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A representation for the generating functional of the Green functions of a quantum Heisenberg
ferromagnet in the nonsymmetric phase is obtained in the form of an integral over two number
fields—a neutral field and a charged field. Simple criteria for the correctness of this
representation are given and checked. By means of this representation the dynamics of the
fluctuations of the longitudinal component of the spin at low temperatures is studied and the
asymptotic form of the correlator of these fluctuations at large times is calculated.

1.INTRODUCTION

To represent the partition function and the generating
functionals of different averages in the form of an integral
over number fields is natural for the use of the method of
steepest descent and convenient for the analysis of perturba-
tive and nonperturbative effects. Attempts to obtain a func-
tional representation for the quantum Heisenberg ferromag-
net have been repeatedly undertaken,"? but the final
expressions either cannot be expressed in an explicit closed
form' or, as in Ref. 2, do not pass the test of fulfilling trivial
identities (see Sec. 2). In a paper by one of the authors® a
method was proposed that makes it possible to write an
expression for the partition function of a magnet in the non-
symmetric phase in the form of an integral over two nmber
fields—a neutral field and a charged field. The elementary
excitations corresponding to the charged field behaved as
ordinary bosons (magnons), and the expansion in a pertur-
bation-theory series of the functional integral of Ref. 3 re-
produced the results of the operator diagram techniques of
Refs. 4 and 5. We note that among these results were some
which provided evidence of the defective nature of the per-
turbation theory developed, e.g., the “frozen character” of
the fluctuations of the longitudinal component of the spin
(for more detail, see Sec. 3).

In the present paper we show that the functional repre-
sentation of Ref. 3. is erroneous because certain global ef-
fects were ignored in its derivation. Using, as before, the
method of Ref. 3, we have obtained a correct expression to-
gether with several simple criteria for the consistency of the
construction. In Sec. 3 we use this expression to consider the
longitudinal fluctuations, and convince ourselves that they
are “revived.”

The integration fields in our integral (2.12) have re-
mained the same as.in Ref. 3; however, the charged field,
despite its numerical nature, now describes not bosons, but
something else. This is consistent with the obvious limitation
of the idea that the excitations in a magnet have a Bose char-
acter.

Our method is not limited with respect to the spin mag-
nitude S, although the concrete calculations pertain to the
case.S = 1. Inarecent paper® a functional integral for quan-
tum magnets with spin § = J and §' = 1 that differs substan-
tially from ours was derived. This difference is discussed in
more detail at the end of Sec. 2.

The functional approach has also been used in the study
of the high-temperature dynamics.” It should be noted that
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in the constructions of Ref. 7 the above-mentioned global
effects are unimportant, since the representations of Refs. 7
and 3 are organized entirely differently.

2. THE FUNCTIONAL REPRESENTATION

1. We recall how the functional integral is obtained for
the simplest case of the partition function of the Ising mod-
el®:

H1=—l/z](50¢05, 0'(=:t'1, (21)

Z,=Tr (e 1) = j H d exp (—"/:p@:@i/is~") Tr exp (Beios)

1
= j]]: dg; exp (—‘/zﬁcp@,-l,-,-"‘ + Z, Inch Bq)() . 22)
1 i

Here J; is the matrix of the exchange interaction, J ; 'is the
inverse of the matrix J;;, and summation over repeated in-
dices in implied. The meaning of the Gaussian trick used in
(2.2) consists in the reduction of the trace over the entire set
of states of the magnet to a product of traces over the states of
each spin separately. For the quantum Heisenberg ferro-
magnet the direct generalization of (2.2) does not work be-
cause of the noncommutativity of the spin operators. How-

ever, for the operator exp( — BeH., ), where

H¢s=_1/21iisl'sj (23)

and £ -0, a Gaussian transformation of the type (2.2) can be
performed to within terms ~g? Thus, writing
e PHo — (e PHey Ve with €0, we arrive at an expression
for the generating functional of the temperature Green func-
tions of the spin operators:

B
Z(h)=TrT exp (—[31‘1,,= + J. h;(¢)S;dt )

