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Abstract: We consider the weak coupling limit for a quantum system consisting of a small
subsystem and reservoirs. It is known rigorously since [10] that the Heisenberg evolution
restricted to the small system converges in an appropriate sense to a Markovian semigroup.
In the nineties, Accardi, Frigerio and Lu [1] initiated an investigation of the convergence of
the unreduced unitary evolution to a singular unitary evolution generated by a Langevin-
Schrédinger equation. We present a version of this convergence which is both simpler and
stronger than the formulations which we know. Our main result says that in an appropriately
understood weak coupling limit the interaction of the small system with environment can be
expressed in terms of the so-called quantum white noise.
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1 Introduction

One of the main goals of mathematical physics is to justify various approxi-
mate effective models used by physicists by deriving them as limiting cases of
more fundamental theories. This paper is devoted to a class of such models
that one sometimes calls quantum Langevin dynamics. We show that quantum
Langevin dynamics arise naturally as the limit of a dynamics of a small system
weakly interacting with a reservoir where not only the small system, but also
the reservoir is taken into account. We will call this version of a weak coupling
limit the extended weak coupling limit, to differentiate it from the better known
reduced weak coupling limit, which involves only the dynamics reduced to the
small system.

To our knowledge, the main idea of extended weak coupling limit first ap-
peared in the literature in the work of Accardi, Frigerio and Lu in [1] under the
name of stochastic limit.

Our approach is inspired by their work, nevertheless we think that it is both
simpler and more powerful.

The reader may also find it useful to compare the present work with our
previous paper [12], which describes the extended weak coupling limit on a
relatively simple (and less physical) example of the Friedrichs model. [12], apart
from presenting results, which we believe are mathematically interesting in their
own right, can be viewed as a preparatory exercise for the present work.



1.1 Quantum Markov semigroups

Before we discuss quantum Langevin dynamics, we should recall a better known
class of effective dynamics — that of quantum Markov semigroups (or, in other
words, completely positive unity preserving time-continuous semigroups). They
are often used as a phenomenological description of quantum systems. It is well
known that every quantum Markov semigroup on B(K), where K is a finite
dimensional Hilbert space, can be written as e’ where L can be written in the
so-called Lindblad form [24]

L(S) = —i(TS — ST*) +v*Sv, S e B(K), (1.1)

v is an operator from K to K ® b for some auxiliary Hilbert space h and Y is an
operator on I satisfying
—iT+iT" = —v*v. (1.2)

Note that given L, the operators T and v are not defined uniquely.

1.2 Reduced weak coupling limit

It is generally assumed that only reversible (unitary) dynamics appear in fun-
damental quantum physics. Nevertheless, in phenomenological approaches re-
searchers often apply non-unitary quantum Markov semigroups to describe ir-
reversible phenomena. A possible justification for their use is provided by the
so-called weak coupling limit, an idea that goes back to Pauli and van Hove
[22], and was made rigorous in an elegant work of E. B. Davies [10]. Davies
proved that if a small quantum system is weakly coupled to the environment,
then the reduced dynamics in the interaction picture, after rescaling the time
as A2t, converges to a quantum Markov semigroup defined on the observables
of the small system.

To be more specific, consider a system given by a Hilbert space H := L ®
I's(HRr), where K is a finite dimensional Hilbert space, Hg is the 1-particle
space of the reservoir and I's(Hg) is the corresponding bosonic Fock space. The
composite system is described by the dynamics generated by the self-adjoint
operator

Hy = K®1+1®dl(Hg)+Aa*(V)+a(V)). (1.3)

Here K describes the Hamiltonian of the small system, dT'(Hg) describes the
dynamics of the reservoir expressed by the second quantization of a self-adjoint
operator Hg on Hy, and a*(V')/a(V') describe the interaction between the small
system and the reservoir, which we assume to be given by the creation/annihilation
operators of an operator V € B(K, K ® Hgr).

The notation that we use to define H} is explained only in Section 2 and may
be unfamiliar to some of the readers. Therefore let us describe the operators ap-
pearing in (1.3) with perhaps a better known (although less compact) notation.
To this end it is convenient to identify Hr with L?*(Z,d¢), for some measure
space (Z,d¢), so that one can introduce a;/a¢ — the usual creation/annihilation
operators describing bosonic excitations of the reservoir. Let Hg be the multi-
plication operator by a real function Z 3 £ +— z(£) and let 23 £ — v(§) € B(K)



be the function describing the operator V. Then we have an alternative notation
ar(He) = [ a(©atacds,
) = [l
/v*({)agdxi.
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Operators of the form (1.3) are often used in quantum physics in phenomeno-
logical descriptions of a small quantum systems interacting with an environment.
Some varieties of (1.3) are known under such names as the spin-boson, Frohlich,
Nelson and polaron Hamiltonian. Following [11], we will call operators of the
form (1.3) Pauli-Fierz operators. (Note, however, that some authors use this
name in a slightly different meaning).

The vacuum vector in I's(Hg) will be denoted by Q. Let I : K — H denote
the isometric embedding, which maps a vector ¢ € K on ¢ ® Q € H. Note that
If + H — K equals 1x®(|, and If - I is the conditional expectation from
B(H) onto B(K).

One version of the result of Davies says that under some mild assumptions
the following limit exists

. Sy —2 -2 iy —2 i -2
At(S) — }\1{‘1’1 e1/\ tKI;%e it HAS ®1 elt)\ H I;ge INTYtK
0
. 2 -2 sy —2 _iy—2
_ }\1{‘1’6 le%el)\ tHoe it H>\S ®1 elt/\ HAe i tHOI)c, (14)

and A; is a quantum Markov semigroup. Thus we obtain a, possibly irreversible,
quantum Markov semigroup as a limit of a family of reversible, physically re-
alistic dynamics. We also obtain a concrete expression for the generator of A;.
More precisely, T and v appearing in (1.1) are uniquely defined in terms of K,
HR and V.

In the literature on both the reduced and the extended weak coupling limit,
one usually considers a nontrivial reference state for the reservoir, whereas we
reduce our treatment to a vector state. This is justified since one can always
represent the reservoir state as a vector state via the GNS construction. In
particular, in the case of a thermal bosonic state, we can use the Araki-Woods
representations of the CCR, so that the reservoir state is given by the Fock
vacuum. The free reservoir Hamiltonian and the interaction are modified ap-
propriately. For this reason, it is not always appropriate to call (1.3) a “Hamil-
tonian”. In typical applications that we have in mind, the environment is a
collection of heat baths at various positive temperatures, and then it is natural
to take dT'(Hg) to be the sum of their Liouvilleans. In this case, H) is not
bounded from below, and it probably should not be called a “Hamiltonian”.
On the other hand, the name “Liouvillean” is not appropriate either, since on
the small system K is actually the Hamiltonian, not the Liouvillean. Follow-
ing the terminology introduced in [11], in such a case H) should be called a
semi-Liouvillean.



1.3 Quantum Langevin dynamics

It is well known that a 1-parameter semigroup of contractions on a Hilbert space
can be written as a compression of a unitary group. This unitary group is called
a dilation of the semigroup.

