+('") Zy ( ), and X~+(
[The subscript (g~) indicates that the part of Kr+(3/2)

proportional to the induced pseudoscalar form factor
hz is to be dropped and only the part proportional to
the axial-vector form factor g~ retained; this restriction
arises because only the proper part of the axial-vector
current appears in Eq. (23).] For momentum transfers
k' less than 50 F ', a model which should give a good
approximation to M~+('"), ~ ~ ~ is

e+p —& e+2 (softl+N3, 3
~

N33*++~ p+~+ 1
6

A =—a181~(3/2)+as Mr+(3/2)

gA Plp

a= ~2 m,+(3~»,
Pl 0

~, (Bi2)

P20

1
D=—cy

gx

(kp —2M )Zrp"'"+2M'(lkl/k())K&p(o„)""'
X

ks+2M kp

(27)

where k&0~ is the laboratory-frame initial electron en-

ergy, where q, o and all other noninvariant quantities
refer to the center-of-mass frame of the final baryons,
and where 8" is the invariant mass of the resonating
pion and nucleon. Values of the isospin coeflicients u~, 2,3

are given in Table I. For comparison, the cross section
for the ordinary (3,3) electr oproduction reaction
e+p~ e+E33 + is

d'0 (e+p —+ e+&73 pe+) ns
I q I

1
~2(kp, W) =

dkpdW 32r (k&pr')2 2k'

2k&okpo —
—s,k')

(3I2) 2

A straightforward calculation shows that, in terms of
the weak (3,3) production multipoles, the cross section
fOr e+E —) e+Ep, p*+pr(threShOld) iS giVen by

1 dpo[e+S ~ e+$3,3*+or(SOft)]
~1(ks W) —=

la*i dg, odksdW CBO=M

' g.(o)' (W+M.)'
~3 M 2 W2+(W+M )2 M 2 (k L)2

1 2k&pksp —-'pks)

x 1+ l[l& l'+3lBl'+ lcl']
lkl

4kyok2o —k'
+ lDls, (26)

lk I
'
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Looking at Table I, we see that the most promising statement about the relative rates of decrease of 0~ and
reaction for the measurement of g~(k2) is a2 is that

e+p —& e+2r-(soft)+X2, 2*~

(29)

~2(k')/~2(o) [g~(k')/g~j' Ikl'"=0

~2(k')/~2(o) LF'(k') j'

for the following three reasons: (1) The coeflicient a) of
the axial-vector multipoles is the largest in this case.
(2) The coefficient a2 vanishes and, consequently, the
vector multipole M&+&'"' enters only through the very
small recoil-correction term

I CI '. (3) In this case there
is no soft-pion background coming from single-pion
electroproduction, which can only lead to a soft x+ or x'.

Because the Born approximations 8~+('") and
)~ are known functions of 5' and k', and are

proportional to gz(k2), Eq. (26) [apart from the small
term

I CI 'j is proportional to gg(k2)2, and thus a mea-
surement of o-~ as a function of k' will determine the
momentum transfer dependence of g~."

There is, however, a possible problem, which may be
illustrated by comparing Eq. (26) with Eq. (28) for
ordinary (3,3) resonance electroproduction. Just as 0&

is proportional to g~(k')', a2 is proportional to F (k')',
where FV(k') is an isovector electromagnetic form fac-
tor. There seems to be some evidence that the axial-
vector form factor gz(k2) falls off considerably more
slowly with k' than does FV(k'). This in turn suggests
that the soft pion+E2 2* production cross section 0)
falls off much more slowly with k' than does the %3 3*

cross section 0.2. Unfortunately, however, this conclusion
is not correct. The reason is that the multipoles M~+&'")

and 8(+(2 "have different small-
I
k

I
threshold behavior,

[gg(k2)/gg]2 (W—MN)'
(31)

[F"(k')j' (W—MN)'+k'

Even if g~(k2) falls o6 appreciably more slowly than
Fv(k'), the effect of the factor (W—MN)'/[(W —MN)'
+k'] is to cause 0 & to decrease more rapidly than 02.

The importance of the threshold behavior in Eq. (31)
illustrates a problem which might invalidate Eq. (22),
our soft-pion approximation for the two-pion produc-
tion matrix element, and thus destroy the possibility of
measuring gz(k ) in the reaction Eq. (29). In deriving
Eq. (22), we have neglected terms of 6rst order or
higher in the soft-pion four-momentum q, . At k'=0,
we feel fairly justified in this approximation, since it
leads to the Cutkosky-Zachariasen formulas, which
seem to work. However, it is always possible that some
of the terms of order q„which are negligible at k'=0,
increase rapidly relative to the terms of zeroth order in

q, as k' increases, because of a diRerent threshold be-
havior in

I
kI. If this happened, the soft-pion approxi-

mation could become bad precisely in the large-k' re-
gion, where we must look to measure gz(k'). Hopefully,
this does not happen, but in using Eq. (22) to interpret
two-pion electroproduction experiments, this danger
must be kept in mind. A more detailed investigation of
this problem is being undertaken.