(2.4)
in the form'*®
zaw-| H Dau(exp (- f dt @(t)159,(1))
xTr[Texp(‘fdt[(p.-(t)+h‘(t)]S()]. (2.5)

Thesymbol T denotes time ordering and h; (¢) is the external
field at lattice site #;.
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The functicnal integral (2.5) is understood as the limits
of finite-dimensional approximations:

pe.t)= 11 Tlaec@nm), W w. (26)

Gemz, 0,2 ne=i

We shall rewrite (2.5) in a more convenient form, by
shifting the integration fields by — h, (#):

B 8
1
Z(h)= j H D, (t) exp( - 2—5 dtoJ e+ j hJ g dt
i 0 [}

B ]
—_;—9' dth‘lﬁ"h,)l‘-‘[ Tr[Texp (j dt(pi(t)S4)]. (2.5

The ordered operator exponential

A(t)=Texp(5dt’q)(t’)S) 2.7
satisfies the equation
A(t)=(e(1)8)A(2) (2.8)

with the initial conditin 4 (0) = 1. The operator 4 (¢) cannot
be calculated explicitly as a functional of ¢(¢). However,
there exists a substitution that transforms a 7-ordered expo-
nential into a product of ordinary exponentials (see also Ref.
3).Infact, we shaii consider the explicitly specified operator

B(t)=exp(S*y~(t))exp (S’ jp(t’)dt’)
xexp(s~ [ () exp (Jo ) ar) ) exp(—s4-o)),

(2.9)

where S* =S* +i$”, and ¢* (¢) and p(¢) are certain
functions of argument z. Using the commutation relations
for the spin operators, we can convince ourselves that the
operator B(t) satisfies the equation

B(t)={S*(y—pp~—p* (7)) +S-p*

+8*(p+2¢*yp-} B(t). (2.10)

The last factor in (2.9) ensures the equality B(0) = 1. This
means that the substitution

Q'=p+2y*ypT, @t=y*

o™= —pp—9*(p7)?, (2.11)
where ¢ * = 1(@* + ip”), brings the operator A(¢) to the
form (2.9).

Thus, regarding p and ¥ as new integration variables,
we can calculate the trace of the T-exponential explicitly and
obtain a closed functional representation for Z(h). But,
since the substitution (2.11) contains ¢~ in the right-hand
side, some boundary or initial condition with respect to the
argument ¢ should be imposed on the filed ¥ ~. The apparent-
ly natural periodic boundary conditions used in Ref. 3 make
the mapping (2.11) irreversible (see below). Instead of
these, in the present paper we use the Cauchy-type condition
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P~ (0) =0.

2. In the functional measure Dg” Dp * D ~ we can re-
gard the fields ¢* and ¢ * asindependent complex variables;
the conditions Img® =0 and ¢ * = (¢ ~)* will determine
the surface along which the integration is performed. Analo-
gously, the variablesp and #* in the calculation of the Jaco-

bian J[p, ¥+, ¥~ ]:
Do*De*Do==I[p, $*, v~]1DpDy* Dy,

(2.12)

(2.13)

are also treated as independent.

The JacobianJ = detJ depends on the regularization of
the differential J of the transformation (2.11). The expres-
sions obtained for J with the use of different regularizations
will differ by a factor exp(a f gpdt), where a is a certain real
number (see, e.g., Bef. 10, in which the determinant of an
operator similar to J is considered). In our case, the arbitrar-
iness is removed by the obvious requirement that with an
exchange J; = ¢§; the partition function Z(h = 0) calcu-
lated with the aid of the functional integral coincides with
the following expression, which follows trivially from the
kinematic identity S > = S(S + 1), where S is the magnitude
(maximum projection) of the spin:

Z(h=0)=exp(p(c-*/,S(S+1)+const)) for Jy=cdy.