A similar fact is true in the case of a quantum Markov semigroup. It has
been noticed that every such a semigroup can be written as

A(S) =Ite 2 S@1 eI, SeB(K). (1.5)

Here, Z is a self-adjoint operator on a Hilbert space Z = KQI's(Zr) for some
1-particle space Zgr and Ix : K — Z is defined analogously as before.

Unfortunately, in the literature there seems to be no consistent and uniform
terminology for this dilation. A possible name for the unitary dynamics e*4
seems to be a Langevin-Schrédinger dynamics or a stochastic Schrédinger dy-
namics for the semigroup A;. The corresponding dynamics in the Heisenberg
picture, that is e™1*Z . e*Z | will be called a quantum Langevin dynamics or a
quantum stochastic dynamics for the semigroup A;.

The first construction of a quantum Langevin dynamics was probably given
by Hudson and Parthasaraty. In [23] they introduced the so called quantum
stochastic differential equation - a generalization of the usual stochastic differ-
ential equation known from the Ito calculus. The group e~'*Z is then given by
the solution to this equation.

If the operators T and v that appear in the generator of A; written in the
Lindblad form (1.1) are given, then there exists a canonical construction of the
space Z and of a Langevin-Schrodinger dynamics e'*Z on Z, which apart from
(1.5) satisfies the condition

e T — [re M2, (1.6)

Thus e~ *Z is a dilation of the contractive semigroup e T and e~1*Z . itZ is
dilation of the quantum Markov semigroup e*”.
In this construction, at least formally, Z can be written in the form of a

Pauli-Fierz operator

a

Z:%(T+T*)+dF(ZR)+ a(|ll) @ v) + a*(|1) ®v). (L.7)
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The interaction that appears in (1.7) is quite singular and difficult mathemati-
cally. It is an example of a so-called quantum white noise [6].

The equation (1.5) suggests that quantum Langevin dynamics have perhaps
more physical content than being just a mathematical device, and could be used
as effective dynamics describing a small system interacting with environment.
In fact, physicists (see e.g. [18]) often use such quantum Langevin dynamics to
describe the interaction of a small system with an environment, e.g. with several
heat baths.

Quantum Langevin dynamics are also often used to describe processes in-
volving “continuous quantum measurements” [7]. One can then introduce ob-
servables describing “measurements performed in a given interval of time”. Ob-
servables corresponding to measurements in non-overlapping time intervals com-
mute, which can be a reasonable assumption in some idealized situations.



Note that the generator of a Langevin-Schrédinger dynamics is necessarily
unbounded from below. This is often put forward as an argument against phys-
ical relevance of quantum Langevin dynamics. This argument is actually not
justified, since unbounded from below generators of dynamics appear naturally
in physics, especially in positive temperatures. We have seen such a situation
when we discussed (1.3), since semi-Liouvilleans are typically unbounded from
below. (See also a remark at the end of Subsection 1.2).

1.4 Extended weak coupling limit

In [1], it was proposed by Accardi et al. that one could extend the idea of
the weak coupling limit from the reduced dynamics to the dynamics on the
whole system, and as a result one can obtain a justification of using quantum
Langevin dynamics to describe quantum systems. They called their version of
the weak coupling limit the stochastic limit. In our opinion, this name is not
the best chosen, since the reduced weak coupling limit is just as “stochastic” as
the extended one. Therefore we will use the name extended weak coupling limit.

The reduced weak coupling limit in the form considered by Davies has a
rather clean mathematical formulation. Therefore, it was quickly appreciated
by the mathematical physics community. The extended weak coupling limit is
inevitably somewhat more complicated, in particular since it involves construc-
tions that are, to a certain extent, arbitrary. Nevertheless, we believe that the
idea of the extended weak coupling limit is valuable and sheds light on models
used in physics, especially in quantum optics and quantum measurement theory.
In our paper we would like to state and prove a new version of the extended
weak coupling limit.

We start again from a dynamics generated by a “Pauli-Fierz operator” (1.3).
As we discussed above, the reduced weak coupling limit leads to a quantum
Markov semigroup with the generator given in a Lindblad form involving the
operators T and v. Given these data, we have a canonical construction of a quan-
tum Langevin-Schrédinger dynamics e~ 1'% acting on the “asymptotic space” Z
such that (1.5) and (1.6) are satisfied. We also construct an appropriate identi-
fication operator I'(.Jy), which is a partial isometry mapping the physical space
‘H into the asymptotic space Z. Its main role is to scale the physical energy.
There is some arbitrariness in the construction of the identification operator,
since the frequencies away from the Bohr frequencies (differences of eigenvalues
of K) do not matter in the limit A N\, 0. Finally, one needs what we call the
“renormalizing operator” Z..,, which takes care of the trivial part of the dy-
namics involving the eigenvalues of K. The main result of our paper can be
stated as

s _ ;1{% ei)\*threnF(J)\)efi)\*thkF(J)\)* _ efitZ7 (1.8)

where s* — lim denotes the strong* limit. Thus e (Z+X *Zwen) can be viewed
as the effective dynamics in the limit of A ™\, 0.
Note that in the Heisenberg picture we obtain for any B € B(Z)

g* — ;\{% eitZ”“F(J;)e*ithH*F(J,\)BF(J;)eitYZH*F(J)*e*itzrcn

e—ltZ BeltZ .



Replacing B with S ® 1, pretending Jy is unitary (which is justified, see e.g.
Remark 4.5 or expression (6.33)), taking the conditional expectation I - Ic of
both sides and using (1.5) we retrieve (1.4) — the reduced weak coupling limit.

One can also choose B of the form 1®A such that the strong limit I'(Jy ) BT'(J5)
as A\, 0, exists. In that case, one can study fluctuations of reservoir quantities,
see Theorem 5.7.

We can summarize the results of our paper in the following diagram (w.c.l.
stands for weak coupling limit):

extended w.c.l.
—

’ physical dynamics ‘ ’ quantum Langevin dynamics ‘

| reduction | reduction 7 dilation

quantum Markov semigroup
+ specific decomposition of Lind-
blad generator

’ reduced physical dynamics ‘ reduc&w.c.l.

1.5 Comparison with previous results

As mentioned already, we are surely not the first to come up with the concept
of the extended weak coupling limit. Although the original idea is attributed
to Spohn [29], the field was pioneered by Accardi et al. in [1] and a long list
of works on the subject can be found in the book [3]. Recently, an interesting
generalization has been made by [20].

On the heuristic level, the ideas of the extended weak coupling limit have
been expressed by some physicists, e.g. by Gardiner and Collett, see [17] and
Section 2.5 of [7].

The same idea was also applied to the low-density limit in [28] and [4], see
also [5]. (The “reduced low density limit "has been put on rigorous footing in
[15))

Most previous results we are aware of, have the following form: For a Hilbert
space R, let ®(f) € I's(R) be the exponential vector for the 1-particle vector
feRr:

B(f) = exp (a* () (1.9)

Let u,v € K, f,g € Hr,s1 < t1,52 < tz € R and put W} := A PtHog—iA TP tH
Then, with all symbols having the same meaning as in the introduction above,

tl//\2 tz/)\2
<u ® o (A I eiuHRfdu> ‘(Wt’\)*(S ©1)Wroo o (A I eiuHRgdu> >

31/)\2 82/A2
= (0@l @ WS OW0 @ 810 @9))  (110)

where W; is the solution of an appropriate Langevin Schrodinger differential
equation on the space K ® I's(L?*(R) ® Hg) and 1}, is the indicator function of
the interval [-,-].

