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Feynman path integrals for quantum open systems

By

Sonia MAZZUCCHI*

Abstract

The application of infinite dimensional integration techniques of oscillatory type to the
mathematical definition of Feynman path integrals is described. Recent applications to the
dynamics of quantum open systems, in particular to the quantum theory of continuous mea-
surement, are also presented.

§1. Introduction

Feynman integration techniques are widely used (often at an heuristic level) in many
areas of theoretical physics, such as quantum field theory, nonrelativistic quantum me-
chanics, statistical mechanics, see e.g. [22, 25, 28, 29, 34, 36, 46, 50]. The origins of
these ideas can be found the 40s [23], when R. Feynman, inspired by a suggestion by
Dirac [19], proposed an alternative formulation of time evolution in quantum mechanics.
Feynman’s original aim was a variational Lagrangian formulation of quantum theory,
reintroducing the concept of trajectory, which had been banned by the “traditional”
formulation of quantum mechanics [49]. According to Feynman, the wave function 9 of
a non relativistic quantum particle, namely the solution of the Schrédinger equation

ihp = — LAy + Ve
'(/)(05:1") = 100(93)
(where £ is the reduced Planck constant, m > 0 is the mass of the particle and F = —-VV

is an external force) should be given by a “sum over all possible histories”, i.e. by a
heuristic integral over the space of all possible paths v (in the configuration space of

(1.1)

the system) with finite energy and fixed end point of the form:

(1.2) Y(t,e)= « C e® 5Ny (4(0))Dy ”
{7lv(t)==}
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In formula (1.2) S;(7) is the classical action of the system evaluated along the path ~:

13 5= [ (FIHGIE - Virts)) as,

while the symbol D~ stands for a heuristic Lebesgue “flat” measure on the space of
paths and C for a normalization constant, formally C' = [ ek Jo %IW(S)”zdsty.
Feynman’s approach to the description of quantum dynamics is particularly fasci-
nating as it creates a connection between the classical Lagrangian description and the
quantum one. Indeed it provides a quantization method, allowing, at least heuristically,
to associate a quantum evolution to each classical Lagrangian. Furthermore the study
of the semiclassical limit of quantum mechanics, i.e. the analysis of the asymptotic be-
havior of the solution of the Schrédinger equation (or the transition amplitudes) in the
limit where the Planck constant % can be regarded as a small parameter converging to 0,
is particularly intuitive. Indeed, according to an heuristic application of the stationary
phase method to formula (1.2), when £ | 0 the paths which give the main contribution to
the integral should be those that make stationary the action functional S; (1.3). These,
by Hamilton’s least action principle, are exactly the classical orbits of the system. On
the other hand formula (1.2), as it stands, is mathematically ill-defined: indeed nei-
ther the “infinite dimensional Lebesgue measure” D+, nor the normalization constant
in front of the integral are meaningful. In fact, at the beginning of the 60’s Cameron

E S¢(7)
[16] proved that the heuristic Feynman measure, formally written as —ei—t—lﬂ, cannot
f eﬁ St(‘Y)D,.Y

be realized as a complex o—additive measure with finite total variation on the space of
“paths” ~ € [O,t]Rd, endowed with the o—algebra generated by the cylindrical sets of
the form
d
{7 € [Ovt]R : 7(t1) € Bl, ’W(tk) € Bk}’

where 0 < t; < ... < tx < t and Bj,..., By are Borel sets in R? (see [41] for a dis-
cussion of this problem). This technical problem can be solved by changing point of
view and trying to realize the “Feynman integral” in terms of a linear continuous func-
tional on a Banach algebra of “integrable” functions, in the spirit of the Rietz-Markov
theorem, that states a one to one correspondence (on suitable topological spaces X)
between complex bounded measures and linear continuous functionals on Coo(X) (the
continuous functions on X vanishing at 0o). Nowadays several implementation of this
program can be found in the physical and in the mathematical literature, for instance
by means of analytic continuation of Wiener integrals [16, 44, 34, 47, 35, 20, 37, 43, 34],
or as an infinite dimensional distribution in the framework of Hida calculus [30], via
“complex Poisson measures” [38, 2], or via non standard analysis [4] or as a infinite
dimensional oscillatory integral. The latter method is particularly interesting as it is
the only one allowing a systematic implementation of an infinite dimensional version of
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the stationary phase method, as well as its application to the study of the semiclassical
limit of quantum mechanics(7]. Such an approach has its roots in a couple of papers by
Ito [32, 33] and was developed by S. Albeverio and R. Hgegh-Krohn [7, 8], D.Elworthy
and A.Truman [21], S. Albeverio and Z. Brzezniak [1]. It is based on a generalization of
the definition (and the main properties) of classical oscillatory integrals [31] to the case
where the integration is performed on an infinite dimensional Hilbert space. It provides
a mathematical definition of Feynman’s heuristic formula (1.2) in the case where the
initial datum 1y and the potential V are bounded continuous function which can be
written as the Fourier transform of a (complex) finite measure on R? [21]. Recently
more general quantum dynamical systems have been investigated by means of these
functional integration techniques, see e.g. [9, 39]. Particularly interesting applications
can be found in the quantum theory of open systems, a challenging area of theoretical
physics which intertwines foundational issues of quantum theory (such as phenomena
as decoherence and the process of measurement of a physical observable) and modern
applications (such as, for instance, the theory of quantum computing) [22}.