(2.14)

From what follows below it will be clear that to the
condition (2.14) there corresponds the Jacobian (we tempo-
rarily omit the site index for each set of single-site variables)

8
J[p,1p+,1p']=constexp(——;—j pdt). (2.15)

This value of J results from the following discretization of
the transformation (2.11) (p,=p(t,),....t, =nB/N,
A=B/NN- x):

(Pn‘=pn+1p'n+(1pn—+w‘;—1 )7 (Pn+="pn+,

N L
Pn ’—X‘(’lpn —\Pn—l)_—z—pn(\pn +"~pn—i)

1 -
- Yo (P FPa—y) ®. (2.11)

In fact, it is easy to see that if after (2.11) we make one
more change of variables p = ' — 2¢*¢~, with ¢+ and ¥~
unchanged, the Jacobian of the transformation from the
original variables ¢*, ¢@° to p, ¥* will be simply
det(d, —p + 2y~ ) = det(d, — p). But since the map-
pingp—p, ¥ * —¥* obviously has a unity Jacobian, we con-
clude that

det J=det(d,—p). (2.16)

In the discretization (2.11) and with the condition (2.12)
the right-hand side of (2.16) is the Jacobian of the transfor-
mation e, =1/D) Y, =¥, 1) - (1/2)p,
XY, +¥,_,), wheren = 1,...,, N, and ¢, =0; thus,
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1 1 )
70
_ 1 1 1 1
det7—=det | — 3 —gPr 3 — 3P0
: 1 1
0. AT fN
N
1 1
=11 (x—3¢.) 2.17)
ﬂ=,1A 2°'n

as the determinant of a triangular matrix. In the limit A-0
we arrive at the expression (2.15), where const = 1/A".

We note that the regularization (2.11') ensures that the
operators A(¢) and B(t) also coincide in the case when, in
the discrete variants of Eqgs. (2.5) and (2.7), terms of order
A are taken into account.

3. The calculation of the trace of the operator B(S)
does not present any difficulty even for an arbitrary spin
magnitude S; however, in order to avoid unnecessarily cum-
bersome expressions, we shall give the answer only for the
case S = } (the entire subsequent analysis is also performed
for § = ). Hence follows a functional representation for

Z(h) in the form

ﬂM=jDMWTW7”IIh+W%M

8

t
j Pidt')dt +exp(jpidt)],
° °

[
x | W(t)exp(

0

8
1 .
= 5 dt(? P o2 ™ — 2p o™ (9t — 9 iY)
0

29T T — 2t (p;7) 21Pj+)

8 [}
+ 2 5 p:dt ""5 hJ ¢, dt.
t o0 °

Here we have omitted the term quadratic in h, since it does
not make a contribution to the unequal-time correlators of
interest to us, and the quantity @; in the term with the source
implies the expression in terms of p; and ¢;* givenby (2.11).

(2.18)

|

1 1 1 1
T—Tpl’o"""o’_f‘791

A 1 il 1 1

det]regzdet —T“?sz———jpz,o,...,o

' 1 1
( O . - T A 2PN

N N

1 1 Ne1 ( 1_i
=H(—A'——2—Pn)+(—1) H{—7—3

n=1 n=1

1 ¢
— const sh (7 § pdt)

0
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We can deform the original surface of integration into the
standard surface

vr=(")",
if our integral converges on all intermediate surfaces. For
ferromagnetic exchange the convergence of the integral over
Yt is Qetermined (and ensured) by the kinetic term
¥=J ;'Y in the Lagrangian, and such a deformation is
possible.

4. Of fundamental importance is the fact that we have

imposed on the integration fields ¢ not boundary conditions
but the initial conditions

Im p=0, (2.19)

¥~ (0)=0. (2.20)
In particular, this implies that the magnons described by
these fields do not obey Bose-Einstein statistics in the strict
sense. This, incidentally, is rather obvious consequence of
the bounded character of the spin operators.

The fulfillment of the equality (2.14) is a necessary
(but, of course, not sufficient) condition for the correctness
of our representation (2.18). For J;; =cd;

8
r=c- )| dt(;— p(2+2¢‘+¢,-+p,.) (2.21)
i 0

and Z(h = 0) can be represented in the form of a product of
single-site Gaussian integrals, which are easily calculated
and indeed lead to (2.14). Also by explicit calculation one
can convince oneself that a change of regularization, equiva-
lent to adding to term

8
aZfdtpf
i 0

to I, violates the equality (2.14) (in particular, instead of
being a constant, the free energy will be a nontrivial func-
tionof 3).