Note that both our approach and (1.10) express essentially the same physical
idea. The scaling that we use to define Jy is implicit in (1.10). The main
advantages of our approach with respect to the previous works are



1) The asymptotic space K ® I's(L*(R) ® Hg) considered in (1.10) is much
larger than the asymptotic space that we use (which is introduced in Sub-
sect 4.3). One can argue that our choice is more natural and “tailor-made”
for the problem at hand — it closely resembles the original physical space
without introducing unnecessary degrees of freedom.

2) We prove convergence in the #-strong sense, instead of (as outlined above)
convergence of matrix elements of a class of rescaled coherent vectors. This
is mathematically cleaner and more flexible.

3) Our approach allows to consider also limits of certain reservoir observables,
see in particular Theorem 5.7.

4) We highlight the clear connection between the work of Davies [10] and
Diimcke [14], and extended weak coupling limits. The latter follows rather
easily from the results in [10] and [14].

A less important point of difference is the following: In the early works on the
weak coupling limit, quasifree reservoirs were fermionic. If one chooses bosonic
reservoirs, as we do, one has to control the unboundedness of the interaction
term (since the bosonic creation and annihilation operators are unbounded).
Although this is not difficult, see Theorem 4.1, we know of no place in the
literature on the weak coupling limit where this difficulty is addressed. Of
course, it is possible (and easy) to describe a version of our result where the
Hamiltonian Hpg is fermionic.

From the physical point of view, our results justify a lot of the manipulations
one does with quantum Langevin dynamics (this is discussed in detail in [13]).
In particular, Theorem 5.7 allows to identify fluctuations of reservoir number
operators with limits of reservoir observables. These reservoir number operators
(more specifically: their fluctuations) are heavily studied objects, see e.g. [7, 8,
27].

1.6 Outline

In Section 3, we construct a Langevin-Schrodinger dynamics associated with
a specific decomposition of a Lindblad generator. In the first subsection of
Section 4 we introduce the class of our physical models considered in our paper
— Pauli-Fierz operators. In the remaining subsections of Section 4 we describe
how to connect the setup of the physical model with that of the corresponding
quantum Langevin dynamics. Our results are listed in Section 5 and their proofs
are postponed to Section 6.
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2 Preliminaries and notation

We will use the formalism of second quantization, following the conventions
adopted in [11].



For a Hilbert space R and n € N, we recall the projector Sym”, which
projects elements of the tensor power ®R onto symmetric tensors. Its range
will be denoted I'(R) — it is the n-particle subspace of the bosonic Fock space
over R. The symmetric (bosonic) second quantization of R is hence defined as

T,(R) = EO " (R). (2.1)

Note that we use the convention that ® and @ denote the tensor product
and the direct sum in the category of Hilbert spaces. Sometimes we will use
their algebraic counterparts. If D; is subspace of a Hilbert space R, then

al

P (D) = & D) NI (R), (2.2)

where & denotes the algebraic tensor product. We will often need

al

I'.(D1) = Span {¢ el (D),ne N} . (2.3)

For R € B(K,K ® R), we heavily use the generalized creation and annihi-
lation operators a(R) and a*(R), as defined in [11]. Actually, we need even a
slightly more general definition which is given now.

Assume that D; is a dense subspace of the Hilbert space R and R* :
K%Dl — K is an unbounded operator. Let R stand for the adjoint of R*
in the sense of quadratic forms. (Note that the adjoint in the sense of forms is
different from the adjoint in the sense of operators.) Define for all n € N

al alT

a(R)y == v/n (R* @ Sym"™ ") 1), Ype KT, (D). (2.4)

a(R) is well defined as an unbounded operator and it defines a quadratic form

on K& %S(DQ. Denote by a*(R) its adjoint in the sense of quadratic forms.
We write €2 for the vacuum vector in I's(R):

0=1200020... (2.5)

s—lim will denote the strong limit. We say that the operators Aycr+ € B(R)
converge *-strongly to A € B(R) (notation: s* — limy g Ay = A) if

s—lim Ay, = A s — lim A} = A* 2.
s —lim Ay and s —lim A} (2.6)

If A is an operator, we will write
1
T 2i
Our typical Hilbert space will be the tensor product of two Hilbert spaces.
We will usually write A, B for A® 1 and 1 ® B.

%A::%(A+A*), A= —(A— A").

3 Dilations

3.1 Unitary dilation of a contractive semigroup

Let K be a Hilbert space and let the family ©,cr+ be a contractive semigroup
on K:
0,0, = @t+5, ||®tH <1, t,s € RT. (31)



Definition 3.1. We say that (Z, Iic, User) is a unitary dilation of Ocp+ if
1) Z is a Hilbert space and Uyecr € B(Z) is a unitary one-parameter group;
2) K C Z and Ik is the embedding of K into Z;

3) forall t e R
I}%UtIK = ®t- (32)

Assume that K is finite-dimensional and the semigroup ©; continuous. Then
there exists a dissipative operator —iY € B(K),

—iT +iT* <0, (3.3)

such that ©, = ¢~ T,

3.2 Quantum Langevin dynamics

Let the family A;cp+ be a semigroup on B(K):
AtAS = At+sa t7 s € R+. (34)

Definition 3.2. We say that (Z, I, Uicr) is a Langevin-Schrodinger dynamics
fOI‘ AtER+ if

1) Zr is a Hilbert space and Uter is a one-parameter unitary group on Z :=
K@ZR;

2) Qis a normalized vector in Zg and I (1)) := @€ € Z is the corresponding
embedding of K into Z;

3) for all t € RT and all S € B(K),

LU_ S@1U I = A(S). (3.5)
The Heisenberg dynamics e'*Z-e~*% corresponding to a Langevin—Schrainger
dynamics will be called a quantum Langevin dynamics.

Definition 3.3. We say that Aycg, is a quantum Markov semigroup iff it is a
semigroup on B(K) such that for any ¢ € Ry the map A; is completely positive
and preserves the unity.

Clearly, if a semigroup A; admits a Langevin-Schrodinger dynamics in the
sense of Definition 3.2, then it is a quantum Markov semigroup.

Again, assume that K is finite dimensional. Assume that A; is a continuous
quantum Markov semigroup, so that we can define its generator L and we have
A; = e*F. Recall that then there exists a dissipative operator Y on K, another
finite dimensional Hilbert space § and an operator v € B(K, K ® h), satisfying
the condition

—iT +iT* = vy, (3.6)
such that

L(S) = —i(TS — ST*) + v*Sy, S e B(K). (3.7)
Remark 3.1. If we choose an orthonormal basis by, ...,bs in b, then v can be
represented as a family of operators vy,...,vg € B(K), and then (3.7) can be

rewritten as

d

L(S) = —i(TS = ST*)+ > viSy;,  SeBK). (3.8)

Jj=1



3.3 Construction of a Langevin-Schrodinger dynamics

Let IC, b be finite dimensional Hilbert spaces, RY a self-adjoint operator on I
and v an operator from I to L ® . Setting ST := v*v we obtain a dissipative
operator T := RYT +iST on K.

Given the data (IC, RY, b, v) as above, we will construct a dilation for e
which at the same time is a Langevin—Schrainger dynamics for e'’.