In the traditional formulation of quantum mechanics the continuous time evolution
described by the Schrodinger equation (1.1) is valid if the quantum system is “undis-
turbed”, i.e. if it is isolated. On the other hand the concept of isolated system is not
realistic. We should not forget that all the informations we can have on the state of a
quantum system are the result of some measurement process. According to the tradi-
tional Copenhagen formulation of quantum mechanics, when the particle interacts with
the measuring apparatus, its time evolution is no longer continuous: the state of the
system after the measurement is the result of a random and discontinuous change, the
so-called “collapse of the wave function”, which cannot be described by the Schrédinger
equation. Indeed, let us consider an observables A represented by a self-adjoint operator
A on a complex separable Hilbert space H, whose unitary vectors represent the states
of the system, and let us assume for simplicity that A is bounded and its spectrum
is discrete. Let {a;};en C R and {%;}ien C H be the corresponding eigenvalues and
eigenvectors. According to the traditional mathematical formulation by von Neumann
the consequences of the measurement are:

1. the decoherence of the state of the quantum system: because of the interaction with
the measuring apparatus an initial pure state ¥ becomes a mixed state, described
by the density operator pP™°"(t) = >, w;Py,, where Py, denotes the projector
operator onto the eigenspace which is spanned by the vector ¥; and w; = |{1;, ¥)|?.
Considering another observable B (represented by a bounded self-adjoint operator
B), its expectation value at time ¢, after the measurement of the observable A (but
without the information of the result of the measurement of .A), is given by

E(B)y™" = Tr[pP"*" (t) B]
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The transformation mapping ¢ to the so-called “prior state” pP™°"(t) is named
“prior dynamics” or non selective dynamics.

2. The so-called “collapse of the wave function”: after the reading of the result of
the measurement of A (i.e. the real number a;) the state of the system is the
corresponding eigenstate of the measured observable:

PR = Py,

The expectation value of another observable B of the system at time ¢ (taking into
account the information about the value of the measurement of A) is given by:

EP**"(B|A = a)e = Tx[ph?*!(t) B] = (¢i, B)

The transformation mapping the initial state ¢ to one of the so-called “posterior
states” pb°°(t) is called “posterior dynamics” or selective dynamics and depends
on the result a; of the measurement of A.

As it is suggested by the collapse of the wave function, the non selective dynamics maps
pure states to mixed states, while the selective one maps pure states to pure states. The
relation between the posterior state and the prior state is given by:

PT(E) = 3 P(A = a)lel (1)

where P(A = a;) is the probability that the outcome of the measurement of A is the
eigenvalue a; and it is given by

P(A = a;) = [(¥5, ).
We remark that

(14) E(B)Y™ = S EP**! (B4 = a:) P(A = ay),

?

This kind of phenomena, in particular the prior and posterior dynamics, cannot be
described by the traditional Schrédinger equation (1.1).

There are several efforts to include the process of measurement into the traditional
quantum theory and to deduce from its laws, instead of postulating, both the process
of decoherence (see point 1) and the collapse of the wave function (point 2). In par-
ticular the aim of the quantum theory of measurement is a description of the process
of measurement taking into account the properties of the measuring apparatus, which
is handled as a quantum system, and its interaction with the system submitted to the
measurement [17]. Even if also this approach is not completely satisfactory (also in this
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case one has to postulate the collapse of the state of the compound system “measuring
apparatus plus observed system” or, more generally, “system plus environment”) it is
able to give a better description of the process of measurement.

An example of this approach is for instance the paper by Caldeira and Legget [15],
where the Lindblad equation for the evolution of the density operator p, describing the
process of decoherence (i.e. the prior dynamics) is heuristically derived:

nkT
B2
The authors show how equation (1.5) is a consequence of the interaction of the system
with a ensemble of oscillators that model, for instance, the normal modes of an elec-
tromagnetic field or the vibrations of the atoms in a crystal. H is the Hamiltonian of
the system, k is Boltzmann constant, T is the temperature of the crystal and 7 is a

(1.5) %pprior = ;%{H, pp'rz'or] - [m, [x’pprior]]-

damping constant.