5. In Ref. 3, the usual (for bosons) boundary conditions
¥~ (0) = ¢~ (B) was used instead of the initial condition
¥~ (0) = 0. The Jacobian of the change of variables (2.11)
with boundary conditions periodic in ¢ and in the regulariza-
tion (2.11") is equal to (compare with (2.17); ¥y =9y )

1 1
3Tz
Pn) A—0

(2.22)
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and, unlike (2.15), vanishes on the hypersurface
)
—;— j p dit=inm

(m is an arbitrary integer). This implies that the holomor-
phic mapping (p,,¢," ¥, ) —(@..@. ¢, ) of complex
space is not one-to-one: Several configurations of the fields
(¢*., p) correspondito one configuration of (¢ @) (see,
e.g., Ref. 11).

The existence of configurations of the fields (¢*, p)
that make the Jacobian of the transformation (2.11) vanish
upon compactification of the segment (0, £) into a circle is
preserved under modifications of this transformation that
do not change the number of derivatives in the right-hand
side. It is easily verified that for periodic boundary condi-
tions there does not exist a regularization ensuring fulfill-
ment of the equality (2.14). The change from boundary con-
ditions to initial conditions as a way of getting rid of the zero
modes was proposed by Vergeles in Ref. 12, devoted to the
SU(2) anomaly. ‘

The not inelegant method proposed in Ref. 2 for obtain-
ing a functional representation leads to a result that does not
satisfy the relation (2.14). This is evidently due to the im-
possibility, in the approach of the authors of Ref. 2, of fixing
the gauge uniquely (the gauge of Ref. 2 has a Faddeev-Po-
pov determinant of alternting sign, i.e., is not free of double
counting).

6. There exists one further way of checking the correct-
ness of the representation (2.18)—a way which also illus-
trates the decisive role of the boundary conditions in the
functional integral.

We shall consider the vacccum expectation value of the
operator e BHer,

M
o=(0] e~P=| > = exp(——z—Szﬂl(O)) , (2.23)

where

7(0)= Z I,
i

is the zeroth spatial Fourier component of the function
](,=](r,—r,), M=Z 1.
1
On the other hand, a functional representation for Z, is ob-

tained from (2.18) by replacing TrB(8) by

]
1B 0= exp( -5 J pat):
’ B
Z,= 5 DpDy* Dy~ exp( ~I4+(=8+17,) Z, j P dt\ . (2.24)

The functional integral (2.24) with the condition
¥~ (0) = 0 can be calculated exactly, despite the nonlinear
interaction of the flelds ¢* (which prevents an exact calcu-
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lation in the case of periodic boundary conditions). In fact,
the bare propagator of the field ¢

<P (B) Byt (t2) 2o="/2J:0 (£ —t2) (2.25)

is such that the integration over ¢/* all the contributions to
the effective action [a functional of p, (¢) ] that contain more
than one vertex corresponding to interaction of the fields
¥* with each other and with the field p are equal to zero. As
a result, the effective action W, will be a linear functional of
pi () (I, is that part of the action which contains the fields

v

oxp (—Wilp.(2)])= ijpJfqu-e-N

]
= const exp (— % Zj o dt) , (2.26)
i [

and the integral over Dp is Gaussian. [Our regularization
(2.11") corresponds to the step-function value 6(0) = 4. ]
Performing this integration, we arrive at (2.23).

7. The functional integral of Ref. 6 for S = L and § = 1
has a local action that depends on one complex number field,
one real number field, and ghost fields of a Grassman nature.
The boundary conditions with respect to the variable ¢ that
are obeyed by these fields are standard, as is the expansion of
the functional integral itself in a perturbation-theory series.®
But the integration over the Grassmann variables reduces to
the calculation of the determinant of a four-dimensional op-
erator, and is not carried out in the final form. In this sense,
the difference between the representation in Ref. 6 and the
representation (2.18) is radical.