Introduce the operator Zr on Zgr := L*(R) ® h = L?(R, ) as the operator

of multiplication by the variable z € R:

(Zrf)(x) = 2 f(x).

it"
)

Put
Z=K®TLi\(Z2R). (3.9)

We define an unbounded linear functional on L?*(R) with domain L'(R) N
L?(R), denoted (1|, by the obvious prescription

OV:Af

By |1), we denote the adjoint of (1| in the sense of forms.
We will also use the quadratic form from K to K& (L*(R,h) N L (R, p)):

1) ®@v (3.10)

Consider -
D:= K® s (Dom(ZRr)), (3.11)

which is a dense subspace of Z. As outlined in Section 2, using the fact that
L?(R,h) N LY (R, h) C Dom(Zgr), we can define the quadratic forms a(|1) ® v)
and a*(|1) ® v) on D. Hence, also the following expressions are quadratic forms
on D:

ZT =T+ @2n) 2a(l) @v) + (21) " 2a*(]1) ® v) + dT(Zg), (3.12)
Z7 =T+ (2n) 2a(|1) @ v) + (27) " 2a*(|1) @ v) + d[(ZR). (3.13)

It will be convenient to choose a family bjc 7 € h and Cjcy € B(K) indexed
by a finite index set J such that

v="> C;®Ib). (3.14)

JjeT
This can always be done, of course in many ways. Define, analogously to (2.4),
a(e™r|1) ® by), a* (e"7|1) @ b;), (3.15)
as quadratic forms on D. Note the equality

a(ll)@v) =Y Cj@a(ll)@by). (3.16)
JjET

For a < b, let A,[a,b] C R™ be the simplex

Apla, b i={(t1,...,tn) : a <ty <...<t, <b}. (3.17)

10



Set
ct = ¢
c; = C;i. (3.18)

Now we combine these objects into something that is a priori a quadratic
form, but turns out to be a bounded operator. For ¢ > 0 we define

U, = e—itdF(ZR)i / dt,, ---dt, Z Z
n=0

AR [0,t] J15-5dn €T €1,...,en€{+,—}

x (—i)™(2m) " Fe Tt T Otn e iltn Tt )Y L O =0T

x I eE@men,) [ aev?peb,,)
p=1,....,n: €p=-+ p'=1,...n: €,=—
U_, = U;. (3.19)
(In the above expression 11 should be understood as the product
p=1,...,n: €p=-+
over these indices p = 1,...,n that in addition satisfy the condition €, = +).
Finally, let I be the embedding of K = K ® Q into K @ T's(ZR).

Theorem 3.2. Let Z* be as defined in (3.12) and Uy as defined in (3.19).

1) The one-parameter family of quadratic forms Uy extends to a strongly con-
tinuous unitary group on Z and does not depend on the decomposition
(3.14).

2) For i,4" € D, the function R > t — (Y|Upy)’) is differentiable away from
t =0, its derivative t — %(MUﬂ//) is continuous away from 0 and att =0
it has the left and the right limit equal respectively to

—i{y|Z*y') = 1gfgt_1<1/)l(Ut - )¢'), (3.20)

—i(y|Z27Y") = lg%gt_1<¢|(Ut = y'). (3.21)

3) The triple (Z,Uy, Ix) is a unitary dilation of the semigroup e Y on K:
LU I = e T, (3.22)
4) The triple (Z,U, 1) is a Langevin-Schridinger dynamics for the semi-

group et on B(K):

LU_(S @ 1)U I = et (9), S € B(K). (3.23)
We will say that U; constructed in the above theorem is the Langevin-
Schrodinger dynamics given by the data (K,RY,h,v). Note that U; can be
written as e”'*Z for a uniquely defined self-adjoint operator Z on Z. Clearly, D
is not contained in the domain of Z and the quadratic forms Z* and Z~ are

not generated by the operator Z (in fact, they are even not self-adjoint). On an
appropriate domain, Z has the formal expression

Z =RY + (27)"2a(|1) @ v) + (27)"2a*(|1) © v) + dT(Zr), (3.24)

11



which is the obvious “self-adjoint compromise” between Z~ and Z*. This ex-
pression is formal since one needs a suitable regularization to give it a precise
meaning. Such a regularization, under an additional assumption on the commu-
tativity of the small system operators, is discussed e.g. in [9]. See also [21, 31].

3.4 Alternative form of Langevin-Schrodinger equations

Proofs of Theorem 3.2 are contained in the literature, see e.g. [25]. In any case,
this theorem involves well defined formulas and its proof follows by straightfor-
ward computations, which we leave to the reader. Nevertheless, we would like to
mention a slightly different (though equivalent) form of Langevin-Schrodinger
dynamics, which is closer to those usually appearing in the literature.

Let G denote the normalized Fourier transform on L?(R):

Gf(s):= (ZW)*%/f(:z:)e’i”dx.

We can treat it as a unitary operator on Zr. We second quantize G, obtaining
an operator I'(G), which can be treated as an operator on Z. Define also

d

(T£)(@) =i+ f(2).

(A possible name for 7" is the “time operator”). Set
Zg = GZrG*, T:=GTG*, U,:=T(G)UT(G)". (3.25)
Note that 4 X
e HIPIR) = T (exp (—14)) -

Then for ¢ > 0 the formula (3.19) transforms into

0, = Tlep(a)y / Aty oty Y S (i

n=0 A0, J1sesJn €T €1, €n€{+,—}

Xe—i(t—tn)rc;:e—i(tn—t,,H)T o C;lle—i(tl—O)T

X 11 a*(8y, ®bj,) 11 a(d, ®b;,).  (3.26)

k=1,..., n: ep=+ k'=1,..., n: €r=—

where d; denotes the deltafunction at ¢ € R, and (3.26) should be understood
as a quadratic form between appropriate dense spaces. (3.26) is sometimes
referred to in the literature as the representation by integral kernels. It was
introduced by Maassen [25]. See also [30, 31, 6, 19] and section VI 3.2 of [26].
Differentiating (3.26) with respect to time we obtain (at least formally)

d . 5\ . 5\ A
iaeltdF(ZR)Ut = (T + a” (575 & V)) eltdF(ZR)Ut
+ Z V;eitdF(ZR)Uta(ét ® bj), (3.27)
j€eT

which essentially coincides with what is known in the literature under the name
of the stochastic (or Langevin) Schrédinger equation.
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4 The Pauli-Fierz operator

4.1 Definitions and assumptions

Let H = K ® I's(Hgr) where K, Hgr are Hilbert spaces. We assume that
is finite-dimensional. Fix a self-adjoint operator Hg on Hy and a self-adjoint
operator £ on K. The operator Hy on H given as

HO =K+ dF(HR)

will be called the free Pauli-Fierz operator. We choose a V € B(K, K @ Hr) and
we recall the generalized creation and annihilation operators a(V) and a*(V)
introduced in Section 2.

Theorem 4.1. Set H!(t) := e!tHo(a*(V) + a(V))e o, Then

Wi =Y dty -~ dtr ™A H (t,) - H (t1)9 (4.1)
=0 A "10,4]

is well defined for all ¢ € IC%)%S(HR). Wt extends to a I-parameter unitary
group on K @Ts(HR) with a self-adjoint generator Hy. The finite particle space

ICidXI)af‘(HR) belongs to the domain of Hy and on IC%)HI]‘(HR),
H)y=Hy+ Aa(V)+a*(V)). (4.2)
H) will be called the full Pauli-Fierz operator.