Feynman formulation of quantum dynamics can provide an heuristic but really intu-
itive description of quantum open systems. For instance, the functional integral descrip-
tion of the prior dynamics of a system interacting with an external environment has been
proposed by Feynman and Vernon in [26]. Let denote by pgs and pg the initial density
matrices of the system and of the environment and by Ss and Sg the action functionals
of the system and of the environment respectively. Let S; be the contribution to the
total action due to the interaction between the system and the environment. Then the
kernel of the reduced density operator of the system pP"*" (obtained by tracing out the
environmental coordinates) is heuristically given by

(1.6)  pPron(t,z,y) =" / ek (SsM=8sODF(y, ) pgs(7(0),7(0))DyDY ”,

y(t)=x
¥ (t)=y

where F is the formal influence functional (shortly IF)

(1.7) F(v,7)
_ « /F g HSEOSE I HSI TS5 ¥ o (1(0), I(0))DIDIAR 7
I'(t)=R

By construction the influence functional can be regarded as a correction of the isolated
dynamics of the system S which depends explicitly on the model of the environment, as
well as on the form of the interaction between them. The IF formalism has been applied
to the description of Markovian open quantum systems and in the study of quantum
computing, where the implementation of real quantum processors is often hampered by
quantum decoherence phenomena (see, e.g., [48, 12, 45], and references therein).

Another heuristic path integral formula describing the time evolution of a quantum
system submitted to the continuous (unsharp) measurement of one of its observables
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has been proposed in [42]. From a physical point of view, the study of this problem is
particularly interesting, as it involves phenomena such as the the so-called Zeno effect,
which seems to forbid a satisfactory description of continuous measurements. Indeed
if a sequence of “ideal”! measurements of an observable A (with discrete spectrum) is
performed and the time interval between two measurements is sufficiently small, then the
observed system does not evolve. In other words a particle whose position is continuously
monitored cannot move. This result is in apparent contrast with the experience: indeed
in a bubble chamber repeated measurements of the position of microscopical particles
are performed without “freezing” their state. This result can be obtained by means of
unsharp (fuzzy) continuous measurements. For instance, in the case where the position
X of a quantum particle is continuously monitored giving a readout [w] = {w(s)}se0,4,
then the posterior (selective) dynamics of the system can be expressed by means or the
restricted path integral heuristic formula[42]:

(18) ¢t 25 w]) = / eF Stk IS (o) =) Aoy (4(0)) Dy
{7lv(t)==}

where k € R* is a constant proportional to the accuracy of the measurement. Formally,
according to formula (1.8) which contains the correction term e=*Js (V(9)=w(9)’ds the
paths v which give the main contribution to the integral are those closer to the observed
trajectory [w]. We point out that the restricted path integral formalism, although just
heuristic (at least at this level), is rather general as formula (1.8) does not depend on
the explicit form of the environment (or the measuring apparatus) and of the interaction
Hamiltonian.

An alternative mathematical description of the same physical phenomenon can be
given by means of a class stochastic Schrodinger equations[14, 10, 11, 18, 27]. We
consider in particular Belavkin equation, a stochastic Schrédinger equation describing
the selective dynamics of a d—dimensional particle submitted to the measurement of
one of its (possible M —dimensional vector) observables, described by the self-adjoint
operator R on L?(R%)

dy(t, x) = — L Hp(t, z)dt — 3R*Y(t, x)dt + VAR (t, 2)dW (¢)
(1.9)
¥(0,z) = o(z) (t,z) € [0,T] x R?

where H is the quantum mechanical Hamiltonian, W is an M —dimensional Brownian
motion on a probability space (2, F,P), dW (t) is the Ito differential and A > 0 is a
coupling constant, which is proportional to the accuracy of the measurement. In the

1A measurement is called ideal if the correlation between the state of the measuring apparatus and
the state of the system after the measurement is maximal
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particular case of the description of the continuous measurement of position one has
R = z, so that equation (1.9) assumes the following form:

d(t,z) = — L H(t, ¢)dt — $22¢(t, x)dt + VAzy(t, z)dW (1)
(1.10)
$(0,z) = to(2) (t,z) € [0,T] x RY,

while in the case of momentum measurement [6], (R = —i/iV) one has:

dip(t, z) = — L Hy(t, z)dt + 222 Agp(t, z)dt — iV AEVY(E, z)dW ()
(1.11)
¥(0,z) = o(x) (t,x) € [0,T] x R

The aim of the present paper is the rigorous mathematical realization of the heuristic
Feynman path integral formulae (1.6) and (1.8) in terms of infinite dimensional os-
cillatory integration techniques. In section (2) we recall the definition and the main
properties of infinite dimensional oscillatory integrals. In section 3 we apply these tech-
niques to the mathematical definition of the Feynman-Vernon influence functional in
the case of the Caldeira-Leggett model. In section 4 we construct a functional inte-
gral representation for the solution of the stochastic Schrodinger equation (1.10) of the
“restricted path integral” type, i.e. similar to the heuristic Mensky formula (1.8).