It makes sense to elucidate the origin of our choice of
fields (p, ¥). The sttes of a classical spin—vectors of a fixed
length—form a sphere. As is well known, the sphere is cov-
ered by two complex planes. Thus, in order to define a state
in this case it is necessary to specify one complex number
and one variable taking two values—the number of the
plane. With this Ising spin degree of freedom we can associ-
ate, in the sence of (2.2), the real field p. This “trivializa-
tion” of the topology of the configuration space, accompa-
nied by the appearance of nontrivial dynamics, also occurs in
the quantum case.

3.DYNAMICS AT LOW TEMPERATURES

1. The low-temperture limit implies that 8/(0) > 1 and
i = (S *S ~) «1.Inaddition, we shall use one further small
parameter—the inverse range of the interaction, first intro-
duced for the Heisenberg ferromagnet in Refs. 4. This means
that J, [the Fourier transform of the exchange matrix
J(r; —r;)] is of the order of J, in a neighborhood of the
point k = O of linear dimensions ~ 1/R, and of order J,(a/
R)? in the rest of the Brillouin zone (here a is the lattice
constant). Hence, in particular, it follows that

Y e~ srmy
k

In the case of nearest-neighbor interaction we have (a/
R)? =1/z, where z is the number of these neighbors, and for
lattices with cubic symmetry this quantity is small (see also
Ref. 13).

1. V. Kolokolov and E. V. Podivilov 122



For the description of the effects contained in the pic-
ture of a gas of interacting magnons the representation
(2.18) is less convenient than the explicit boson representa-
tions of Holstein and Primakoff'* and Dyson and Ma-
leev,'>'® which neglect the finite-dimensionality of the space
of spin states. Therefore, in the present paper we shall con-
centrate on the nonmagnon part of the dynamics of a mag-
net—namely, on the dynamics of the fluctuations of the lon-
gitudinal component of the spin.

2. In Ref. 4 it was found that the correlator
K;(t) = (S7(0)S;(2)) contains two terms of different na-
ture. The first (“dynamic™) term arises because the mag-
nons carry away magnetization, and thus give a contribution
to K; (2). This contribution has a power-law degree of small-
ness in the temperature, and is also smallin the inverse range
of the interaction. The second (“‘static’’) term corresponds
to “frozen” longitudinal fluctuations of the Ising type, and is
exponentially small for J,3 1 but has no degree of small-
nessin R ~'. Atlow temperatures and for not very long times
the second contribution can be neglected in comparison with
the first. However, if the real time ¢ — «, the dynamic term
decreases ast —' (see Refs. 4 and 5), whereas the static term
does not depend on ¢. The fact that terms ensuring the relax-
ation of the static contribution in K; (¢) are absent in the
perturbation-theory series of Refs. 3 and 4 implies that this
series is incomplete. This also applies to the equilibrium var-
iant of the spin-operator diagram technique developed in
Ref. 5a. Below we shall show that in the functional represen-
tation (2.18), which correctly takes into account the organi-
zation of the spin degrees of freedom, the “frozen” fluctu-
ations “revive” and are described by a dynamic neutral
scalar field with nonzero mass.

3.1In (2.18) wecannot perform the integration over ¢ *
exactly, and, as usual, we divide the action into a principal
part and a perturbation:

Z (h)= S DoDy*Dye™, TF=Ty+in

1 .
L= j d‘( > oy tort 29ty —2p7 57 (¢e'¢4+—¢1+\l71'))

8 8
+Z|J p:dt —S hid ™ (st 295*gy7) dt,
‘0 0

s
= 5 at (— 20~ (b~ =) H29: 9Ty
1]
=29 (0 ) ) =T,

(] b t
Top= Z, ln( 1+exp_[ p: dtt+p;~ (B) j vt (t) (expj pi dt’) dt) .