We write
K= Z Elg,, (4.3)
kesp(K)

where k, 1k, , are the eigenvalues and the spectral projections of K. We collect
all Bohr frequencies in a set F:

F:={weR|w=Fk—Fk for some k,k" € spK}. (4.4)

We again denote by I the embedding of £ = K ®Q into H, where Q € T's(HR)
is the vacuum vector.
We now list the assumptions that we will need in our construction.

Assumption 4.2. For any w € F there exists a Hilbert space §,, and an open
set I, C R with w € I, and an identification
Ranl; (Hg) ~ L*(I,) ® b,

such that Hy is the multiplication by the variable x € I,,. We assume that I,
are disjoint for distinct w € F and we set I := U,exl,. Thus if

i
f o~ /f(x)dx € Ranl;(Hg), (4.5)
T
then

(Hef)(z) = zf(x),

for almost all x.

13



Assumption 4.3. For any w € F, there exists a measurable function
I,>z—v(z) € BIK,K®H,)
such that for f as in (4.5), for almost all x € I we have
(V) (@) = v(@) f(a).

Moreover, we assume that v is continuous in F, so that for w € F we can
unambiguously define v(w) € B(K,K ® b,,).

Assumption 4.4. For all S € B(K),

/ dt |[V*S®@1 e HoV|| < oo, (4.6)
R+

4.2 Asymptotic reduced dynamics
Let
h:i= & b, (4.7)

weF
We define the map v, : K - K ® b,

Uy 1= V2rm Z I, v(w)lk,,

k k' € spK,
w=k—Fk

where v(w) is well-defined by Assumption 4.3. We also define v: K — K ® b

V= E Uy

weF
Under Assumption 4.4, we can define
T o= - > i/ i, Ve WEHHR=R) /1 gy (4.8)
kespK 0
= iy > / 1, Vg, e tHR= Y 10 dt. (4.9)
WEF k—k'=w"0

Remark that —iT is a dissipative operator and hence it generates a contractive
semigroup on K. Note that

irT—ir* = Z Z/ L, V¥ig, e tHR=) Y 10 dt
WwEF k—k'=w? ~X®

27TZ Z L, v (w)lg, v(w) 1k, = Vv,

weF k—k'=w

and thus YT and v satisfy the condition (3.6). Therefore,
L(S) = —i(TS = ST*) + v* Sy, S e B(K), (4.10)

is the generator of a quantum Markov semigroup.
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4.3 Asymptotic space and dynamics

We introduce the asymptotic space and the asymptotic dynamics that we will
use in our paper. The asymptotic reservoir one-particle spaces are

ZR,u = LQ(R7 bw)7 (411)
Zr = eafzm, = L*(R, h). (4.12)
we

For w € F, we have the ortogonal projections
1Rw : ZR — ZRW.

Let Zr be the operator of multiplication by the variable in R on ZR.

Clearly, we can construct from (Z, Ic, v, RT) the Langevin-SChrodinger dy-
namics of Theorem 3.2. We denote it by U, and its generator by Z.

Finally, we define a renormalizing Hamiltonian Z,e, on Z:

Zren = K +dl( @ wlg,). (4.13)
weF

4.4 Scaling

For A > 0, we define the family of partial isometries Jy ,, : Zr, = L*(R, h,) —
L?(1,,b.), which on g, € Zr_ act as

Yy—w

1 .
_ ng( 32 )7 ify e l,;
(o =1 § SR (414

Since L*(1,,b,) C Hr, Jrw can be viewed as a map from Zg,, to Hr. We
have

Jrwrw = Ia-2(1,-0)(Zr) 1R, Stlo—fi’ly =1r, Do =11 (Hr). (4.15)
We set Jy : Zr — Hg defined for g = (gu)wer by
J)\g = Z J)\,wgw~

weF

Note that
IrJx = 17(HR).

In what follows, we will mainly need the second quantized T'(.Jy), which will
also be used to denote the operator

10 T(Jy) € B(Z,H).

Remark 4.5. In the definition of Jy there is a lot of freedom. What matters is
what happens near the Bohr frequencies.  In fact, essentially the only require-
ment on Jy is that Lemma 6.5 holds and that both JyJ\ and J)J5 converge
strongly to 1. The form of Jy also reflects that different frequencies “do
not see each other” in the weak coupling limit (see e.g. [16, 2] for an explicit
discussion).

The following fact is immediate:

Proposition 4.6. We have

S* _ hm ei)\72tZrenF(J;\k)e—iA*QtHol—\(J)\) — e—itdF(ZR).
Al0
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5 Results

The full dynamics in the interaction picture will be denoted by
Tx(t, to) = eltHoemili=to) o =itoHo, (5.1)

We start with two versions of older results by Davies about the reduced weak
coupling limit. However, in most presentations of this subject contained in the
literature the perturbation is assumed to be bounded. This is not the case in
Theorem 5.1.

Theorem 5.1. Assume Assumptions 4.2, 4.3, 4.4. Let T' < co.
1) Let T be as defined in (4.8). Then

lim LT3, A" 2t0) [ = e 1(E10)Y (5.2)

uniformly for T >t >tqg > —T.
2) Let L be as defined in (4.10). Then

%QTA(A—%,A—%O) S@1 Th(A2t, A" 20) I = 0L () (5.3)

uniformly for T' >t >ty > —T.

We will prove Theorem 5.1 1) in Subsection 6.3 — it is an important step of
the proof of our main result. Theorem 5.1 2) can be proven by similar arguments,
or, which is easier in our framework, it follows immediately from Theorem 5.7.

The following result is a version of a result of Diimcke [14]. Apart from its
intrinsic interest, we will need it as an important step in the proof of our main
result.

Theorem 5.2. Assume Assumptions 4.2, 4.3, 4.4 and let T < oo, £ € N and
S1,--+,Se € B(K). Then

1}{?01 I;ET)\(A72Z§, )\7225@)5[ s SQT)\()\72252, )\72251)51'11\(/\72251, /\72t0)11c
= e it=t)T g, Goe~ilt2=t))T g g=i(ti—t0)T (5.4)
uniformly for ordered times T >t >ty > ... >t >tqg > —T.

Clearly, Theorem 5.1 1) is a special case of Theorem 5.2, corresponding to
£=0,orall S;=1.

Remark 5.3. Strictly speaking, Theorems 5.1 1) and 5.2 are somewhat different
from the results in [10] and [14]. In our setup, the latter are consequences of
Theorem 5.7 and Theorem 3.2. (See Remark 5.8).

Note that the above results did not involve any dilations, nor the identifica-
tion operator I'(Jy).

Our main result describes the extended weak coupling limit for Pauli-Fierz
operators and reads
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Theorem 5.4. Assume Assumptions 4.2, 4.3, 4.4. Let Uy be the Langevin-
Schrédinger dynamics constructed from (Z,Iic, v, RY) with Z,v, T defined in
Section 4.3. Let also Z.e, be as defined in Section 4.3. Then,

s — lim D(JHTAA T2, A" 2t0)T(Jy) = M@y, e~itodl(Zr) (5 5)

5~ lim N CtZenD(J1)e N D7) = U (5.6)
Remark 5.5. Weaker versions of Theorem 5.1 and Theorem 5.2 follow imme-
diately from Theorem 5.4. They are weaker because the uniformity in time is
lacking.

