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We investigate the general structure of stationary correlation functions in stochastic quantization. On
the basis of the (D + 1)-dimensional field-theoretical formulation (operator formalism), we prove the fluc-
tuation dissipation theorem which establishes a link between two types of correlation functions {¢¢)
and {¢7), 7 being the conjugate field to ¢. A specific structure of the self-energies to the correlation
functions is clarified in (D + 1)-dimensional momentum space, which, together with the fluctuation dissi-
pation theorem, enables us to extract the fictitious time dependence of the correlation functions: The
correlation length along the fictitious time is inversely proportional to p2+m§hys, My being the physi-

cal (pole) mass obtained in ordinary field theory.

PACS number(s): 03.70.+k, 02.50.Ey

I. INTRODUCTION

In the stochastic quantization (SQ) of Parisi and Wu
[1], an extra degree of freedom ¢, called fictitious time (or
simply called a time in the following if no confusion
arises), is introduced in addition to the ordinary D-
dimensional Euclidean coordinates x, and field variables
¢(x) are regarded as random variables ¢(X ) =¢(x,?) sub-
ject to the Langevin equation
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Here S[¢] stands for a classical action of the system. We
have introduced a kernel factor «( >0) in the above and
the statistical property of the Gaussian white noise 7(X)
reads

(p(X))=0, (P(X)M(X'))=28PTHX—X").

(L.1)

(1.2)

The quantization is supposed to be completed if we solve
the Langevin Eq. (1.1) to get the solution ¢,(X) as a func-
tional of 77 and calculate the equal-time correlation func-
tions
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in the equilibrium limit # — oo.

It is well known that in equilibrium the correlation
functions represent the corresponding Green’s functions
in ordinary D-dimensional field theory:
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(1.3)

This equivalence is best seen in the Fokker-Planck for-
malism which prescribes the time development of a prob-
ability distribution P[¢;? ] inherent to the stochastic pro-
cess described by the above Langevin equation. The
Fokker-Planck equation equivalent to (1.1) is
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2 Plgt1=HI8,7IPI$31], (14)
where the Fokker-Planck Hamiltonian H is given by
=1 ran |2 — 55[¢]
H{¢,m] o fd X 277'(x) K1r(x)8¢(x)
(b, 8 5 8S[4]
<S4 Sy [se) T | Y

Remember that the momentum operator w(x) is
represented by a differential operator —2«8/8¢4(x ) in the
¢-diagonal representation. We easily see that the equilib-
rium probability distribution P.[#] is nothing but the
usual Feynman measure e ~ S9! if it is normalizable. It is
also to be noted that the only role of the positive kernel
factor k is to control the rate of the system’s approach to
equilibrium and that it has nothing to do with the equilib-
rium distribution itself: A different choice of « corre-
sponds to a different stochastic process but with the same
equilibrium state.

Since its proposal, this quantization method has been
applied to various problems in field theories and their re-
sults are shown to be equivalent to those obtained by the
conventional quantization methods [2,3]. However, in
most cases this new degree of freedom has been used just
as a mathematical tool (or a computer time in numerical
simulations) to generate random variables ¢(x ) subject to
the equilibrium distribution P, [¢] and then has simply
been discarded by considering the equal-time correlation
functions (1.3). To exhibit potential advantage of this
quantization method over the conventional ones, possible
dynamical roles of the fictitious time that provide us with
new insight, not accessible in the conventional methods,
have to be clarified.

Several years ago, an interesting observation about the
dynamical role of fictitious time was made by Namiki and
co-workers [4,5]. They considered the stationary two-
point function {$(X)$(X’)) with the nonzero time sepa-
ration 7=t —t' and concentrated on the large 7 behavior.
They claim that the physical mass or energy gap may be
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obtainable from the correlation length along 7. The
claim is based on the observation that in the free case the
correlation length along 7 is inversely proportional to the
mass squared:

. D ’ —_ 1 —Km
lim fd x (X )p(X'))=—7e
o m

min(¢,t')=

2|

7, (1.6)

and on a plausible argument in the interacting case.
They also simulated the correlation function using a solv-
able quantum-mechanical model and observed a nice ex-
ponential decay with respect to 7. The measured correla-
tion length with respect to 7 showed a good agreement
with the exact value of the energy gap of the system [4].

Applications of the above idea to field theories need
more care and some progress has been reported. In their
study of the O(N) nonlinear o model, Okano and Schiilke
[6] carried out the renormalization program within the
framework of SQ and obtained the S functions. They in-
vestigated the renormalization-group behavior of the
correlation function with different time arguments [7]
and clarified the effect of the renormalization of « in their
context [8-10]. A nice scaling behavior of the correla-
tion length along the fictitious time consistent with the
theoretical prediction was observed in their numerical
simulation [7]. On the other hand, the structure of the
stationary two-point functions was also investigated from
the point of view of the (D + 1)-dimensional field theoret-
ical formulation (operator formalism) of SQ [11] and their
spectral representation was derived under several as-
sumptions [12].

The idea of extracting physical information directly
from the fictitious time dynamics is itself new and very
appealing: It may supply us with additional information
completely independent of that obtainable in convention-
al ways and certain practical advantages can be expected
in numerical simulations [4].

In spite of the analyses mentioned above, however, we
still feel that we have not yet reached a satisfactory un-
derstanding of the fictitious time dynamics of the station-
ary two-point functions. It is true that the time depen-
dence of correlation functions has intensively been inves-
tigated from the viewpoint of dynamical critical phenom-
ena, both for real- and fictitious-time stochastic processes
[13]. We want to stress here that the renormalization-
group equation, on which the analyses are based, can sup-
ply us with scaling properties of correlation functions;
however, the relation between the ordinary and fictitious
dynamics remains unclear owing to an arbitrary function
not determined in the renormalization-group analysis.
The explicit time dependence of the correlation function
and its relation to the physical mass have not been
clarified, in general, except for a special case of the large-
N limit of an O(N)-invariant model [7], because of our ig-
norance about the above-mentioned arbitrary function.
The spectral representation derived so far is crucially
dependent on rather a strong assumption [12] and one
must admit that its justification remains difficult.

