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Abstract. We prove that in the limit #— 0, the probability for the paths of the
stochastic jump process associated to the quantum time evolution to be in a
tublet around the classical trajectory is of order 1 — exp { — A/h}. We give some
applications of this result to the study of the classical limit of Wigner functions.

1. Introduction

In a previous paper [1] it was shown that the real time evolution of typical matrix
elements of a relativistic quantum field theory with trigonometric interaction can be
described in any space time dimension by a stochastic flow on the function space of
initial conditions. More precisely, there exists a generalized stochastic process
(@(x,t), II(x, t)) with value in the space of initial conditions and a functional S of this
process such that the expectation value at time ¢ in the ground state of the
exponential of the field operator is given by

(@ exp {i(®.f) — i(IT,q) }£2)
= e“fE[eXp {%S:}(-Q lexp (i@ ) — iIT11))$) Ft=o], (1.1)

¢ being a constant. This expression turned out to be very convenient to prove the
existence of limits when the cutoffs required to define the interaction are removed.

In a second paper [2] we concentrated on the case of quantum mechanics, viz on
the case of systems with a finite number of degrees of freedom. We have shown that it
was more natural and useful to write the previous expression using a process in a
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space where one auxiliary dimension has been added to the phase space. Thus
defining a stochastic flow in R?"* !, where R2" was the phase space of the classical
system. In this way the original Feynman representation of the time evolution
described by an integral over trajectories is made rigorous. This representation also
has an appealing feature which already appeared in the original work of Feynman.
Namely, it is intuitive that as # (the Planck’s constant) becomes smaller and smaller,
the probability on the phase space trajectories pinches on a tublet around the
classical trajectory. This heuristic idea can be given a rigorous meaning as we shall
show in this paper.

The natural mathematical framework for such an investigation is the theory of
large deviations for stochastic processes. This theory has been developed quite
extensively in recent years (see e.g. [3—7] and the references therein). It has been
already used for physical applications in connection with the study of the classical
limit of quantum mechanics ([8-11]) formulated in terms of diffusion processes. In
this paper we shall use another point of view, viz the possibility of formulating the
quantum time evolution for typical quantum mechanical matrix elements in terms
of pure jump processes ([1,2]). Consequently we shall use the theory of large
deviations for this type of processes (see [4—6]).

This paper is organized as follows: In Sect. 2, besides the known results about the
Wigner functions that we have introduced for the sake of completeness, we discuss
an “interaction-like” picture in our framework. This is an essential technical tool for
our later results. Furthermore, to give a probabilistic interpretation of the
Schrodinger equation we introduce an extra dimension to the phase space R?"
obtaining in this way a stochastic flow on R2"*, This is a natural technique which
has been used already in different contexts (see e.g. [12, 13]) as well as in [2]. Note
that our representation looks a bit different from the one obtained in [2]. However,
it is more adapted to the study of large deviations.

In Sect. 3 we give the most important result of this paper. The probability for the
trajectories of the process to be inside a tublet around the classical trajectory is one
up to order exp{ — A/h}. In fact, as h goes to zero the typical trajectory has no
component in the extra dimension. Consequently for the bounded continuous
functions on R2"*!, the flow tends to the classical one.

These results do not allow us to discuss directly the classical limit for the time
evolution of Wigner functions. Indeed, the expectation value which defines the time
evolution of the Wigner functions contains an oscillatory term depending on #.
However, it can be controlled completely at least for sufficiently smooth Wigner
functions. This is done in Sect. 4. Moreover, for the sake of completeness we discuss a
version of Ehrenfest’s theorem and get in this way a connection with an earlier work
by K. Hepp [14].

2. Interaction Picture

Here we consider a dynamical system whose classical phase space is R?". The
canonical symplectic form ¢ on R?" is:

ofa,d) = 3. {aipi—api @)



Large Deviations from Classical Paths 175

where a =(g;,p;);=1,. .. (respectively a’ =(q;, p})) in a given basis of R?".
The usual Weyl quantization procedure [16] associates with every function fin
L}(R?",dx) the operator Q(f) such that

o(f)=@m)™" | J(@\W,dd, 22)
where [ is defined as
f@=@n)™" | J@)e“"da 23)

and aeR?*" - W, is a continuous unitary projective representation of the additive
group of R?";

W, W,. = exp {l-zfia(a, a’)} W, tas (2.4)

where # is the Planck’s constant h divided by 2x.