Remark that on DomZ,ey,
[Zrem Ut] =0 (57)

as can be checked from the explicit expression for U;. The generator Z.., could
be considered as the free (i.e. £ and R are decoupled) Hamiltonian in the weak
coupling limit and hence (5.7) expresses the conservation of the ’decoupled’
energy. In the reduced weak coupling limit we have an analogous situation:
the generator of the limiting quantum Markov semigroup L commutes with the
generator of the free evolution i[K, -].

A consequence of Theorem 5.4 is now given. Its advantage is that it does
not involve explicitly the operators Jy.

Recall the notation in Assumption 4.2. Let I 5> z — g(z) € B(h(z)) be a
measurable function such that sup,c; ||g(z)|| < 1 and « — g(z) is continuous in
a neighbourhood of F. Remark that this requirement makes sense because of
Assumption 4.3. Define the contractive multiplication operator G € B(Hg) as,

(Gf)(x) = g(x)f(x) (5-8)

and remark that I'(G) is also a contractive operator on I's(Hg). Let C be the
C*-subalgebra of B(H), generated by

S®1, and 1®T(G), (5.9)

with S € B(K) and G as defined above. Let C,s be the C*-subalgebra of B(Z)
generated by
S©1 and 1©T(1®p) (5.10)

with S € B(K) and p € EBfB(bw).
we

Proposition 5.6. There exists a unique x-homomorphism © : C — Cas such
that

OSI(G)=8S®Tr (1 ® ( ® g(w)>) : S e B(K), (5.11)

weF
where G and g are related by (5.8). We have

6(4) =" ~ Im T(J)AL(J,), AeC. (5.12)
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Theorem 5.7. Assume Assumptions 4.2 4.3, 4.4 and let the family U, be as in
Theorem 5.4. For any £ € N, any Aq,...,A; € C and (not necessarily ordered)
times to,t1,...,te,t € R,

)I\I{I%) I)*CT)\ ()\7215, )\72t4)An AT ()\72152, )\72t1)A1T,\()\72t1, )\72t())I)C
- I;%U(tft[)@(A’ﬂ) e @(A2)U(t27t1)@(Al)U(tlfto)I’C (513)

Remark 5.8. The results in [10] and [14] correspond to Theorem 5.7 where
Ay ..., Ay are elements of B(K) and hence ©(A1, . ¢) = A1, ¢

6 Proofs

6.1 Proof of Theorem 4.1
— existence of the physical dynamics

We will prove a somewhat stronger theorem. Let P,, be the orthogonal projector
on K ®I'?(HR) and let the dense subspace D; od H be defined as

CTL
vl

Theorem 6.1. For € D1, the series (4.1) defining W 13 is absolutely conver-
gent, belongs to Dy, is continuous wrtt € R and we have Wy W s = Wi 1159,
W 0l|? = |02, Therefore, Wy, extends uniquely to a strongly continuous
unitary group on H. By Stone’s theorem, it has a self-adjoint generator Hy,
and by a theorem of Nelson, Dy is a core for Hy.

1 € D1 < there exists C such that for n =0,1,2... we have ||P,¢] <

Proof. Tt is enough to assume that A = 1, so that we will write W;. We can also
assume that t > 0. Let ¢ € Dy with ||Pprt] < % Note that we have

oo o0

P = 3 [ dteean

q=0 An[0,1] m=max{n—q,0}

xeltfoinp {l(t,) - H(t) P
Note also that

Vinta)!
HHI(tq)"'HI(tl)Pm” < QQHVHqT7 mZ'n,—q’
0) m<n—q
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Therefore,

S S @2tVI)? v (m+g)t C™
el < Y% , gton
q=0 m*max{nfq 0} T m! m!
27f||V|| )1CPp]
= ZZ q'(p — q)!
=n qg= 0
|
< Z—(2t||V||+C)
p:n\ﬁ
. @VI+o)r 5 2tHV||+C’)
- \F = V!
2t
_ edvisor,,

é

This proves the absolute convergence of the series and the fact that it belongs
to D;y. The rest of claims is now straightforward. O

6.2 Decomposition of interaction

Lemma 6.2. There is a finite index set J and families Djcy € B(K) and
@jcg € Hr such that

V=> D;ale), (6.1)
JjeT
and such that the function
h(t) = D ey le™ ;)] (6.2)
j.j'eg
is integrable:
[Ally = / dt h(t) < +oo. (6.3)
R

Moreover, we can choose this decomposition so that all ¢jc s are continuous in
F and for all j € J there is at most one w € F such that ¢;(w) # 0.

Proof. Let {wp}pep be an orthonormal basis of eigenvectors of K, so that
Kw, = kyw,. For each p € P, there exists a family {¢p m}mem in Hgr such
that

Vw, = Z Wi, QP p-

meM
We set S = |wy, ) (wp|. Now

<wp |V Se'tHo pr> = <¢p,m |eitHR ¢p7m>eitkm

is integrable by assumption 4.4.

Then we choose a partition of unity x,, € C°(R) together with xoo € C*(R)
such that x,, = 1 on a neighborhood of w, x.,, = 0 on a neighborhood of F\{w}
and Xoo = 0 on a neighborhood of F and )" Xm + Xoo = 1. We set ¢ pw =
Xw(HR)¢m,p7 ¢m,p,oo = Xoo(HR)qu,pa Dm,p,w = Dm,p,oo = ‘wm><wp| HGDCG,
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the index set J is chosen as M x P x (F U {oo}) and elementary properties of
the Fourier transform imply the integrability of (6.2). O

If for a given j € J and w € F, we have ¢;(w) # 0, then this w will be
referred to as w(yj). If for a given j, there is no w € F such that ¢;(w) # 0, then
w(7) is chosen arbitrarily. For further reference let us record the identity

vw)= > D;j®|¢jw), weF. (6.4)

JeT i w(i)=w
6.3 Proof of Theorems 5.1
— reduced weak coupling limit

For operators Ay, ..., A, we will write

flenn

We will also write D(t) := e K DeltK,
Define

Ga(t,to)

o0

= Z(D\)_Q”/ dty ... dty,
Doy to,t]

n=0
X H I;%HI ()\_2t2i)H1()\_2t2i_1)IK

o0

= Z(D\)_ / ty...dton
n=0 1y ,JanJ Dol to’t]
_ _ ix~2 _ -1
X HD tQP D]'2p—1(A 2t2p—1)<¢)j2p|e>\ (t2p—tap )HR¢j2p71>'

Lemma 6.3. For all T < oo,

lim  sup [T A2t0) I — Ga(t )| = 0. (6.5)
AL0 o<t <t<T
Proof. Set
D;r = Dj,
D; = Dj. (6.6)

For n =0,1,2,..., let Pair(2n) denote the set of pairings of {1,...,2n}. That
means, o € Pair(2n) iff it is a permutation o € S, satisfying o(2p—1) < o(2p),
p=1,....,n,and c(2p—1) < oc(2p+1),p=1,...,n—1. We will write ¢(p) = +
for even p and ¢(p) = — for odd p. One can visualize the above definitions as
follows: o(2p — 1) corresponds to the pth creator in the order of increasing time
and o(2p) corresponds to the annihilator paired with this creator by the Wick
theorem.
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Using first the Dyson expansion and then the Wick theorem we obtain