What is most needed is a knowledge of the dynamical
structure of the stationary correlation functions (in other
words, the structure of the function which is left arbi-
trary in the renormalization-group analysis). Only when
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such information as a dispersion relation between the or-
dinary and the fictitious momenta is provided, as in the
case for the large-N limit of the O(N)-invariant model
[14], can one draw definite conclusions on the above issue
[7].

In this paper we investigate the dynamical structure of
the stationary correlation functions in SQ in order to
meet the above requirement. The investigation is based
on a few general assumptions (e.g., existence of a normal-
izable stationary state) and no strong assumptions are
needed. Though observation of the perturbative expan-
sions of the correlation functions plays a crucial role in
this study, it should be stressed that the result has a non-
perturbative content in the sense that contributions from
all orders of perturbation have been incorporated. For
simplicity and definiteness we exclusively consider a sys-
tem of self-interacting scalar field ¢; however, the result
has a model-independent nature and can easily be extend-
ed to other cases within the validity of the general as-
sumptions.

This paper is organized as follows. In the next section,
a relation between the ¢-¢ and the ¢-7 correlation func-
tions is derived on the basis of the (D + 1)-dimensional
field theoretical formulation of SQ [11]. The relation,
which is nothing but the fluctuation dissipation theorem,
implies that all dynamics contained in (¢$¢) can be con-
structed simply from those of (¢m). We shall see that
the relation is transformed into another one between
proper self-energies to the correlation functions in SQ.
From observation of the diagrammatic expression of
(¢m), we are able to extract a specific functional depen-
dence of the proper self-energy on the fictitious momen-
tum in Sec III. In Sec. IV, integration over the fictitious
momentum is successfully carried out to obtain an expli-
cit 7 dependence of the stationary correlation function
with a time separation 7. It is further shown that the in-
verse of the 7-correlation length is given by a pole posi-
tion Q(p) of (47 ), which is proved to be proportional to
p2+ml2,hys, mhys being the physical (pole) mass observed
in the ordinary field theory. The last section (Sec. V) is
devoted to a summary and discussion. In the Appendix,
a relation which establishes a link between the proper
self-energy to (#7) in SQ and the ordinary one in the
usual field theory is proved by making use of the super-
transformation invariance [15].

II. RELATIONSHIP BETWEEN ¢-¢ AND ¢-7
CORRELATION FUNCTIONS

In this section, we shall clarify the close relationship
between the stationary ¢-¢ and ¢-7 correlation functions.
The analysis is based on the (D +1)-dimensional field-
theoretical formulation of SQ (operator formalism) [11].
The operator formalism has been constructed as a
(D +1)-dimensional analogue of the ordinary canonical
theory so that techniques developed in the ordinary field
theory are also available. For example, stationary corre-
lation functions are expressed as ‘‘vacuum-to-vacuum”
expectation values of field operators. Details of the for-
malism are found in the original paper [11] or in the re-
view article [3].
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In the operator formalism of SQ, the canonical field
operators ¢(X) and m(X), subject to the equal-time com-

mutation relation
[6(X), (X" ]p=2k8P(x —x") , 2.1

satisfy the “Heisenberg” equations

—%¢(x>=[H,¢(X)] = (2.2a)

« 58S
Sp(X
i) 2 58S
—m(X)=[H, 7 X)]=k7(X)——= ,
ar TH T HmIO=km ) g o S 430
where H is the Fokker-Planck Hamiltonian already given
n (1.5). There exist two “vacuum” states |u,) and |v,),
i.e., the zero eigenstates of H and H', respectively, and
they are prescribed by the stationary conditions

(2.2b)

m(X)— 6¢(X lug)=0, {volmX)=0 (2.3)
3 N o , M
6( T)aTD(X X")=6(—1){vyld(X’) |m(X) K8¢(X)

L0(—7)(vgl¢(X")m(X)|ug )

I

(o TH(X")m(X)|uy)=1G(X’

1
2

where use has been made of the Heisenberg Eq. (2.2a) and
the stationary conditions (2.3). From this relation, we

have

a , N -

a‘,_D(X X')=|6( 'r) o(7) 8( 5 D(X—X')
=1GX'—-X)—-G(X—X")]. 2.7

It would be worthwhile to remark that the relation,
which is satisfied by the full correlation functions D and
G thus providing us with a generalization of a similar re-
lation in the free case [15], is nothing but a supersym-
metric Ward identity [16] and a realization of the fluctua-
tion dissipation theorem [17,18]. The same form of the
fluctuation dissipation theorem, which establishes a link
between the correlation and the response functions, has
been previously derived in a slightly different context
[19]. Here we briefly mention the relevance to the earlier
works [16—18]. The correspondence would be clear if we
recall that the (D + 1)-dimensional action integral associ-
ated with the Hamiltonian (1.5) is given by (using an
overdot to denote d/9¢)

———ideHerg{}——fdtH
8S

d¢

Introducing a source function j(x) for ¢(x)
source term [ dPx j(x)¢p(x

= [aP x| = m o |y 2.8)

and adding a
) to the classical action S, we
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The stationary correlation functions are expressed as the
‘“vacuum-to-vacuum” expectation values of the time-
ordered product of operators: e.g.,

D(X—X')zmin(mzw (d(X)p(X'))
[t—t'| < o
= (o TH X)X ) ug) , 2.4)
G(X—X’)~mm1t1§n)_ (¢(X)m(X'))
[t—t'| <o
= (o TH(X)m(X")uy) (2.5)

The -7 correlation function is identically zero owing to
the stationary condition for {v,| (2.3).