It is well known that up to quasi-equivalence there exists only one unitary
projective representation of the additive group of R?" admitting Ao as multiplier.
This implies that any quantum state {(Q(f)) is of the form

<O(f)> =(hm)™" | daf(a)tr {RW},,IT}, (2.5)
RZn
where W, is the usual representation of the canonical commutation relations in the
Weyl form (2.4) on the Hilbert space L*(R", dx), R a density matrix, i.e. a positive
trace-class operator of trace one on [*(R",dx) and IT the parity operator

(ITY)x)=Y(—x) Yel*(R",dx). (2.6)
In particular, the Wigner function [15]
W,(a) = (hm)™" tr (RW%,, IT) 2.7

contains the whole physical information on the system in the state R. It depends
explicitly on 4. The set of Wigner functions can be characterized completely as the set
of Fourier transforms of continuous functions W such that
1. WO0)=1
N

ih ~
2. ij§=:l lineXp { — —2—o(ai, a,«)} W(a;—a)20
for any choice {4;,a;};=,....n> 4i€C, a;R*". It will be useful in what follows to notice

the obvious:

.....

Lemma 2.1. Let W, be a Wigner function. Then acR*— W,(a) is a continuous
mapping of R?" in R such that |W,(a)| £ 1. Furthermore, the set of Wigner functions is
convex.

We shall be considering quantum dynamics which are given by the continuous
group of unitaries

it
teR—exp {%H},
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where the Hamiltonian operator H is of the form

1Y (P} 22
H= Eizﬁ {;"_z e } v 29
P; and Q; being the usual momentum and position operators whereas
V= { du@W., (29)
RZn

u being a bounded measure of bounded variation on R?". By a measure of bounded
variation we will mean one of the form u = %)) u|, where ¢ is a real valued function,
and where || is a finite positive measure. Furthermore, we shall require that ¥, and
hence H, is a self-adjoint operator. This implies that | | is a symmetric measure and
¢ an antisymmetric function.

The potential V is the quantized operator corresponding to the classical
potential in phase space given by

Vi@ = [ dlul(a)cos(o(a,a)+ p(a)), (2.10)
R2n
and the Hamilton operator H in (2.8) is the quantized operator corresponding to the
following classical Hamilton function,
: {P_ m}

H(q’ p) = EZI 2mi + 2

q?} + V(q,p), (¢, p)eR*". 2.11)

On the other hand, let W, be a Wigner function; then it can be represented as in (2.7),
and the mapping

teR—- Wi (a),
W, (@) = (hm)~" tr(R exp {%H} W;"a/,,ﬂexp{ _ %H}) 2.12)

defines a group of affine continuous mappings of the set of Wigner functions.
Let us first observe that if V =0, then
Wi(a)=Wya) aeR™, (2.13)

where

1 . .
(@ p):= <‘1i cos (w;t) — o sin (w;t)p;, m;w;q; sin (w;t) + cos (wit)pi>

i
independently of h. A similar property holds for any quantum Hamilton operator
which is at most quadratic in the P’s and (s.

For what follows it is convenient to consider an “interaction-like picture” which
takes into account this free motion.
Let H, be the Hamiltonian (2.8) with ¥ =0. Then

teR— Wj(a),
W,’,,(a) — (h?t) -n tr(Re‘ itH/he+itH0/h W;:z/h He—irHO/heizH/h
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defines a family of affine continuous mappings of the Wigner functions.

For convenience we introduce for each TeR and ¢t < T the mapping t— W,,, -
which satisfies lim W ,_r(a) = W(a).
t—>T

The time evolution is governed by an integro-differential equation which is a
Schrodinger equation in the interaction picture for Wigner functions. We call it
Schradinger equation since it defines the time evolution of the states and not of the
observables. More precisely, we have the

Proposition 2.2 (see [1,2]). W}, (a), YaeR?" satisfies the following integro-
differential equation

0 h
aW{x,z—T(a) fdlul(a)sm(o(ar 1) + @(a’)) Wm T<a+2‘1T t> 0
R 2n

with the final condition lim Wj,_.(a) = W,(a).
t-T

To interpret this equation probabilistically as a backward Kolmogorov
equation for a Markov stochastic process, let us introduce an auxiliary dimension
and define the function Z:]— o0, T] x R#"*1 5 C,

- t—T i
d(t,qyp’s)=exp{4<T>|”! +ES}W£t(q9p), (2‘14)
with |u| defined as
lul = [dlul(@). (2.15)

E is a bounded continuous function such that lim Z(t,q, p,s = 0) = W,,(q, p). The
°T
time evolution of = is described in the following