TETNAT2t, A2t Ixc

- > Y Y [ deeean @)

n=0 g€Pair(2n) j1,-.,j2n €1 Aanto,t]

< HDE(U(’L )

IAT2(¢ —to(ap—1)) Hi
<¢ja(2p)|el (to(2p) ~to(2p-1)) R¢ja(2p71)>

X
321%

1

¢

+

=: C,.
0

3
I

Assume for simplicity ¢g = 0. Abbreviating || D|| := sup,¢ 7 [|D;||, we obtain
a uniform estimate

|Cxll
(DA > / dty ... dto,

wGPair(2n)A2n [0,¢]

X H h(A™ " (tr(2p) — tr(2p-1)))

IN

(IIDH>\ )
= 7271”! Z / dtl o dth
TES2mp, " [0,4]

X H WA [tr(2p) = trzp-1))

(||DH/\ b2 /

= - dt; .. .dty,

27nl(2n)! Z ! 2
776527L[07t]2n

X H h’(>‘72‘t7r(2p) - tﬂ'(2p—1) D

D1y ( t dsh(A—2|s|))"

2nn! 4
(IIDH)Q”
2nn,

First we used that each pairing can be represented by 2™n! permutations. Then

we allowed to permute tq,...,t2,. The last inequality has been obtained by

a change of integration variables. The bound (6.8) shows that the series (6.7)

is absolutely convergent. We will exploit this now since we estimate the series
term by term.

Given a pairing o, the term in the sum (6.7) is estimated by

)\72n/ dth h 7\'2’L -t 2i—1 )) (69)
A2n([01t]) H ( " :

IN

e (6.8)
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We are going to show that (6.9) does not vanish only for the time consecutive
pairing: that is for the pairing given by the identity permutation (also called
“nonnested, noncrossing pairings” for obvious reasons). Assume there is 7 such
that m(2i) —m(2i—1) > 1 and let p be such that s1 := tr(2i—1) < tr(p) < tr(2i) =
s9. Then

)\—Qn/ dth H ]’L 82 — 81))
Agn [O t

7 (p) t
S 2tn 2 2||h|| n 1/ dt,r(p / dSl/ d$2h()\72(52—51))
tr(p)
w(p) 0
< 2 b)) / dt i) / ds; / duh(u).  (6.10)
0 0 A=2(tr(py—51)

—2(4

The last line vanishes uniformly in 0 < ¢ < T by the dominated convergence
theorem, since the expression is dominated by #?||A||;, and the du-integral van-
ishes as A | 0 whenever sy < tr(,). This ends the proof since G\(t,1o) is the
sum of all terms with time-consecutive pairings. O

Now notice that G (¢,%9) can be written in the form familiar from the weak
coupling limit for Friedrichs Hamiltonians. In fact, if we consider the Hilbert
space K & (K®QHRg) with the Friedrichs-type Hamiltonian

. — K AV
AT AVF K+ Hy
then we can write
G,\(t, to) _ ei)\*thI;kCefi)\*ZtHAIKefi)\*QtoK'

Therefore, we can apply Theorem 2.1 in [10]. More precisely, define

Qrs = A*Q/ due™ KT FYA2u) HY(0) I
0

A" 2%s
= / Ve uEHHR) Yy, (6.11)
0

and remark that by Assumption 4.4,
1) For all 71 > 0, there is ¢ > 0 such that

0<s<7,A<1= Qx| <ec (6.12)

2) Forall 0 < 7 <7y < 00,

lim sup [|@Qxs— Q| =0, (6.13)
A0 rp<s<my
with oo
Q= / Ve MEHIR Y qy < oo (6.14)
0

The aforementioned theorem by Davies allows us to conclude from the above 1)
and 2), and the fact that T =3, -, 1xc, K1k, , that for all T' < oo,

lim sup ||Ga(t, to) —e 10T || =0, (6.15)
A0 ¢o<t<T
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6.4 Proof of Theorem 5.2
weak coupling limit for correlations

We follow very closely the strategy of Diimcke in [14]. The case £ = 0 has been
already proven. For notational reasons, we restrict ourselves to the case ¢ = 1.
Higher ¢ are proven in exactly the same way.

The theorem for the case ¢ = 1 follows immediately from Theorem 5.1 and
the following lemma:

Lemma 6.4. For allT < oo and S € B(K)

lim sup [ TETAAT2t,A72) S@1 Ta(A 2t t0) Ixc
MO _T<to<t!<t<T

—IETN 2 A2 [ STETA(t  to) I || = 0. (6.16)
Proof. Using first the Dyson expansion and then the Wick theorem we obtain

LETNAT2, A2 S@1 Th(A 2t to) Ik (6.17)
—LETNO\T2, 272 I

= > > ooy (6.18)

n=0 o €Pair(2n) j1,.--,j2an €T

in: / dth”'dtl

P=OA [to,t/]X Dan—p[t ]

2n D
x TI D@28 T D5 (a2

i=p+1 /=1

n
iA"2(to(20) —to(2n_1)) H
X H<¢ja(2p)|el (Foc2n) (20=1)) R¢jo’(2p—l)>.
p=1

+o0o
=: Z Cn(9).
n=0

Assume for simplicity to = 0. Exactly as in (6.8), we prove that

(D=

2nn)!

ICa (S <115l IR (6.19)

so we can again estimate the series (6.18) term by term.
The term in the sum (6.18) corresponding to the pairing o is estimated by

1D\ 20 S
(7)\ )2IS | dty ...dtay Hh()\ 2(tw(2i)—tﬂ(2i—1)))~ (6.20)
Dp[0,]X Do p[t 1] ey

We are going to show all such terms with a pairing crossing ¢’ vanish in the limit
AN 0.

Assume there is a ¢ such that

81 1= tr(2i-1) < t < tr(2i) = S2- (6.21)
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Then

/\7271/ dth h 82 — 81))
Apl0,t ] XAy p[t’ H

2tHh” n 1/ dSl/ d52 52751))
(2t]|h]|1)"™ 1/ dsl/ du h(u).
t’—51

To prove that this term vanishes uniformly in ¢/, we have to show

lim sup / dsl/ du h(u) = 0.
Al0 o<t/ <t 2(t —s1)

IN

IA

(6.22)

This follows since for each s; < t/, the integral over u vanishes as A | 0 and the

whole expression is bounded by #'||A|;.

Since we have established that no pairing crosses the ¢’ point, the problem

factorizes and (6.16) is true.

6.5 Convergence of annihilation operators

Lemma 6.5. Fory € D and j € J,
1)%?01Afla(‘];eiA’Qt(Hn*w(j))¢j)w
= a (" 1) @ ¢;(w()))) ¥

uniformly in t € R.

Proof. We use

— % iINT2 —w(g
A" LJpeN TR (]))qﬁj(x)

= @ M 1J* 1>‘72t(HR—W(j))¢,,(x).
weF !

Now
A71J;\<7wei)\72t(HR*W(j))¢j(1;)
= HER W) (1, (Hp)d;) (w+ \2z)

- { bi(w(@), w=w(j);
07

AN0 w # w(j).