To derive a relation between the stationary ¢-¢ (D)
and the ¢-7 (G) correlation functions, we differentiate
D (X —X') with respect to 7=t —t":

lug)
—-X), (2.6)
[
understand that the response function defined by
R(X—X")=—=> (X)) 2.9)
6j(X’) I

j=0

is nothing but ( — times) the ¢-7 correlation function.
In order to study the structure of the correlation func-
tions in more detail, we go into the (D + 1)-dimensional

momentum space (p,{)). We define Fourier transforms as
follows [ f(X)=f(x,t)]:

Q):de“HX F(X)eit—ipx
4P dQ (2.10)
= p —iQt+ip-x
fx)= f(2 3 (P e :

The above fluctuation dissipation theorem (2.7) is now ex-
pressed as

1
21(), QI

(2.11)

The relation implies that the dynamical structure of the
¢-¢ correlation function D is completely determined
through that of the ¢-m correlation function G. If we
remember the fact that the perturbative expansion for G
is less involved than that for D, we may expect a consid-
erable simplification in the perturbative treatment of D.
We stress that this theorem holds for any system given by
a Hamiltonian of the form (1.5), as is clear from the
above derivation.
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Next let us introduce the proper one particle irreduc-
ible (1PI) self-energies to the correlation functions. It is
well known that there appear to be two different types of
self-energies =,,(p,Q) [=2,.(p,—Q)] and 2, ,(p,Q) in
the (D +1)-dimensional field-theoretical treatment of SQ
[5,10]. They are defined in a 2 X2 matrix form by

X(p, Q2)=26(p, Q) — Xoo(p, Q) Z(p, 2)X(p, Q) , (2.12)
where
0 2¢.,,-(p,0)
Z(p,Q)= 5,400 ()| (2.13a)
[ Py GGk
Dy(p, Q) Go(p,Q)/2k
%o(P:Q)z Go(p,_Q)/zK 0 (2.13C)

The free correlation functions D, and G, are explicitly
written as

—2K
[iQ+k(p?+mH)][iQ—k(p2+m?)] ’
(2.14a)
J

Do(P,Q)z

—1

Go(p, Q) 2k=—————— .
0P " iQ—k(p*+m?)

(2.14b)

In the above we have taken into account the fact that the
-1 correlation functions are identically zero both in the
free and interacting cases [i.e., the (2,2) elements of G
and ;] and its resulting identity 2,,=0 [i.e., the (1,1)-
element of Z]. These characteristics allow us to easily
solve (2.12) for G and D.

From the (1,2) element of (2.12), we obtain

G(p,0)/2k=G(p, Q) /2
—[Go(p, Q) /212 ,4(p, Q)G (p, Q) /2],
(2.15)

which solving for G becomes

-1
iQ—k(p>+m?)—3 _4(p,Q)

G(p,Q)/2k= (2.16)

The (2,1) element gives us exactly the same form. The
remaining (1,1) element seems somewhat complicated:

D(p,2)=Dy(p,2)—[Go(p,2)/2k]2 4(p,2)D(p, )= {Dy(p, )2, (p, Q)+ [Go(p, Q) /2«12, (p, 0} [G(p, — Q) /2] .

However, observing the relations [see (2.14) and (2.15)]

Dy(p,Q)=2k[G((p, Q) /2c][Go(p, —Q)/2k] ,

1+[Go(p, Q) /2¢]2 ,(p, Q)
=[Go(p,Q)/2c][G(p,Q) /2],

and

Go(p, —Q)/2k—[Gy(p, —Q)/2k]24,(p, Q)

X[G(p,—Q)/2k]1=G(p,—Q) /2« ,
|

(2.17)

—
we are able to reach the relation

D(p,0)=[G(p,Q)/2k][2k—= .. (p, V)]G (p,— Q) /2K .
(2.18)

(For another diagrammatic derivation, see Ref. [10].)
Figure 1 shows the structures of G and D diagrammati-
cally.

We are now in a position to derive a relation between
the two self-energies =, and 2, in SQ. Because the
above expression for G /2« (2.16) allows us to rewrite the
right-hand side (RHS) of (2.11) as

| o 2i0—[2,4(p, Q) —2,4(p, — Q)]

—Im[G(p,Q)]= = — 2,2 : 242

Q 2iQ [iQ—k(p*+m?)—32 4(p, V][ —iQ—k(p*+m*) =2 4(p, — Q)]
=[G(p,Q)/2«] 2K——2—K—[2,,¢(p,ﬂ)—27r¢(17,_9)] [G(p,—Q)/2k],

2iQ

this theorem (2.11), combined with the above relation

(2.18), is transformed into a relation between self-
energies:
QO)=25(3_(p,0)—3,(p,— Q)
Eﬂﬂ(p’ )——m[ 11-¢(p; o\ ]

=§)—Klm[2ﬁ¢(p,ﬂ)] . (2.19)

—

The relation was first observed from the explicit forms of
2., and 2, in the one-loop calculation and was called
the “optical theorem” [10]. The above derivation shows
that it does hold true, in general, at any order and that it
is a direct consequence of the fluctuation dissipation
theorem.

We have already seen from (2.16) and (2.18) that the
¢-¢ correlation function is dependent on the self-energy
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G/2x = <

-):m

e O ¢ O

FIG. 1. Diagrammatic representations of the correlation
functions G /2k and D. A directed thin line stands for G /2«.

3, ras well as 3, while 2 is sufficient to determine the
structure of the ¢-m correlation function. The above rela-
tion (2.19) reveals a close link between these apparently
different self-energies =, and 2., in SQ: The latter has
enough information to determine the structure of the
former. Thus we are led to the conclusion that we only
need to study in detail the structure of 2 _,(p,Q2). We
shall consider = 4(p, Q) exclusively in the following.