Proposition 2.3. Let v,,,, be the bounded positive measure on R2"*! defined as:

it r)=(3) " @G ) (1-sinGotw0r+ o Gaios ) ) Jos)
2n+1 2
+(3)" (e )t

with B, the Bernoulli measure, ie. B, =%(5,+ 6_,). Then E satisfies the following
equation:

(t q, D, S) + j dvtqps(ql: P’, S/)

|R2"+ 1\ 0}
X {5(%‘1 +q 14 +p S+S,)— E(t,q,P,S)} =0
with the boundary condition lim E(t,q,p,s) = e“"* W,(q, p).
1T

The next theorem is an application of a known result of the theory of stochastic
differential Eqs. [17] IIL. p. 176
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Theorem 2.4. There exists a locally infinitely divisible process with values in R*>"*1,
t<T—(Q(T), P{T), S{(T))

such that (Q%(T), PHT), S'(T)) = (g, p, s) a.s. whose generator has a modification A,
satisfying

ANGp)= [ v, p,s)fla+4,p+D,5+5)—f(qp.9)),
R2n+ 1\ {0}
such that 2(t,q,p,s) = E[E(t = T, QX(T), PX(T), SX(T))] for all feC} (R*"*1), where
Cl (R?"* 1) denotes the space of bounded continuous functions with bounded continuous
derivative.
As a consequence one has the following

Corollary 2.5. For every T =0,
1 _ T|pl Lo 1 I
Wir(a,p)=exp{ 4—E bE| expd-SKT) W,(@U(T), PT)) |.

For the sake of completeness we derive a similar result for the time evolution of the
Wigner functions, expressing the Wigner function at time ¢ as an expectation over a
Markov process of its initial value. Such a representation has already been derived in
[1] (see also [ 18] for a similar representation), but with a slightly different stochastic
process.

Theorem 2.6. There exists an infinitely locally divisible Markov process (Q(T), P(T),
S(T))eR?"* 1, whose generator A has a modification which is given for all fe C} (R*"*1)

by

AN@Gp.s)= [ Avrgd,p,s){fla+4d,p+P,s+5)—f(a.p,9)}

R2n+ l\{O}

n .0 9
+2 {%Eif @.p) —mwiqis -f (4 )}

For any Wigner function belonging to Cj(R?") and for T >0 we have

i
Wirla.p) = exp( 4T'hi'> E[exp(ﬁ(ﬂ) WLQ(T), P(T))].
As already mentioned in [1], from these theorems we define for ¢ = 0 and for all
feCy(R* ™),
(®,./)4, p,s) = ELF(Q(1), P(1), S(1))], (2.16)
t— ®,, is a continuous flow on C} (R*"*!). In a similar way one defines the family of
mappings (t = 0) of C; (R*"*?1)
(®1./)g, p,s) = ELF(Q"(1), P'(2), S"(1) . @17

Our main interest is in the flow @,,. However for technical reasons connected with
the fact that the drift of the process (Q(t), P(t), S(t)) is not bounded, we shall first
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consider @}, and we will show that the corresponding result for @, follows
immediately.

3. Classical Limits

It has been noted in [19] that the equation governing the time evolution of the
Wigner function (Eq. (3.34) in [2]) approaches, in the limit #—0 the classical
Liouville equation. Therefore, one can expect that the solution of the limit equation
is close to the solution of the equation describing the time evolution of Wigner
functions.

This can be done by gathering the previous results with those of Ventsel [6],
estimating the probability for a path of the stochastic process (Q(T), P(T), S(T) to be
close from the classical trajectory.

Following [6] we consider the exponential moment Gi(t, g, p, s, 2), z = (21, 25, z3),
z;eR",i=1,2, z;eR

Git,,p.5,2) = JdIl(@)(1 — sin o(ds . a) + (@)

h, h, 2 ,
-exp{?]r—:zl + EPT—:Zz}COSh(hzs) + ;ljd“l‘(a)
h, h, h | ul
-exp {541—r21 + EPT_'ZZ } cosh <§z3) — 47,
and we assume that G} exists at least in a neighbourhood of the origin, which is

equivalent to assume that ¥ can be analytically continued in a neighbourhood of the
real space.

Lemma 3.1.
zeR*™*1 5 Gl(t,q,p, 5, 2)
is a bounded convex continuous function. Furthermore,
Gi(t,q,p,s,0)=0.