6.6 Resummation formula

O

(6.23)

(6.24)

(6.25)

The following lemma gives a convenient expression for the full dynamics in terms

of the reduced dynamics.
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Lemma 6.6.
Th(t, to) (6.26)

_ Z/m[to, tme 3 S (i

ep€{+,—} i1, im €T
XIICT/\(tv tm)D;m( m)TA( ms bm— 1) s D;i (tl)T)\(tl, tO)IIC ® IFS(HR)

S | A I | G M )

i . e 5 — . —
i=1,....m : =+ i'=1,....m : €r=—

Proof. Pair(n) will denote the set, of all pairings inside the set {1,...,n}. That
means, o € lga\u/r(n) iff there is p = 0,1,...,[n/2] such that o is an injection of
{1,...,2p} into {1,...,n} satisfying 0(2i — 1) < o(2i+1),i=1,...,p—1 and
0(2i—1)<o(2),i=1,...,p. Foro € Pair(n), let Rano denote the image of
o. We say that a sequence €1, ..., of {+,—} is compatible with o € Pair(n) iff

€o(2i-1) = —» €o2) =+, t=1,...,p.

Applying the Dyson expansion and then the Wick theorem we obtain that the
left hand side of (6.26) equals

z /Am aw Yy

J1seedn €T €1,enren€{+,—}
% H(—i)w;;(t )

r=1
xa (et g, ). at (e g, )

_ ,i/mdtlmdt" % 3

J15-3n€J gePair(n) €1,...,en€{+,—}

compatible with o

x [[(=)ADS:(¢r)
r=1
x II a*(e* Mgy II a(e"* Mg, )
i€{1,...,n}\Rano : ¢;=+ i’€{1,...,n}\Rano : ¢;;=—
P
X H<¢ju(2q) |el(ta(2(”7ta(2q_1>)HR¢jg(2q71)>' (6'27)
qg=1

Applying the Wick theorem and the Dyson expansion backwards we see that
the right hand side of (6.27) equals the right hand side of (6.26). O

6.7 Proof of Theorem 5.4

Set
Djwi= Y lx.Djlg,.

e—e'=w
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Recall the operators v, and v defined in Subsection 4.2. They can be expressed
in terms of D, ., by

ve = Var S Diuoléiw)

JET  w(j)=w

v o= \/ﬂz Dj ) @ 95 (w(4)))-

Jjeg

We use first the resummation formula (6.26), and then we replace D$(t) with

Z D 716wt

weF

We compute in terms of a quadratic form on D:

D(J3) T (A2, A" 2t0)T(Jy) (6.28)
- Y [aean ¥ @
=0 Ao, to,t] SJm €1, ,6,,L€{+, }

XTETN(A2t, A~ Ztm)D;;; A2t )TN 2ty A 2 t1) - -
X o D;i (/\727,‘1)T)\()\72t1, AiZto)IK ® lFS(HR)

< I @z gy

xT(J5Jy) H a(J*eixzti’HP‘%ﬂ)

i'=1,....m : ,=—
oo
- X [ wew ¥y >
m=0 A [tost] SJm €1, em€{+,—} W1y ,Wwm €F

» H e (@p—w(ip)A 2t
p=1

x[,*CTA(x%, A2t ) DS TN P, A Py -+

DS TN, A t) e @ 1, (34p)

J1,W1

y H a*(J;\kei)\_2ti(HR7w(ji))¢ji)

xT(J5 ) H a(J;ei/\”ta(Hwa(jq-,f))ngi,).

5 — . s——
=1,....m : €=

Now by Theorem 5.2, we have a uniform limit

lim I,’QTA(A*Qt,)FQt YD T A 2t A 2 t1) - -

JIm,Wm

DS (A2, A2 t) I

J1,w1
_ —1(t tm)TDEm e—i(tm—tm—l)’r e
Jm sWm
€ t1—to) YT
DSt el Tt (6.29)
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By Lemma 6.5, for ¥,1)’ € D we have the uniform limits

li 1 JriN 2t (Hr—w(ii) g Yy
= a (eiti/ZR|1> ® ¢ji' (w(]w))) "//7

i'=1,....m : €y=—

: — * iXT2t; —w(Ji

fim T ATa(re?t O,y

1=1,..., m : €=+

= I e me i)y

Mmoo €=

Clearly, s — limy\ o I'(J}Jx) = 1. Thus, (6.28), as a quadratic form on D, up to
an error of the order o(\") equals

S / dy...dty Y > =)

m=0 Amltost] €1, em€E{+,—} Wwi,..,wm€EF
m

x T eiteretinr=>e
p=1
—i(t—tm)Y Pem —i(tm—tm-1)T .

Xe Djm;wme

X .- DE e—i(t1—t0)T ® ]-FS(HR)

J1,wW1

< JI e ) e e, wii)

1=1,..., m : €=+

< QI e(@ L @65, @6)-

i'=1,....,m : €=—

By the Riemann-Lebesgue Lemma, in the limit A \, 0, all the terms with
w(jp) # wp for some p disappear, and we obtain

oo

> / dty ... dty, > =y

m=0 Ao ltost] €1,...,em€{+,—}

we it=tm)T pem  o=iltm—tm-1)T

Jm, ,Wm

x - Dt e TIT @ 1 g

< I el @ o wii)

i=1,....,m : =+
X H a (eiti,ZR‘D ® ¢, (w(ji)))
eitdF(ZR)Ut_toe—itodI‘(ZR).
Thus we obtained, for 1,1’ € D,
i (V[P (J)TA A A10) T (IA)Y) (6.30)

_ (w|eitdF(ZR)Ut,toe_itodr(zR)w’>. (631)
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By density, (6.30) can be extended to the weak limit on the whole space. But
the weak convergence of contractions to a unitary operator implies the strong*
convergence. This yields (5.5).
Note that
T(J5)e ™ "tHo (1 _ T (J,J3)) = 0.

Therefore,

ei)\_2tzrenI‘(J;)e*iA_ZtHAF(J)\) (6.32)
= e (Jp)e N tHoD( )
(

XF(J;:)ei)\fthoe—i)\fthkr J)\)

The equality (5.6) now follows from (4.16) and (5.5) since the strong limit of a
product of uniformly bounded operators is the product of limits.

6.8 Proof of Theorem 5.7
Remark that

(1 = T(JyJ}))e? “tHoem AL y) St;%lyo. (6.33)

This follows since for ¢ € Z
iy —2 ay—2
I(1 = D(JnJ3))et Hoe™* THAD (13 )y|?
=2 Ty —2 iy —2 iy —2
||el)\ tHOe—l)\ tH)‘F(J)\)wHQ _ ||F(J>\J;\k)el)\ tHoe—lk tH)‘F(J)\)w”Q
N —2 iy —2
= [ID(IYI* = [T(J3)e™ Hoe™ D (7, )92 0

where we used s— )1\1{1}) J%Jx =1, Theorem 5.4 and the fact that I'(J)) is a partial

isometry.
Theorem 5.7 is now proven by using (5.5), (5.12), (6.33) and the fact that
for multiplication operators G as in the text preceding Theorem 5.7 we have

[ TR TG =0 [[(JaJ),T(G)] = 0.
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