III. THE STRUCTURE OF THE SELF-ENERGY 2 ,,(p,)

To gain insight into the structure of 2 4(p,Q2), let us
begin by considering a building block whose iterated use
constitutes the full correlation function G(p,Q)/2k. See
Figs. 1 and 2. Its mathematical expression reads as
(r=t—1t")

AP dL artipx( G (p, Q) /2]~ 5y(pr Q)
J o 2 [Golp ) /2][ =3P, )]

X[Golp,Q2) /2], (3.1a)
or, in configuration space,
= [dP "X, dPT1X,[Go(X —X,)/2k][ —Z5(X; —X,)]

X[Go(X,—X") /2] . (3.1b)

Here we are mainly interested in the fictitious momentum
() dependence of 2 ,(p,Q). To extract the () depen-
dence of 2 _,4(p,Q), let us first focus our attention to the 7
dependence of the above diagram Fig. 2 or (3.1).

The diagram (3.1) can be calculated perturbatively on
the basis of the stochastic [(D + 1)-dimensional] action

S

()
—/

X X'

FIG. 2. A building-block diagram for the correlation func-
tion G /2k.
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(2.8). Some of its important characteristics are the fol-
lowing.

(i) The topological structure is the same as that of the
ordinary Feynman graph.

(ii) For each internal line, connecting the ith and jth
vertices and carrying momentum p;, one of the two prop-
agators

—K,(p)t;—1;)

Golpist;—1t;)/2k=0(1,—t;)e (3.2a)
or

Do(pssti—t;)= Kl’((Pl) ~Kaet (3.2b)
is assigned, where

K, (p)=k(p}+m?) 3.3

and ¢; is the internal fictitious time attached to the ith
vertex. Notice that each internal line depends exponen-
tially on the internal time and the exponent is always neg-
ative.

(iii) We have to perform internal time integrations in
addition to the ordinary internal momentum integrations.

(iv) The causal property of G, and the interaction form
78S, /8¢ in (2.8) make the above diagram causal, that
is, t >t, >t,>1t" and if ¢’ > t it vanishes.

One finds it convenient to work in t-space rather than
in Q-space because the internal time integrations can
easily be performed if they are split into contributions of
fixed-time orderings [2,20]. Then every contribution of a
fixed-time ordering is summed together. (This is the
reason why the above characteristics are presented in ¢
space.)

Suppose that a specific time ordering is fixed. Every
internal time integration produces two terms, arising
from the upper and the lower limits of the integration.
Because of the inequality ¢, = ¢’ [see (iv) above] and the
ordering of the integration variables, after all internal in-
tegrations except for one over t, are performed, these
internal times are set equal to either ¢; (the upper limit)
or t' (the lower limit). Observe that at this stage the ex-
ponents assigned to the internal lines connecting the ith
and jth vertices survive only when the two internal times
t; and ¢; attached to these vertices are set differently (i.e.,
t;7t;). Otherwise (i.e., t;=t;=t; or t;=t;=t’) the ex-
ponents disappear.

Therefore, we can classify the terms which appear un-
der the final ¢, integration according to their ¢, depen-
dence. They are either (a) ¢, independent if all internal
times are set equal to ¢, because all exponents of internal
propagators disappear, leaving only those of external
propagators

—K (p)t—t;) —K (p)lt,—t) —K,(p)r
e 1 v, 1P =e 1P ,

or (b) ¢, dependent if otherwise. The ¢,-dependence ap-
pears in the exponential form
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—K,(p)t—t;)
1P Vex

—zKl(PI)(tl”'tl)] ,
!

where the summation over / extends over all lines whose
end point times are differently set equal to ¢, and ¢’, re-
spectively, after the integrations. If there are n (>1)
such lines I,,/,, ..., I, the summation over [ is explicitly
written as

J

folple

—o(r) [ dr,

n>1 ‘[1

e s 3 Tulpiplesol —Kyp)e =11
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k§1K1(PIk)=Kk§1 (pli +m2)EK"(Plk;p) ’ 3.4)

where the line momenta by, should satisfy 3% _, P, =P
because of the momentum conservation at every vertex.

The final integration over ¢, is now easily performed.
We can write down the final integration in the form

Kn(Plk;P)(tl—t')]] ; (3.5

where f p. stands for the ordinary internal momentum integrations and the summation DT is taken over all possible
i

combinations {/, }.

All contributions of different time orderings have been included in the real functions f, and f,.

Thus after the integration over ¢; we can finally reach the general form

Fig.2 =—6(71)

Here and hereafter, to simplify the notation, we suppress
the internal momentum dependence of the functions f,
and K, together with the summation over possible com-
binations of internal momenta 3 L)

It is then possible to show that the real functions f,

(n=0,1,2,...) introduced in (3.6) are subject to the
“sum” rules
3 S, fatp (3.7
and
(3.8)

folp)= 3 fp(f,,(p)K,,(p).
n=1 !

The first equality (3.7) simply reflects the fact that there is
no integration interval if we set t=t’ in (3.5), implying
that the quantity in the large parentheses in (3.6) vanishes
when 7=t —¢'=0. It is also not difficult to see that the
same structure remains even if we take the ¢ derivative of
(3.1b). In fact, it produces two terms, both of which van-
ish if t=t' because the integration volume reduces to
zero in this case also. See Fig. 3. The second sum rule
(3.8) is a consequence of this property: The ¢ derivative
of (3.6) evaluated at t =¢' vanishes.

Now a comparison of the Fourier transform with
respect to 7 of (3.6) and (3.1a) yields [see (2.14b)]

fn(p)

240, Q)=fo(p)—[iQ—K,(p)]? 2 f 0—K.(p) ’

o (—O—r =« (—O—) + O—

X X' X X' X X'

FIG. 3. Time (¢) derivative of the diagram Fig. 2 or (3.1) pro-
duces two terms both of which are still causal and vanish when
7=t—t'=0.