This lemma is obvious, except that for the last statement one uses the fact that | u| is
symmetric, which is a consequence of the reality of the potential.
The next lemma is also obvious:

Lemma 3.2. The Legendre transform G* of G},
Gz*(ta q,D, S, :) = sup {Zlél + 2252 + 2353 - G{;(t’ q,D; S, Z)}

zisZn +1

is a convex bounded (continuous) function. It reaches its minimum 0O for

ov ov
51 = _5(%91):), 62 = _a—q'(qn pt)! 53 =0

independently of h.
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Consequently, one can define an action function

t
Ig‘(‘/’) = z‘;dtGi*(t: Ges Pe> St> G [5,,5,), ¢, = (qt’ pt’st)7

whose minimum defines the classical path.
We are interested in the behaviour for small  of the process (Q(T), P/(T), S'(T)).
We remark first that

1
Gi(t,q,p,5,2) = hG£<t, q,p, s,;lz>
is independent of 4.
The next result is easy as well:
Lemma 3.3. Let
Go(z) = sup Gi(t, 4, p,s,2).

q,p,S;t

It is a convex continuous function bounded on every compact. Furthermore, we
obviously have

Gi(t,q,p,5,2) < Gi(2), Gi(0)=0.

As defined, Gi(z) has all the properties required to apply Ventsel’s results except the
fact that it is possibly infinite. However, if

Gi(t,2) = [d|pul(@)exp {3q7 - 21 + 3P7 - 25}
h
<4 cosh (hz;) + 2 cosh <§z3>> —4|ul.

Then G(t,q,p, s, z) £ GX(t, z). Furthermore, Gi(t, z) < G4(z), where
Gi(2) = [d|ul(@)exp {31(g, P)II- (21, 2,) | } (4 cosh (z3) + 2 cosh (3z3)) — 4| ul,

where ||(g,p)|| is the Euclidean norm on R2",
We are now in position to apply the main result of [6] (Theorem 2.1): If p is the
Sup norm distance between two trajectories viz:

2n+1

por{®,¥) = Sup . (P:(6) — ¥.:(0))%,

te[0,T] 1=
and if the tublet @,,(¢) around the classical path in R?"*! is defined by
D) = {9; 0(0) = (4, p, s); I'1(9) < &},
then for any positive 6, y, &, for sufficiently small # and for all g, p, s, eR*"* ! and
e<¢g

1
Prob {por((Q4, Pi, Sp), Pyps(e) Z 5} < exp { - v)}-

From this estimate it follows that the quantum flow defined in (2.17) tends in the
limit where % goes to zero toward the corresponding classical flow. More precisely,
we have the
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Proposition 3.4. Let @}, be the mapping for t >0 of Cx(R*"*?') defined by
(¢£'F)(q’ D, S) = [E[F(Ql(t)a Ptl(t), Sl(t))]a (qa P, S)E R2"+ 1,

lim (®;,F)(q, p,s) = F(q{, Pi> s),
t0

where the q!,pl,s! satisfy:

. v . oV .

@ = —a(qf,p{), P =E(q,’,p{), $=0
with the initial condition (q'—,, pI-o,5=0) = (g, D, s).
Proof. For ¢ >0, let us introduce the characteristic function y, of the set @,,(¢) and
observe that:

A=|E[E(Q-)]—E(g ) SIEL(EQ/ ) — Eg - Nl
+IELEQ; ) — E(gf - )1 — x)]l.

1. 1 measurable as a consequence of [6]. We have then

A< Sup|E(Q;-)—E(qi )+ 2| ENE[1 -],

Pypsl)

where || = || is the Sup norm of = viz:
|| =Sup|Z(q, p,s)I.
qps

The continuity of @,, () implies that one can choose ¢ so small that the first term is
small. Then choosing 4 small enough makes the second term arbitrary small. O
As a corollary we give now our main result.
The quantum evolution approaches as # goes to zero the classical one viz.

Theorem 3.5. Let ®@,, be the quantum flow defined on CL(R*"*1) by
(@4, F)(g, p,5) = E(F(Q,, P,, ).
Then
hm ((DmF)(q, P, S) = F(qn pt’ S),
h{0
where q,, p,, are the solutions of the Hamilton equations
O0H . OH
6p s D= 0q H

with initial condition (q,, p,),= o = (4, P)-

§=-

Proof. From the very definition of @, and @,,, one has that
(Dht = (DLO (d)?)_ 1'

But as it was remarked, @? is independent of . The result follows from the following
observation:
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Let ¢/, p! be the solutions of the system of equations:

o oV
a P

with initial conditions (q!, p!),—o = (g, p). Let

g =

044, p); = cos(wt)(qf); — sin (1) (p);,

P (g, p); = myw; sin (w;t)(q;); + cos(w;t) (py);.
Then @, and P, satisfy

with the same initial conditions as g/, p/, and

n(pE mw}
- T V(g p).
H(g,p) i;{m + q,}+ (g,p)

i

Then the result of the theorem is obvious.