§ 2. Infinite dimensional oscillatory integrals

In this section we give the definition of infinite dimensional oscillatory integral and
prove some important properties which will be used in the study of the time evolution
of a quantum system.

In the following we shall denote by H a (finite or infinite dimensional) real separable
Hilbert space, whose elements will be denoted by z,y € H and the scalar product by
(z,y); f: H — C will be a Borel function on K and L : D(L) C H — H an invertible,
densely defined, and self-adjoint operator.

The study of oscillatory integrals on R™ with quadratic phase functions, called “Fres-
nel integrals”,

(2.1) / e (2:2) f()d, k>0,

is a largely developed topic, and has strong connections with several problems in mathe-
matics, for instance in the theory of Fourier integral operators, and physics, for instance
in optics. Following Hérmander [31], the integral (2.1) can be defined even if f is not
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summable, by exploiting the cancellations due to the oscillatory behavior of the inte-
grand, via a limiting procedure. More precisely, Fresnel integrals can be defined as the
limit of a sequence of regularized, hence absolutely convergent, Lebesgue integrals.

Definition 2.1. A function f : R® — C is called Fresnel integrable if for each
Schwartz test function ¢ € S(R™), such that ¢(0) = 1, the limit

lim (2rif) /2 / e £(2)¢(ex)dz

exists and is independent of ¢. In this case the limit is called Fresnel integral of f and
is denoted by

—~

/efﬁ(z’z)f(m)dx.

In [21] this definition is generalized to the case where R™ is replaced by an infinite
dimensional real separable Hilbert space (H,(, )). More precisely, an infinite dimen-
sional Fresnel integral can be defined as the limit of a sequence of finite dimensional

approximations.

Definition 2.2. A function f: H — C is said Fresnel integrable if for any sequence
{P,}nen of projectors onto n-dimensional subspaces of H, such that P, < P,4+1 and
P, — 1 strongly as n — oo (1 being the identity operator in H), the finite dimensional

approximations

o~

/ 77 (Pr®Pn2) £( P 2Yd(Ppar)
PR

are well defined (in the sense of Definition 2.1) and the limit

—~—

lim eff(P"””’P"@f(an)d(an)

n— J pH

exists and is independent of {P, }.
In this case the limit is called Fresnel integral of f and is denoted by

—~

/ei%<m’x>f(m)dx.

A complete “direct description” of the largest class of Fresnel integrable functions is
still missing, even in finite dimension. However, it is possible to find some interesting

subsets of it.
Let us denote by M(H) the Banach space of the complex bounded variation measures

u on ‘H, endowed with the total variation norm

llll = Supz Iu(Es)],
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where the supremum is taken over all sequences {E;} of pairwise disjoint Borel subsets
of H, such that U;E; = H. The space M(H) is a Banach algebra, where the product of
two measures p x v is by definition their convolution:

uxv(E) = /H u(E — z)dv(z), pv e M(H),

and the unit element is the vector &p.
Let F(H) be the space of complex functions on H which are Fourier transforms of
measures belonging to M(H), namely functions f : H — C of the form

f(z) = /He"‘x’”duf(y) =ps(z), z€EMH,

for some py € M(H). The set F(H) is a Banach algebra of functions, where the product
is the pointwise one, the unit element is the function 1, i.e. 1(z) =1 Vz € H, and the
norm is given by || f|| = ||uf|l. The following result holds.

Theorem 2.3. Let L : H — H be a selfadjoint trace-class operator, such that (I—L)
is invertible. Lety € H and let f : H — C be the Fourier transform of a complex bounded
variation measure uy on H. Then the function g : H — C defined by

is Fresnel integrable and the corresponding Fresnel integral can be explicitly computed in
terms of a well defined absolutely convergent one with respect to a o-additive measure,
by means of the Parseval-type equality:

o~

/eijﬁ (z,z) e_TiE (z,Lz) ez‘(.’c,ll)f(m)d:v

(2:2) = (det(1 — 1)) /2 [ e ernU-D @iy (),
H

where det(I—L) = | det(I—L)| e~™ U ~L) 45 the Fredholm determinant of the operator
I—L,|det(I —L)| its absolute value and Ind(I — L) the number of negative eigenvalues
of I — L, counted with their multiplicity.

Proof. The result follows directly from Theorem 2.1 in [1] (see also [21]), which states
that for g € F(H)

——~—

/ 3 (@2 =k (2.02) g )y = $E0-07 @y, (2),

1 -
vdet(I — L) /He

by choosing pg := 0y * iy . a

From expression (2.2) the following result follows easily.
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Corollary 2.4. Under the assumptions of Theorem 2.3 the functional

feF(H)— / ¢35 @ (-0 i) f () dg

is continuous in the F(H)-norm.