M)+(2)2)-
I kI

h, (I) (3O) APPENDIX

Ke give here expressions for the Born approxi-
and this behavior, in the model of Eq. (25), persists mations f, +»(» NM, +(»2)&, g, (»2)&, g, (2)2)& ar,d
into the physical region as well. As a result, the correct X&+~,„)~'»)~:

g~
2

f1+ [W (p20+MN)A ((2)+W+(p2—0 MN) C(Q)j q

82rw
I qI

2

~, (3/2)&-I+
0"lull~I( —r. MNW (p)0+MN) A(a)

[F2v(k2)+2MNF2v(k2) j
02+ 4M ' W2 IqI2IkI2

W+ J3(a) MNW+ C((2)—
+ +nucleon and pion charge terms,

W'(p20+MN) I«I IkI
"A similar calculation would lead to a determination of g~(k') in electroproduction of a single soft pion. The relevant matrix elements

are given in Ref. 5, which gives further references. Experimental data on single- and double-pion photoproduction reactions indicate
that double-pion electroproduction may yield more reliable results for gz(k') than single-pion electroproduction. The reason is that
the soft-pion matrix element seems to give an accurate description of the experimental results for two-pion photoproduction up to
about 100 MeV above the E3, 3 +x threshold, while the single-pion photoproduction is dominated by %3,P production (which cannot
be described by soft-pion methods) as soon as one goes away from threshold. In fact, it is interesting to note that the recent DESY
results on y+p ~ N3, 3*+++~ show a cross section rising less rapidly above threshold than indicated by earlier experiments and
agree within experimental error with the prediction of the Cutkosky-Zachariasen model. The relevant experimental results and refer-
ences are given in Fig. 9 of M. G. Hauser, Phys. Rev. 160, 1215 (1967). If both methods of measuring gp(k ) are feasible, one will be
happy to have two independent determinations.
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g~+ (3I2)&—

A(a) M~(pgp+M~) W —(-', W+—p2p)k' C(a)
X +

I«l'l~l' (pro+Mar)(p20+MN)w I«l l~l

g g~(k'), ~(a) (-'W+—0o) C(a)
~~+& )""' =0~+I«I -- (sW- —go)—

(p o+MN)(p o+M&) I «I
with

W~ ——W+M+, Oi~= I (pw+MN)(pm+M~) j'", 02+=
I (pro+Me)/(p20+MN) j'",

a=(2pmoko+k')/(2 I«l Ii I) a=(2p»qo —M.')/(2I «I')

The functions A through E are de6ned by

—g,gg(k')) —',W (pro —M~) A(a) 2 B(a)
S,+& I & =wlo, +I«l

2M& i w'
I «I 'I &I'

C( ) 3 ~( )

w'(pm+M~) I «I ll I
w' (p~o+MN)(pm~+M~)-

. I —g,g~(k')) 3'(p —JAN)Wp+(-,'W——p )k'
w o„l«l

kp8' 2M' 8"

(A1)

(a+1
A(a) =1——',a lnl

ka —1
'

8 1
C(a) = —-', 3a+-', (1—3a') ln

8—i

(a+1)
&(a) =2 a+i(1—a')»I

Ea-1i

&a+11
E(a)= -' -' —a'+-'a(u' —1) lnl

ka —1)

(A3)

and F&r(k') and FP(k') are, respectively, the isovector nucleon charge and magnetic form factors, normalized
so that Fz~(0)+2MNF2~(0) =4.7. For reasons explained in Ref. 10& only the part of M&+~' "s proportional to
the total nucleon isovector magnetic moment (given explicitly in the equation above) is used in Eq. (25); the
part proportional to the nucleon and pion charges should be dropped.

' rrata

Uni6ed Formulation of Effective Nonlinear Pion-Nucleon Lagrangians, P. CHANG AND F. GURsEY
LPhys. Rev. 164, 1752 (1967)7. Equation (4.1a) should read

B„m /sin2 f/'' cos2f/~') m(B„~') sin2 f/'' cos2 f/~')
Jsp= —hpv~2~t+ I I+f

rf ( 2fgs' & 2f'n'

sin2fgs' t's'~ —(~ m)m) (sin2fgx' '
+h„~x~( +2f"tv,vsI II & ~2'+ E1+cos2fgvr2/ E 2f+7r2

Equation (4.3a) should read

B„m 1—f' r' 7m (B„w') 1 /w'~ —(~ m)m

@&r5&~5+ +f + ~r&+X ~( +2f 57&rsl (1+f'~')'5,
f (]+f2~2)2 2 (1+f2~2)2 1+fly

and Eq. (4.5a) should read

Bp& 'Z(8p7f ) 7l

Js = —h v5-~&+ (1 4f' ')'"+f — +h &X & +2f'h v~
f (1—4 f's')'~' 1+(1—4f'x')'12