B X" (p) - (1:)1'+
(2m)P folple p3 /,

f.p )e"K"(””} . (3.6)

f

which, with the help of the sum rules (3.7) and (3.8), can
be further reduced to

fnP)K,(p) =K (p)]

2 iQ—K,(p)

-3 I, (3.9)

27795 P,

It is worth mentioning here that = ils(p ,Q) has no singu-
larity at Q= —iK,(p)= —ik(p2+m?). It has only simple
poles at Q= —iK 2(p) with n>1 inside the internal
momentum integrations, which may be considered to
represent contributions coming from higher excited states
whose spectrum is continuous.

1IV. FICTITIOUS TIME DYNAMICS
OF CORRELATION FUNCTIONS

Since we have obtained information on the structure of
the correlation functions in momentum space, especially
on their fictitious momentum dependence (2.16) and (3.9),
our next task is to carry out the integration over the ficti-
tious momentum to extract their time dependence.

As was already mentioned in Sec. II, the fluctuation
dissipation theorem allows us to concentrate on the ¢-7
correlation function G. The time dependence of the ¢-¢
correlation function D is determined through the analytic
property of G(p,Q), which is again easily understood
from the fluctuation dissipation theorem (2.7):

DX—X)= [ -LE ot
( ) (2 )D
dﬂ . —iQ
. ZQ[G(p,Q) G(p,—Q)le
4.1)

Note that the residue at =0 is zero so that it has no
contribution if r=¢ —¢'0.

Consider the ¢-m correlation function G in
configuration space. To make its analytical property
transparent, we rewrite G in the form [see (2.16)]
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G(X—X')= ) [ 4D — 2 i
(2 2w iQ— Kl(p) ,r¢P;~Q)
. ® X ;
_ BD e [ aQ . 3 ‘[ (P ]N+1 —ior 4.2)
(27) 27 N=0 [[Q—K(p)]

We realize that this expression is nothing but the direct
representation of the diagrammatic expansion of G (see
Fig. 1). Remember that =_4(p,Q) has only simple poles
at O=—iK,(p) (n>1) and vanishes at Q= [see (3.9)].
Remember that the numerator [2,4(p,2)]" in (4.2) has
only simple poles since its poles must be considered
nonidentical to each other because of the presence of
internal momentum integration f ’; in each factor. Thus
each integrand in (4.2) has only multiple poles, i.e., an
(N+1)-fold pole at Q=—iK,(p) and simple poles at
Q=—iK,(p) (n>1) and is well behaved at = c. The
integration over ) is now reduced to the evaluation of
J

residues at these poles and the summation over N.

Let us first calculate the contribution arising from the
simple poles of the numerator in (4.2). From (3.9), we see
that the residue of the integrand in (4.2) at one of the
poles of the numerator, for example, at Q=—iK, (p)
(n > 1), is given by

240, —iK,(p)) |V

—K, (p)r

—2ik [ fa(p) 4.3)

There arise N such terms for each n > 1. Therefore, the
contribution sought is

N—1
de 3 .4(p, —iK,(p)) —K, (p)r
_2 6 ) (x—x' n( )N n
Kot f (27")1) N20n§1 f'f i K,(p)—K,(p) ¢
2
dDP D) Kn(p)_Kl(P) K (p)r
=— (xmx " 4.4
200 [ o 3 L oK) Sgtp, — i) @4

We find that the ¢-7 correlation function G includes terms which decay exponentially with respect to 7 with continuous

exponents K, (p) (n > 1).

Next we turn our attention to the (N + 1)-fold pole at Q= —iK,(p) of the denominator in (4.2). To calculate its resi-

due, we have to differentiate the numerator N times with respect to { and then set Q= —iK(p).

proceeds in the following way:

The calculation

ot 1 N . —, —Kpr
2ik0(r) 3, (=0 [2 (p, )Y (—ir)N7re !
N=0 N n=0 aqr T Q=—iK,(p)
2 n
=2k0(T 2 2 ol _a—‘ [_szﬁ(p,—iQ)]N
N=0r=0 N" 9790 0=K,(p)
_ —K,(p)r 782/8'raQ —‘rzﬂ¢(p,—iQ)
2k6(7)e e e 0=k’ (4.5)

where the last equality follows from the fact that the upper limit of the summation over n can be extended to infinity.

—a%/3raQ , —T2 4P~

To evaluate the last factor e

n (4.5), first calculate its Fourier transform

fd_Qenge —32/373Q , " EagP TIQ) _ fd_Qengeiga/are*Tzfr.t(l”*iQ)
21 21
_ f&eig[Q—Emp(p,—iQ)]e—TE”¢(p,—iQ) ) 4.6)
2w
Because 2 4(p, —iQ) is a real function of real variables p and Q [see (3.9)], the inverse Fourier transform gives us
—32/3r —73 4 Q) dQ’ . , P =72 _4(p, —iQ")
o930 ¢ AP = [ G600 exp(ig[Q'— Q2 pylp, —iQ)]Je
—712_(p,—iQ")
—fanQ —Q—3,,p,—iQN]le "
o 7209
4.7)
2 [1—(3/0Q,)= P> —1Qg) )|
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where Q,=Q(p, Q) is a solution of the equation

0=00—Z2,4(p, —iQy) -

It is now clear that the contribution coming from the multipole at Q=

(4.8)

—iK (p) is expressed in a compact form as

dDE 1 —Q,7
20 ip(x—x") 0 , 4.9
O ampe” T TT= 700073 i =100 2
where Q,=Qy(p)=Q(p,K(p)) satisfies

Qo=K(p)+3,4(p, —iQ) . (4.10)

Observe that, at least perturbatively, 4(p) is a real positive quantity, {4(p ) >0, and the denominator in (4.9) never van-
ishes. Thus we realize again that the correlation function decays exponentially with respect to 7. However, it should be
stressed that the exponent £ is a function of p? and does not depend on internal momenta. We may regard the above
term (4.9) as a contribution coming from low-lying one-particle states which constitute a discrete spectrum. Further-
more, we should point out that the exponent Q(p) is just ( —i times) the pole position of G(p,Q) [see (2.16)]. The calcu-
lation leading to (4.9) thus demonstrates explicitly an important role of the pole position of G(p, () in determining the 7

dependence of the correlation functions.