§3. The Feynman-Vernon influence functional

In order to handle the description of the time evolution of the density matrix of
a quantum system, in this section we introduce another type of infinite dimensional
oscillatory integrals on the product space H x H (see [3] for more details).

Definition 3.1. A function f: H x H — C is Fresnel integrable if for any sequence
{P,} of projectors onto n-dimensional subspaces of H, such that P, < P41 and P, — 1
strongly as n — oo (1 being the identity operator in ), the finite dimensional oscillatory
integrals

/ / e (P, Pnz) o= 2 (Pt Pu¥) £ (B, 2, Proy)d(Po)d(Pay)
W H wH
are well defined and the limit
lim / / ¢ (Prz Pad) o= (PutsPat) (s, Poy)d(Pa)d(Pay)
n—e Jp.HJ PLH

exists and is independent of the sequence {P,}. In this case the limit is denoted by

HJIH
Further, the following generalization of theorem 2.3 holds.

Theorem 3.2. Let L : H — H be a trace-class operator, such that I —L is invertible,
and let f : HxH — C be the Fourier transform of a complex bounded variation measure
g on H X H. Then the integral

/ / 6'2%[ <m,z> 8_5% (y:y) e__z%(;c-—y,L(-’L“i'y))f(m’ y)dfﬂdy
HIH

is well defined and is equal to

1 ik -1
- =2 (x+y,(I-L)" " (xz—y))
det(I_L)/H/He 2 dps(z,y),

where det(I — L) is the Fredholm determinant of I — L.
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Given a family {ua|a € R} in M(H), we shall denote by [ps pada the measure

defined by
o [ ] oe)ala)de

whenever it exists. The following Fubini-type theorem on the change of order of inte-
gration between oscillatory integrals and Lebesgue integrals holds.

Theorem 3.3. Let L : H — H be as in the assumptions of Theorem 3.2 and let
p:RE— M(H x H), o+ g, be a continuous map such that

/ |talda < oco.
Rd

Further assume that fo(z,y) = fa(z,y), (z,y) € H X H. Then [z, fada € F(H x H)
and

/ / / e @) o= W) o~ E—vLEHV) £, (5 1) dzdydor

R4 JHIH

B = [ [ehene oo ki) [ 16 ydadsay.
HIH R4

For a detailed proof of these results see [3].

Let us consider now the time evolution of a quantum system made of two linearly
interacting subsystems A and B. We assume that the state space of the system A is
L?(R%), while the state space of the system B is L?(R"), and consider a total Hamil-
tonian of the compound system of the form

Hap=Has+ Hp+ HinT,

with
HA=—-§]H\1; +%mﬂim+m(m), r € RY,
Hg = —‘;“7‘: + %RQ%R+1}B(R), ReRV,
H;nyt =zCR,

where C : RV — R? is a linear operator and Q4 (resp. Qp) is a symmetric positive
d x d (resp. N x N) matrix, v4 : R — R and vp : R¥ — R continuous bounded
functions. We assume that the quadratic part of the total potential, i.e. the function
(z,R) — 202z + ZRO%R + zCR is positive definite (so that the total Hamiltonian
is bounded from below) and that the density matrix of the compound system factorizes
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as paB = papp and has a regular kernel pap(z,y, R, Q) = pa(z,y)p5(R,Q). In the
following we shall denote with Q45 the (d + N) x (d + N) matrix

0
(3.2) Q=1 A :

(where C' = C/v/Mm).
Our aim is the construction of an infinite dimensional oscillatory integral represen-
tation for the reduced density operator at time ¢, namely

/(e“’%H"BtpABe%HABt) (z,y,R,R)dR.

Heuristically, in the Feynman-path-integral form:

/ / ok (SAMN+S5(D)+Srnr (1T) ~5a(y)~S5(I)~Sinr (7)) o
t t
(3.3) o e
x pa(7(0),4(0))p5(T(0),I'(0))DyDy'DI'DI"dR”,

where v and I represent the generic path in the configuration space of the system and
of the reservoir, respectively, and

Sa(v) +S() + Sint(7,T)

= [ (356 - Zre30(6) ~ vatr(s) ) s
0
+ /0 (F12(s) — ST(S)NBI(s) — 5 (T(5))) ds - /0 A(s)CT (s)ds.

Further, formula (3.3) can be written as
/ / eFEAM=SAD F(y,7)p4(7(0),7(0))DyDY,
)=z Jv' (t)=y

where F' is the Feynman-Vernon influence functional, formally:

F(%ry’):// / e%(ss(F)+SINT("/,F)—SB(F')—SINT(’Y',F'))pB(F(O),F/(O))DPDF/dR
r(t)=R JT'(t)=R

Let us denote by H¢ the Hilbert space of absolutely continuous paths « : [0,t] — R¢ such
that «(t) = 0 and weak derivative ¥ € L2([0,t], R?), endowed with the inner product
(Y1,72) = fg F1(8) - F2(s)ds.