4. Classical Limit of Wigner Functions

Previous results cannot be directly applied to the study of the classical limit (% | 0) of
Wigner functions. Indeed, from the representation derived in Sect. 2 the function
under the expectation contains h explicitly, i.e.

(@u))a.p) = exp{4§|u|}£[exp {%S(t)}f(Q(t), P(z»],

where (Q(t), P(t), S(¢)) is the stochastic process defined in Theorem 2.6.
However, from the observation that

exp {4%|,u|}(£[exp {%S(t)}]= 1, @.1)

one can expect that the integral has an oscillatory character which implies that the
limit exists and is precisely the one given by the classical motion, at least for
sufficiently smooth initial conditions. More precisely, one has the following (see also
[20] for connected results)

Theoremd.1. Let t —(q,, p,) be the solution of the classical equation of motion with
initial condition (q, p)eR?". Assume that f,: R*"— C belongs to C}(R*") and is such
that t - fo(q,, p,) is analytic (for t < T), then

lim exp {4%} lE[exp {%S(t)} Jo(Q(1), P(t))] =/fo(4:>P)

h—04

fort<T.

Proof. Observe that it is sufficient to prove the result for the interaction picture (see
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remark Sect. 2). For this one has the explicit representation

exp{4%|u|}m[exp {%S(t)}fo(g'(o, P’(r))]

= % fat -+ i (7 ) St - atwocay

n200
! h ! !
'g(tma’an)g tn—l,a+§aman—l

h h
"'g(tl,a+§(a$. +t a'z),a'1>fo(a @+t a’1)>, (4.2)

where
g(t, a,a’) = sin(a(a;, a) + ¢(a)). (4.3)

We can rewrite the previous expression as an integral over the instants of jump of the
process

exp {4%IuI}E[exr’ {%S(t)}fo(Q'(t), P’(z»] = [ PUo)Fth afo)w).  (44)
weL2 means that o =(n,0<t, <---<t,<t)and

(Pdw)F(w)= Y fdt,,tj"dt,,_l---lfdtlF(tl,...,t,,),
0 0 0

n20

Fihafo) = () - Tl dluladate o

h h
.g(tn—l,a+Ea:ua;l—l>”'f0<a+§(a;+”'+a,l)>'

There exists an integrable majorant F, for F(h, a, f,),

n

d

= (0, 0,£6) @) Bo
F, is a majorant since the measure |u| is symmetric and g is antisymmetric in the
variable a’. This implies immediately that (d*/dh*) (W"F(h, a, fo)(®))},_,=0 for
k <n— 1. On the other hand, F, is integrable since the perturbation series for the
solution of the classical equation of motion

d
Y (400 = (1@ ). (@)}, @)

. 4.5)

1
Fo(w)=_rSup

where {,} denotes the Poisson brackets, was assumed to be absolutely convergent.
To conclude the proof one has to observe that pointwise in w

lim F(h,a,fo)(w) = {V(a,).{V(a,_) {V(a,), fo@}}}. 4.7

n—1
h—0
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For the sake of completeness let us mention the connections of our results to
those obtained by K. Hepp [14]. Actually, the Wigner functions contain explicitly 4
viz

W,(a) = ()~ " tr (RW?, ,IT).

For coherent states (see e.g. [21]) one has explicitly:

1
W40p6(@> P) = exp{ﬁ [(g—q0*+(— Po)]z}- 4.8)

1
(Qrh)"

Namely, they are smooth approximations of Dirac measures on phase space R".
Consequently, one has:

Proposition 4.2. Under the same assumptions as in Theorem 4.1
. it it
lim  gopolexp zH O(fo)expy — zH l90Po ) =fo(q:5 o),

hlo
where |qopo) is the coherent state defined in (4.8), Q(f,) the quantum operator
associated to the function f, and (q,, p,) the solution of the classical equation of motion
with initial condition (q,, po)eR>".
Related results about the classical limit of Wigner functions can be obtained for
one dimensional systems and more generally for completely integrable systems [22].
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