To summarize, we have found the following expression for the stationary ¢-7 correlation function G(X —X"):

e

—Qq7

D
G(X—X")=2x0(7) [ (%’)’;ﬂ"x—“
u

nzo 11—(3/300)2 4(p, —i Q)|

K,(p)—K(p)

=3 [ fatp)

n>1 i

Notice that this expression has been derived under no
special conditions. It should be considered as a general
expression for G.

In the asymptotic limit 7— o, the correlation function
is dominated by a term which has the largest exponent
(i.e., the smallest exponent in absolute value). Assume
that the discrete spectrum lies below the continuous one
as in the case in the ordinary field theory and that the
former consists of only one state. Then the integrated
correlation function behaves in the asymptotic limit like

Ja®x Gx—x)
e—QO(O)’r

~ 2 .
e 1= [8/004(0)]Z 40, —i2(0))]

(4.12)

In the rest of this section we shall prove that the discrete
exponent Q(p) is proportional to p2+m? phys SO that
0Q(0) x mphys, with m ;. being the physical mass defined
as a pole position of the propagator in the field theory.

To prove the above statement, we shall look for a con-
dition under which Qu(p) vanishes. Let p. be the

momentum such that Qy(p«)=0. Then, from (4.10),
0=Qo(p* )=K1(p* )+Z,,¢(p*, _'iﬂo(p* ))
=k(pl +m?)+2_4(p+,0) (4.13)

We can show below that the self-energy 3 4(p,0) in SQ
|

f—p(p m—hmf [G(p,Q)—G(p,

27 21(9—16)

K,(p)—K,(p)—Z2

—Q)]=1G(p,0) .

(4.11)

2
—K,(p)r }

,,-¢(P, ——iK,,(p))

-
reduces to (x times) the self-energy Zgr(p) to the full

propagator in the ordinary field theory Ag(p):
1

—— : (4.14)
p*t+m*+Zp(p)

Ap(p)=

This property follows from the equivalence of the equal-
time ¢-¢ correlation function D (X —X')|,—, to its coun-
terpart Ap(x —x') in the field theory. We first write the
equal-time ¢-¢ correlation function in momentum space:

Ap(x—x")=D(X—X")|,=,

(x=x ’f——D(p, (4.15)

The last factor can be rewritten in terms of G by the fluc-
tuation dissipation theorem (2.11):

f—m =242 L (6(p,0)-

27 2iQ Glp,

—)].

(4.16)

Owing to the causal property of G which implies that
G(p,Q) has singularities only in the lower-half Q plane
and its asymptotic behavior G(p,Q2)—0 as Q— » [see
(2.16) and (3.9)], we can choose appropriate contours for
each term in (4.16) to conclude that the only contribution
comes from the residue at Q=0 [10]:

4.17)
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Combining (4.14), (4.15), (4.17), and (2.16), we arrive at
the desired result

3,4(p,0)=KkZpr(p) . (4.18)

We understand that the far RHS of (4.13) is simply
k[AR(p«)]" ! so that p. is a momentum at which the full
propagator Ag(p) has a pole, that is, p2 +m ,thys =0 from
the definition of the physical (pole) mass m .. There-
fore, expanded around p2=pi, we see that Qy(p) con-
tains a factor p2—p?2,

Qyp)=p?—pl=p*+mp, , (4.19)

and the proportionality (0) < m f,hys follows.

In the Appendix, another proof of the above equality
(4.18), which is based on the supertransformation invari-
ance of the stochastic diagram [15], is presented.

V. SUMMARY AND DISCUSSION

In this paper, we have investigated the 7 dependence of
the stationary two-point correlation functions with a
finite time difference 7 in SQ. The fluctuation dissipation
theorem (2.7) and (2.11), which establishes a close link be-
tween the ¢-¢ correlation function (D) and the ¢-7 corre-
lation function (G) was derived very easily within the
framework of the (D -+ 1)-dimensional field-theoretical
formulation (operator formalism) of SQ. The theorem
shows that the ¢-¢ correlation function can be construct-
ed from the ¢-7 correlation function, thus allowing us to
concentrate on the latter. Both correlation functions
have essentially the same time dependence. Then we
found that the ¢-7 correlation function has a simple
structure (2.16) in the (D +1)-dimensional momentum
space. A close consideration of the stochastic diagram
Fig. 2 made it possible for us to extract a crucial fictitious
momentum (2) dependence of the self-energy 2,,(pQ)
(3.9). From its analytic property with respect to 2, we
succeeded in performing the () integration to obtain the
final form of the ¢-7 correlation function (4.11), which is
the main result of this paper. The correlation functions
are thus shown explicitly to decay exponentially with
respect to 7. Furthermore, the appearance of the physi-
cal (pole) mass my,,  in their discrete exponent
Qu(p)xp?+m f,hys has been proved.

It should be stressed again that the analysis presented
here is based on very general grounds and that no special
conditions have been assumed. The result (4.11) can be
considered to exhibit a general structure with respect to 7
of the stationary two-point correlation functions in SQ.

General as it is, it would be worthwhile to comment
explicitly on some general conditions, which have been
implicitly assumed in the analysis, to clarify its range of
validity and limitations. In the operator formalism, it is
always assumed that there exists a stationary state Pg.
The existence of such a state implies that correlation
functions acquire translational invariance in this state, so
that the two-point correlation function {$(X )$(X’)), for
example, becomes a function of X —X’'. We understand
that these conditions have played a crucial role in deriv-
ing the fluctuation dissipation theorem. See (2.6) and
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(2.7). Of course, for any system described by a Fokker-
Planck Hamiltonian of the form (1.5), we can find a sta-
tionary state P and, if it is normalizable, we can derive a
similar fluctuation dissipation theorem. It is clear that if
the stationary state ~e S is not normalizable owing to
the presence of some symmetries in the classical system
(e.g., gauge symmetries) or if the stochastic process is not
Markovian, the present method could not be applied:
The translational invariance would not be assured in the
former case and a stationary state or even a stationary
state condition does not seem to have been obtained ex-
plicitly in the latter case.