The following theorem provides a representation of the reduced density operator of
the system A in terms of an infinite dimensional oscillatory integral on H¢.
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Theorem 3.4. Let pf and pf be two density matriz operators on L%(R%) and
L2(RY), respectively, with reqular kernels p§(z,z') and p§ (R, R') admitting a decom-
position into pure states of the form po(x,y) = 3, piei(z)el (y), withp; >0, >, pi =1,
(ei, €5) L2(re) = 05, and e;(x) = ;(z), satisfying

(3.4) Zpi)mlz < oo.

Further let pf € S(RY x RN). Let t satisfy the inequalities

(3.5) t#[(n+1/2)n]/wf, neZ, j=1...d,

(3.6) t#[(n+1/2)n)/wp, neZ, j=1...N,

(3.7) t# [(n+1/2)w]/Aj, nezZ, j=1...d+ N,

where wf, wf , and \j, are the eigenvalues of the matrices Qa, g and Qap, respectively

(with Q% 5 defined by (3.2)). Let us assume moreover that t is such that the determinant
of the d x d left upper block of the n x n matriz cos(2apt)is non-vanishing.

Then the kernel pr(t,x,y) of the reduced density operator of the system A evaluated
at time t is given by

(38) pR(ta z, y)
= e—%xﬂize;—;yﬂiy X

o~ ~—

(v (Ta—Lay) ,— g5 (¥, (Ta—La)Y")
X € e X
néJ e

xe~t Jo (2% (s)ds—y %7 (8) )ds o~ § [ (va(v(8)+a)~via(v(s)+y) )ds o

XF (v, 2,9)00,4(7(0) + z,7'(0) + y)dydy',
where py o(2,y) = 0§ (x/VM,y/VM), ve(z) := va(z/VM) and F(v,,x,y) is the
influence functional
(3.9) F(v,7,2,9)
—_‘/ e"‘%xc’/Re‘F%yC’Re—%fot(,y(s)_,yl(s))CIRds %
]RN
X/ / ei-iﬁ(F’(IN_LB)F>6—§E(FI’(IN_LB)F/>e""i{(P,LNCIT'y)e%‘([‘”LNC/T,Y/) y
HNJ HY

xe‘% Jg RQ%(F(s)—F’(s))dae—% Ji(zC'T(s)~yC'T’ (s))ds x

xe~ % J§ (vB(T(s)+R)—v (T (s)+R))ds o
xpo,5(C(0) + R,I'(0) + R)dI'd["dR,
with py g(R, Q) = p§ (R/\/m,Q/v/m), vp(R) := vp(R/\/m).
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These results can be applied to the study of the Caldeira-Leggett model[15] with
a finite dimensional heat bath, that is to the special case in which the heat bath is
described by a finite number of oscillators and thus vp = 0. Further the model presume
that the environment is initially in equilibrium at temperature 7', i.e. that its initial
density matrix pf (R, Q) is of the form pf(R,Q) = H;V:1 pg)(Rj, Q;,0), where

€)) _ L] ~(2hsinl;‘nz:u;_7—$' 5T ((R2+Q2)C05h T‘?‘hu; —szQj))
p R iy Q . 0 — \/’ e ] 2 J
5 (R, Q4,0) nhcoth(hw; /2kT)
with wj, j = 1,...,n, the eigenvalues of the matrix (25. For notational simplicity we

put again m = M = 1; the general case can be handled by replacing C, va, pf, and p§
with C’, vy, pj 4, and pg g, respectively.

Inserting the terms defined above in the general formula (3.9), the influence func-
tional becomes

F(v,7,2,9)
= K(z,y,t)e” (=7 1A ) o=k (nOLT (In=Lp) " vo,z) o

. i T t sin(Qpgt)sin(2g(t—s)) ~T ’
xe%<7/!CLN(IN—LB)—1Uc’U>6-2—50 (15 y) 0 QZBCQS(QB‘) C (’y(s)+’y (3))d3 x

1 1 i(ho—2 1—cos(2gt) CT:E —i(ho+& 1—cos(2pt) C'Ty
X/ dhaﬁg (% - 5“’ ho + §a € (he 2)93 cos(Qgt) e (ho 2)”13 cos(S2pt) X
RN

. sinQpt ) -
w etho g eostgt @iy —7,OLN (In—Lp) " hoGo) ,

where
i T _ _sin(2pt) T
K(‘T, Y, t) = WN?NCﬁC (x*y)(aas— 259 c0s(QBt))C (z-y) )
e_ﬁjﬁ«’y_’y')vA('Y'f"Y')) =] efiﬁ fot cT (’7_”/')(3)9“1 fos sin(QB (S_T))CT('Y+7/)(T)de3 ,
and