(3.1)

Here we have introduced the notation ", for the nonpoly-
nomial part of T';,, and the notation 4}, = p, — p, wherep is
the average value of the field p,, and have set h; = (0,0,4;),
since we are interested in the dynamics of only the z compo-
nent of the spin. The saddle-point value p, is determined by
minimizing the bare effective potential, equal to [see
(2.26)]

123 Sov. Phys. JETP 68 (1), January 1989

1 1
V@)= P Wo(p) = A 2 (32)
Then
5o=_‘/z-’o (3-3)
and the average spin (S% ), = — | corresponds to the usual

ferromagnetic vacuum. The bare propagator of the field ¢ in
the Fourier representation with respect to the spatial coordi-
nates has the form

G (b, t2) =P (E) Yu* (£2) )
=!,x0(ts—2:) exp(p (1—T/7To) (21—t2)).

The contributions from the terms of T';,,, to the various aver-
ages and correlators are either small in the temperature or
small in the inverse range of the interaction.

4. We shall obtain the correlation functions in real time
directly from the representation (3.1) by replacing the seg-
ment (0,84) on which the integration fields are specified by a
rectangular contour in the complex #-plane and placing
sources &, (¢) on this contour in the necessary manner (for
more detail, see Ref. 17 and also Ref. 7).

The correlator K; (¢) in our representation is the aver-
age

Ky(t) =TT~ < (7 (0) +29+ (0) %= (0) )

(3.4)

X (fim(£)+29m* () Pm~(2) ). (3.5)
For t - o« the magnon (dynamic) contribution to (3.5) van-
ishes (one can convince oneself of this by direct calcula-
tions), and there remains
Eyy®) =2 TiH A Dim (),

il " jm

Dy (8) = <7Tl 0 T]m ()S (3.6)

By integrating over ¥ , we obtain Z(4) in the form

20 = [ Dyexp(— [ atnd i,

]
+ Ywind+ Jatndon), A

where the functional W[#] is represented in the form of a
series in 7, starting from the quadratic terms:
W] = W,[%) + W5[7] + ... . The terms linear in 7 are
eliminated by a redefinition of g, and for us are unimportant.
The decisive contributions for the behavior of K;(f) as
t— oo are the infrared-singular contributions to W,[%]:

R

Walil = ({7 + §dt(20k°<ﬁ, 1) e‘f’)(gﬁdr)’.
0 ] k 0
(3.8)

The terms omitted in (3.8) either are smaller in the tempera-
tureand R ~! than those taken into account, or do not play a
role in the formation of the asymptotic form of the correlator
for t— o (an example is the contribution that has arisen
because of the local interaction of the fiels 77 and ¢). Substi-
tuting (3.4) into (3.8) and assuming that
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{Jo, ka<a/R
Jg =

J.<J,, ka>a/R, (3.9)

we obtain in the first nonvanishing order in R !

e 8 t
Wa[ﬂ]=12-e°a(§ﬂdt)z+ Jo( —;—)3 43“_;“ dtep‘t(oj. ﬂ.dt'):

8

vroen] il Jaar )

0 [

Again we retain only the infrared-singular terms:

Wz[ﬁ]=51—e°°_(}ﬁdt)z+1,e";}dt(‘jﬁdt'):. (3.10)

If we now replace the segment (0,3) by a contour C coincid-
ing with this segment along the real axis and having ends
going off to + i, the trajectories for which

S dt §#0

will give an infinite contribution to the action W,[#] on
account of the second term in (3.10), and these trajectories
can be neglected. This means that it is legitimate to make the
replacement

fi=,

where the field 7 vanishes at the ends of the contour C.
[More precisely, we change from #(¢) to the variables

n(), &= nae.
c
The term quadratic in £ appears in the action with an infinite
coefficient, and fluctuations of this mode do not give any
contribution to the dynamics of the other variables or to the
observable correlators.] The generating functional (3.7) for
the correlations functions takes the form

1 _
20= [ Dnexe (= 2 5. aeClin = emlnat)
k c

T ).
Kk J"c

It can be seen from (3.11) that the neglect of terms in W[7]
thatare smallin R ~'is admissible only when one is studying
fluctuations 7, with k@ > a/R (i.e., the dominant region of
k-space), and J, =J_ . For such fluctuations,