Next we would like to comment on the relationship be-
tween the operator formalism [11] on which the present
analysis is based and the supersymmetric formulation of
SQ [17,18]. The operator formalism was formulated on
the basis of the so-called “Ito-related interpretation” of
the Langevin equation [21,22], in which no ghost fields
were required because of a trivial determinant factor.
Ghost fields have been introduced to exponentiate a non-
trivial determinant factor when the “Stratonovich-related
interpretation” (midpoint prescription) or a similar one is
adopted. Their introduction has led us to the supersym-
metric formulation of SQ, which has recently been
proved to be prescription independent, i.e., independent
of the choice of interpretation of the Langevin equation,
in the continuum limit [23]. However, their role, impor-
tant as it is for the consistency of the formalism (e.g., re-
normalizability) [8,24], is limited to a cancellation of
prescription-dependent terms which is proportional to
6(0) [25] if they appear only in internal loops. It is easily
seen that every internal ghost loop and the corresponding
¢- loop, both of which are proportional to 8(0), have ex-
actly the same contributions but with opposite signs.
Therefore, in the present analysis where no ghost correla-
tion functions are considered, we can safely neglect their
contributions from the beginning by adopting a conven-
tion 6(0)=0 [25]. Incidentally, it is a well-established
fact that the Fokker-Planck equations take the same form
irrespective of the choice of interpretation of the
Langevin Eq. (1.1) (i.e., for the additive-noise case) [22],
thus assuring interpretation-independent correlation
functions for ¢. This may be reflected by the fact that ex-
actly the same fluctuation dissipation theorem as that ob-
tained here has also been derived from the supersym-
metric invariance of the (D +1)-dimensional stochastic
action [16-18].

It is true that the analysis developed here largely de-
pends on the crucial observation of the perturbative
structure of the stochastic diagrams. However, the struc-
ture (3.6) found for the diagram Fig. 2 or (3.1) can be con-
sidered to hold true for any order of perturbation: All
contributions from perturbative series have been taken
into account in f,. In this sense, the results (3.10), (4.11),
and (4.19) are considered to possess a nonperturbative
content. Of course, no essentially nonperturbative effects
(e.g., instanton effect) have been incorporated here. The
inclusion of such effects seems important, but is beyond
the scope of the present work.

The final result (4.11) shows that the 7 dependence of
the stationary correlation functions appears only in ex-
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ponential form. This statement, which has also been
confirmed explicitly in perturbative calculations of corre-
lation functions [26], is nothing but a realization of their
“spectral decomposition” [12]. If we set up the following
eigenvalue equations for the Fokker-Planck Hamiltonian
H(1.5),

Hlu,,p)=—1,p)lu,,p),

H'v,,p)==%,(p)lv,.p) ,
with

0=Ao<A(P)=A ()= - -+,

(5.1

we can show that the stationary two-point functions D
and G can be decomposed into the spectrum [12]

d 4 P (x—x" 2 Kpn(P) _kn(p)lﬂ
(2m)? 2 ’

(5.2a)
=A,(p)T

DX—X")=

eip'(x—x‘) 2 Pn(P Ye

D
G(X—X")=2x6(7) [ (—‘21—‘;’3
T n#0

(5.2b)

The summation over n should be understood to include
possible internal momentum integrations, and a function
pP»(p) defined by

kp, (p)=A,(p)vold(0)|u,,p Y v,,p|$(0)|uy) , (5.3)
which is normalized and positive semidefinite,
> pap)=1, p,(p)Z0 (5.4)
n#0

is an analogue to the ordinary spectral function. The re-
sults obtained in this paper are found consistent with
these spectral decompositions (5.2). The present analysis,
however, has made it possible to relate the eigenvalues of
the Fokker-Planck Hamiltonian with dynamical quanti-
ties such as the self-energy 2.,. If we assume that the
discrete spectrum always lies below the continuum one,
we deduce the following correspondence: The low-lying
discrete spectrum, which is assumed for simplicity to
consist of only one state, is given by the pole position
Q(p) in the ¢-7 correlation function G,

MP)=Q(p) xp*+m? (5.5)
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and the remaining continuum spectrum corresponds to
higher eigenvalues:
A, (p)=K, (p)= (n>1).

K 2 pi. +m?) (5.6)

Finally we shall discuss possible implications of the
final result (4.11) for practical applications. The appear-
ance of the physical mass m ;,, in the exponent Q4(p) as
a factor p2+mp}lys seems to offer a novel way of extract-
ing physical information from the correlation length
along the fictitious time direction. This was already ex-
pected as explained in Sec. I and was the main motivation
to the present work. Our results may be considered to
have partly proved the expectation: The fictitious time
correlation length is inversely proportional to the physi-
cal mass squared. Incidentally, the appearance of the
physical quantity (energy gap) in the exponent £, in the
correlation functions or in the lowest nonzero eigenvalue
A, of the Fokker-Planck Hamiltonian has also been ob-
served in second-order perturbative calculations for a
simple quantum mechanical model [27,26]. !

However, it should also be noted that to extract such
physical information from the fictitious time correlation
length we need to know the remaining factor of Qy(p) be-
sides p2+m? phys- That is, if we write

Qo(p)=h(p)p*+mpy) 5.7

the meaning of the factor A (p) [or at least #(0)] has to be
clarified. Only in the large-N limit of an O(N)-invariant
model, has the exact form of 4 (p) been derived [14]. It is
generally expected that the factor A (p) should be deeply
connected with the renormalization of the kernel factor
K, as may be clear from the previous renormalization-
group analysis [7,13]. Further study along this line of
thought is now in progress.
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APPENDIX

We shall present here another proof of (4.18). The proof makes use of a (hidden) supertransformation invariance of
the stochastic diagram [15] without assuming the equivalence between the equal time ¢-¢ correlation function and its

counterpart in the field theory (4.15).