I 1
a= —E/ cos(Qps)CT (v(s) —~'(s))ds — E(QB)—I sin(Qpt)CT(z —y).
0
By direct computation we obtain

F(v,7sz,y)
— o7 J3 CT (V&) +a—7'()-9)5" [§ sin(Qs (s—m))CT (v(r)+a+v' (r)+y)drds o

—515 fot CT('y(s)-i-z'—'y'(a)—y)le coth(%%,?—) fos cos(Qs(8—r))CT (v(r)+z—~'(r)—y)drds

Xe )

which yields the result heuristically derived in [26].
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§4. The stochastic Schrédinger equation

In this section we shall prove that the solution of the stochastic Schrédinger equation
(1.10) can be represented by an infinite dimensional oscillatory integral of the form:

o~

4.1) ¥(t,z) = /eg’}; Jo 17(9)[Pds =X [§ |v(8)+z|?ds .~ § [g V(v(s)+2)ds
ol VAW Wy (1 (0) + )

The first step is the generalization of theorem 2.3 to the case of complex valued phase

functions.

Theorem 4.1. Let H be a real separable Hilbert space, let y € H and let Ly and Lo
be two self-adjoint, trace class commuting operators on H such that I 4 L, is invertible
and Ly is non negative. Let moreover f € F(H), with f = iy, uy € M(H).

Then the function g : H — C defined as

g9(z) = en@LR w2} f( )

(L being the operator on the complezification HC of the real Hilbert space H given by
L = Ly + iLy) is Fresnel integrable (in the sense of definition 2.2) and its infinite
dimensional oscillatory integral

——

/ o7 (@.(I+0)2) o 0.:8) £ ()
H

can be explicitly computed by means of the following Parseval type equality:

o~

(4.2) /Hef’k(x,(I+L)w>e<y,x>f($)dm = det(]+L)—1/2/He—‘%@(k—z’y,(I+L)"1(k—iy)>W(dk)

For a detailed proof, see [5, 40].
Let us consider the stochastic Schréedinger equation (1.10), which is convenient to
write in the Stratonovich equivalent form:

(4.3) {‘w = —: Hipdt — Naz|*¢dt + Az 0 AW (2)

¥(0,z) = o(x) t>0, z € R4

The existence and uniqueness of a strong solution is proved in [27]. We recall that a
strong solution for the stochastic equation (4.3) is a predictable process with values in
H = L?(R%), such that

Y(t) € D(—i/hH — \z|?) P-a.s.

P[5 (@IP + I(~i/RH — Nal*)p|*) dt < 00) =1
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P( f el at)? < oo) =1and
P as. for all ¢t € [0,T]:

dy = —LHydt — Nz|?¢dt + VAz - podW(t) ¢t>0, z€R?
¥(0,z) = to(x)
Let us consider the Cameron-Martin Hilbert space H; of absolutely continuous paths
7 : [0,t] — R? with weak derivative ¥ € L2([0,#], R%) and such that () = 0, endowed

with the inner product (y1,72) = f(f 41(8) -¥2(s)ds. Let HE be its complexification. Let
L: HE — HE the operator on HC defined by

(4.4)

(11, L) = —a? / (s) - v2(s)ds

where a? = —2i\h. The j—th component of Ly, Ly = (Lvy,...,Lvg), is given by

(4.5) (Lv);(s) = 2iAA / ds’ / v;(s")ds"” j=1,...,d

one can verify (see [21] for more details) that iL : H — H is self-adjoint with respect
to the Hy-inner product, it is trace-class and its Fredholm determinant is given by:

det(I + L) = cos(at).

Moreover (I + L) is invertible and its inverse is given by:
i
(I + L) 9)5(5) =7(s) —a | sinfa(s’ = o)l (s")ds’
8
t
+ sinfa(t — s)] / [cosat]lacos(as’)y;(s')ds’  j=1,...,d.
0 .

Let us introduce the vector [ € H; defined by
¢ t
(46) (Ly) = —VA / () 4(s)ds = VA [ (s) - dW ),
0

which is given by I(s) = VA f

Under suitable assumptlons on the potential V and the initial wave function g,
it is possible to realize the heuristic expression (4.1) in terms of the following infinite
dimensional oscillatory integral on the Cameron-Martin space Hy:

(47) Clt,z,w) [ emMIFDN M =22z 5 a(s)dso—% Jo VOre)ta)dsy (v (0) + z)dy
H;

where C(t, z,w) = e~ el +VAzw() jg 4 constant depending on ¢, z € R%, w € Q. Indeed

the integrand exp(z5®) in (4.1), where ®(y) = fo [¥(s)|2ds + 2ihX fo lv(s) + z|?ds —
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2ih fot VA((s) + ) - dW(s) can be rigorously defined as the functional on the Cameron
Martin space H; given by ®(y) = (v, (I + L)) — 2ik{l,7) — 2 [, az - v(s)ds — a?|z|?¢ -
2ihv/ Az - w(t), where L is the operator (4.5) and [ is the vector (4.6), see [5] for details.