(3.11)

20)= [ Dnexp (- 2 f at(lanl—me i)

k C
NES VY P

® x C

(3.11")

where
mot=J2ef®,

(3.12)

The 7-field propagator, satisfying zero boundary condi-
tions at the remote ends of the contour for real time ¢, fol-
lowss directly from (3.11'):
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J
i (B))= " g=mnt
(M (0)n-x (?) yald

o

(3.13)

Thus, the desired asymptotic form of the longitudinal corre-
lator is

Kk (t)::: _Zi_gﬁalz e'm’\' (314)

for ka > a/R; we note that in the calculation of, say, a single-
site correlation function such values of k give the main con-
tribution, and the asymptotic form for

K. () =2 K, (2)

coincides in the leading approximation in R ~' with the
right-hand side of (3.14).

The exponential temperature factor in the expression
(3.12) for mf, has a simple explanation. The systematic per-
turbation theory describes a small transverse disturbance on
the background of the “frozen” longitudinal fluctuations,
and in no finite order of magnon perturbation theory will
there be relaxations of these fluctuations. The destruction of
the longitudinal correlations in time occurs owing to rapid
flips of the spins at the lattice sites; the probability of such
configurations is suppressed precisely by the factor €°?, since
— p is the energy necessary to their appearance. A similar
mechanism of restoration of symmetry for a particle in a
two-humped potential has been described in detail in Ref.
18.

5. Reference Sb contains the statement that the longitu-
dinal fluctuations acquire nontrivial dynamics only in the
case of exact fulfillment of kinematic identities, one of
which, in essence, is the relation (2.14). The authors of Ref.
5 suggest that one abandons the systematic expansion of
each correlation function in a perturbation-theory series,
and, instead of this, substitutes the perturbative result for the
transverse correlator into the kinematic identities and solves
the resulting equation for the longitudinal correlator exact-
ly. This calculational scheme, in its construction, involves
the fulfillment of a relation of the type (2.14), but contains a
certain inconsistency. In addition, because of the prescrip-
tive character of the procedure of Ref. 5, it is extremely diffi-
cult to point to even a formal reason for any particular phe-
nomenon.

6. Our formalism is explicitly inhomogeneous in time;
e.g., theaverages (p; (#)) and (¥,* ()¢, (¢)) are nontrivial
functions of z. However, the observable

(8> =Jy~* (<p; () > +2<9s* (2) $57(¢) ) (3.15)

is independent of ¢ in each order of perturbation theory, and
one can convince oneself by direct calculations that the ex-
pansion of (3.1) in a series in R ~! reproduces the result of
Ref. 4. Here the Green function of the field ¢ is determined
by the bilinear part of the action I'" together with the term
[see (3.1)]

[}
Z v~ (B) jlb.-"(t)e""dt. (3.16)

In place of (3.4) we obtain
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G’ (ﬂy L) Fe(t,)

Gk 1y b2 =Gk° 15 b2
(t, t,) (t, t,)+ -7\ ()

B
Fu(t)= IG,”(t, t)e'sdt, (3.17)

Using for the calculation of {y;* (¢)#;” (¢)) the propagator
(3.17) and taking into account in {p; (¢)) the contribution
of the following term in Ty, :

[ t
Yoo ® Jvred (§naerar ), (3.18)

we arrive at the expression in Ref. 4 for (S7).

7. In conclusion, we would like to thank V. I. Belin-
icher, V. S. L’vov and A. V. Rodishevskii for useful advice
and help in the work. One of us (1. V. K.) is grateful to A. I.
Vainshtein for numerous discussions on various questions
relating to the present work, to I. B. Khriplovich for his
interestin the work, to S. N. Vergeles for communicating the
results of Ref. 12 before its publication, and to V1. S. Dot-
senko and M. E. Peskin (Stanford, USA) for comments that
made it possible to clarify the exposition of certain points in
the paper.
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