Consider the same stochastic diagram as in (3.1), but this time integrated over ¢':

IThe spectrum of the Fokker-Planck Hamiltonian has been investigated in a different context both numerically and analytically.

See Ref. [28].
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0 de ; ’
sz dt'[Fig. 2]=—fwe’1’"rx [Go(p,0)/2k]Z,4(p,0)[Go(p,0) /2] , (A1)
e .
which may also be written as
D
J=—-f(—‘zil)%fdtldtth’ei"'("_"')[Go(p;t—tl)/2K]E7,¢(p;t1—tN)[Go(p;tN—t')/ZK] . (A2)
o

For definiteness, we consider here a self-interacting scalar theory described by an interaction Hamiltonian g¢”/n! and
suppose that there are N vertices in the above diagram J.

We follow the same technique developed in Ref. [15]. First we introduce Grassmann variables £;£; at each vertex i
(i=1,...,N), which enables us to rewrite J as

D N
= (j ﬁ’De"P"x—x”f 1 d1,dEd & de (—gr)VE &\ [Golpst —1,)/2c] T] Dy[Golpsty—1t')/2k] . (A3)
o

=1 {5.j}
(A3)
Here the “super propagator” D;; is defined? by
Dy =Do(t;—1;)+5:5:Golt; —1;) /2k+E;£,Got;—1;) /2 (A4)

and the product []; ;; extends over all internal lines. For notational simplicity, we suppress the ordinary momentum
dependence. Observe that the coupling constant has been properly scaled according to our definition of propagators
[see (2.12) and (2.13)].

Now let ¢, be the time attached to one of the vertices directly connected to the vertex ¥, whose time variable is ¢,
and define

p— — N —
Ky, E ety Baby)= [ TI dndEdédt’ T Dy[Golty —1')/2«] . (A5)
=3 (i}
Obviously
D . , _ _ _
J=(—gx)V [ (;’ 1)’l,e‘1"<x—’c V[ dt,dE,dg,dt,dE,d €[ Gyt —1,) /26186, . (A6)
a

Then we consider the supertransformation
atzze(tl_tz)Az ) 6§2=—K€a ’ 852=~K€(7 N (A7)

where € is an infinitesimal parameter, @ and @ Grassmann numbers and A, =€(a &, +E&,a). Remark that the only invari-
ant combination of ¢,, &,, and &, which is linear in ¢, and bilinear in &, and &, is ¢, +6(¢; —t,)&,£,/k. The variation of
the superpropagator 9),; under this transformation is easily seen to be

8D,;=0(t;—t, )AZ%DO(tZ—t,. )—kA,Go(t;— 1)/ 2k
2

=—0(t,—1t,)A, Ezgz'(:s__Go(tz —t;)/2k+kGy(t,—1t;)/2k | , (A8)

where use has been made of (2.7)
We shall show that the above & is invariant under the transformation (A7). Following the same line of thought ex-
pounded in the appendix of Ref. [15], we can arrive at the following expression for 8§:

2 T 2 é_‘pgpgng U ErgrgNgN
-V

V.V V,—Vy

p P q

N —_—
8d=—0(t,—1,)A, [ I] dy,dEdEdt’ 3
1=3 V,—

X[Golty—1,)/2k][Golt, —1,)/2K] - - - [Go(t,—tN)/ZK]%[GO(tN—t’)/ZK] & (A9)
(i}

2A similar but slightly different superpropagator appears in the superspace formulation of SQ [16,17,24]. Either superpropagator
can be used in the proof for the difference disappears under the Grassmann integrations.
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where the summation EVi_Vj extends over all vertices V; directly connected with the vertex V; and the last factor is a

product of the remaining propagators not included in the product of (G, /2«)’s. Note that the integrand is written as a
total derivative with respect to ¢’. The integration over ¢’ is trivially performed to give us the boundary (¢'== )
values of the integrand, which are both zero thanks to the causal property and the exponential time dependence of G,,.
Thus we have proved the invariance of & under the supertransformation (A7).

This invariance implies that & is dependent on t,, &,, and £, only through the invariant combination
t,+0(t, —t,)E,£, /K, which enables us to perform the integrations in (A6). Since

H(t1,6161512,826) = F(2 1,161, +0(t, —1,)8,6,/K,0)
=d(t,€,£;1,,0)+6(¢, ‘tz)5%"4(’1»5151;&,0)52@'2/" )
2
we have

D
J=(—g" [ (—‘21;4;’36»"!"‘**"’)fdtldgldgl[c;o(z—tl)/2K]§1§14(t1,§1§1;t1,0)/K . (A10)
Observe that the net effect of the integration over t,, &,, and &, is summarized as a replacement ¢, —?;, &,£,—0 and a
multiplication by a factor 1/k.

We are able to apply this technique repeatedly to J, the consequence of which amounts to replacements ¢, —¢,,
£.£,—0 for i=2,...,N and the multiplication by a factor (1/x)"~!: All of the super propagators D;; are to be re-
placed by D(¢; —t,) after the integrations. The final form of J is

D

(277)0e"P"""*”fdtldt'[GO(z—zl)/2;«] I1 Do(O)[Gy(t,—1")/2k] . (A11)

int. lines

Since the topological structure of the stochastic diagram (3.1) or (A1) is the same as that of the corresponding Feynman

diagram in the field theory, comparison between (A1) and (A11) immediately yields the conclusion that the self-energy
2 ,4(p,0) is nothing but (« times) the ordinary proper self-energy Spr(p) in field theory: :

3.4p0=—k(—g)" JI D(g,00=—x(—g)" JI Aplg)=kZe(p), (A12)

int. lines

int. lines

where integrations over internal line momenta g, are implicit as before.
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