Theorem 4.2. Let V,vy € F(R?) be Fourier transforms of complex bounded varia-
tion measures on R®. Then there exist a (strong) solution of the Stratonovich stochastic
differential equation (4.3) and it is given by the infinite dimensional oscillatory integral
with complex phase (4.7).

Remark. The result can be extended to general initial vectors 1o € L?(R%), using
the fact that F(R%) is dense in L2(R%).

Proof. The proof in divided into 3 steps.
First of all we consider the case V = 0 and approximate the trajectory ¢ — w(t) of
the Wiener process by a sequence of smooth curves, i.e. we consider the sequence of
functions 2 n ftt__l_ w(s)ds = wy(t), n € N. We have that w, — w uniformly on
[0, 7], indeed

sUPseio,7) |Wn(s) —W(s)| =0 asn—o0 Pas.
Let us consider the sequence of approximated problems:
(48) dipn = — £ Hippdt — Nz |*¥ndt + VAz - YndWy(t)
. %(0, CL‘) = ¢0(x)
where dW,,(t) is an ordinary differential, i.e. dW,(t) = w,(t)dt, and we can also write:
Yn =~ Hn — Nz *¥n + VA2 - Yniim (1)
Yn(0,z) = to(x)

which can be recognized as a family of Schrédinger equations, with a complex potential,
labeled by the random parameter w € ). By applying theorem 4.1, in the case where
o € F(R?), the solution of (4.9) can be computed in terms of the infinite dimensional
oscillatory integral:

(4.9)

ot z) = /H 3% I3 13()Pda =X Ji [Y(s) s oV [§ (1(8)+2) n()da gy (o (0) + )y

o~

= T VR wn () /

o 75 O IHL)) g lln ) / i1 {0(@),) . (o) dady
H,

Rd
where a? = —2i\R, I, € H, is the vector defined by In(s) = VA [} wn(7)dr and b(e, z) €
Hy, precisely:
za?
b(a, z)(s) = a(t — s) — %(t2 —5?)

2Here we denote, as usual, the trajectory of the Wiener process W (t) as w(t).
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The second step is the proof of the convergence of the sequence of approximated
solutions, namely the proof that the following equation

(4.10 $(0,2) = volz), o € SRY

has a unique strong solution given by the Feynman path integral

{dw — —iHydt — Na|?pdt + VAz-podW(t) ¢>0

—~—

W(t,z) = /eg‘ﬁ I I*r(f)l2ds—k Jo n(@+al*ds VX [ (7(8)+2)-dW (8) 0 (2(0) + )y

rigorously realized as the infinite dimensional oscillatory integral with complex phase
on H;

—~—

= Mal2+ Ve () / e (L IH0)) g17) =202 J§ Aoy (+(0) + )y
Hy

Moreover it can be represented by the process
lb(t, x) = 4 G(tv z, ?/)¢'o (y)dy
R

where
a eﬁm-w(t)—ggg—fj-fg cos(as)w(s)ds

Gt z,y) = 2mik \ sin(at)

e (—a fg w(s) J] w(s') sinla(s’ —s)ldsds)

_e“,j,)‘ (~afy sin(as)w(s)ds- [ cos(as)w(s)ds—a cot(at)] fot cos(as)w(s)ds|?)

efﬁ (cot(at)(lwii’—i-lylz)"‘51271?( at) > eaﬁy.mﬂlm(fot cosa(s—t)]w(s)ds)

(see [5] for more details).
The third step is the study of the case where a potential V € F(R?) is present by
means of a perturbative argument. Let us consider the infinite dimensional oscillatory

integrals

——

(4.11) Ot 0)wo(z) = / o3 & () Pds =X [ Iv(s)+al?ds ,— & [ V(v(s)+a)ds
Hy

YR W @D (1(0) + )y

and
(4.12)

Op(t, 0)tho(x) = / ek Jo W)= [T () +al?ds (VA [T (5)+2)dW () (4(0) + ) dby.
Hy
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By means of simple computations (see [5]) it is possible to show that:

(4.13) O(t,0)vho(x) = Oo(t, 0)to(x) — /O O(t, u)(VOo(u, 0)tho)(z)du

Now the iterative solution of the latter integral equation is the Dyson series for ©(t,0),
which coincides with the corresponding power series expansion of the solution of the
stochastic Schrédinger equation, which converges strongly in L?(R¢). The equality holds
pointwise. On the other hand, following [27], it is possible to prove that the problem
(4.10) has a strong solution that verifies (4.13) in the L? sense, therefore ©(t,0)1o
coincides with the solution 1(t). This concludes the proof of theorem 4.2. O
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