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ABSTRACT

We describe a new approach to the weak coupling and low density limits,
introduced in previous papers. We outline the basic ideas of the proof. We
also explain the differences and the common points between the two limits.
As a new result we establish the connection between the quantum stocha-
stic differential equation, deduced in [11] for the low density limit and the
one-particle scattering operator appearing in the generator of the semigroup
obtained by Diimcke ([25]) as low density limit of the reduced evolution.
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80 Introduction

The problem of constructing a satisfactory theory of the irreversible and
dissipative quantum phenomena has a long history. The basic physical idea
is that dissipation and irreversibility in the behavior of a system arise when
this system interacts with some “macroscopic system” (called, according to
the interpretation, noise or reservoir or heat bath,...): the composite sy-
stem evolves according to the usual Hamiltonian dynamics and, due to the
interaction, if X is an observable of the initial system and X (¢) its time
evolved in the Heisenberg picture, then X (¢) will depend also on the degrees
of freedom of the reservoir. If these are averaged out, one obtains a new
system observable X (t) which no longer obeys a reversible evolution. The
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map X — X(t) is called the reduced dynamics. The equations obeyed by
the observables of the form X (¢) are usually complicated (integro-differential
equations) and give little insight because the details of the evolution of the
reservoir are in principle uncontrollable and the information which one usual-
ly has on the reservoir is reduced to a few macroscopic parameters (such as
temperature, relaxation times, leading frequencies, coupling constants bet-
ween system-reservoir,...). One is therefore led to study the evolution X ()
in some limiting situation, in the hope that the limiting procedure will sweep
away the inessential details and produce a meaningful equation.

Many such limiting procedures have been considered (weak coupling, low
density, singular coupling, hydrodynamical limit,...) and they describe diffe-
rent physical situations. In the present paper we shall discuss the first two (it
is known that the singlar coupling limit is essentially equivalent to the weak
coupling limit). Motivated by some results of Friedrichs ([32]) on second
order perturbation theory, van Hove ([30]) introduced the weak coupling
limit (WCL) as a device to derive a Pauli-type master equation for the ir-
reversible time evolution of the macroscopic observables of a large quantum
system. The idea of the low density limit (LDL) originates from Grad ([33]),
who considered this limit in order to derive the Boltzmann equation for the
one—particle distribution function of a classical dilute gas. Throughout this
paper, we use simply WCL for weak coupling limit and LDL for low den-
sity limit. Both limits have been studied in the framework of the rigorous
theory of open quantum systems: the WCL by Martin and Emch ([34]), Del-
I’Antonio ([23a]), Davies ([20,21,22]), Pule ([29]); the LDL by Palmer ([28])
and Diimcke ([25]). For a review on the derivation of the classical kinetic
equations from Hamiltonian dynamics, see Spohn [35]. In all these papers
only the reduced dynamics of a system, in interaction with some reservoir,
is considered and their main results consist in proving that, in the limiting
situations and in the models considered, the reduced dynamics becomes a
semigroup whose generator is uniquely determined in terms of quantities re-
lated to the original Hamiltonian model. The main theoretical insight in this
first phase of development was the GKSL (Gorini, Kossakowski, Sudarshan
([36]), Lindblad ([37]) ) theorem on the structure of bounded generators of
quantum Markovian semigroups.

A more ambitious plan is to deduce a limiting equation not only for the
reduced evolution of the system, but for the whole coupled system, including
the reservoir. The relevance, for the physical applications, of the additional
information obtained with this procedure is explained by Gardiner and Col-



let ([41a]), Barchielli ([41b], [41c]). The first difficulty of this program is that
there is no hope that the limiting evolution will live on the Hilbert space
where the approximate evolutions live, hence standard operator techniques
cannot be applied. In fact, in the analogous classical situations, the appro-
ximate evolutions converge only in the probabilistic sense of convergence
in law and, until the late eighties, there was no natural quantum analogue
(or substitute) for this notion (Diimcke’s proposal [26] to consider the limits
of correlation kernels in the sense of [38] met some difficulties in its imple-
mentation, with the non—time—ordered correlations). Moreover, the classical
analogy suggested that the limiting equations should be not ordinary, but
stochastic differential equations, and until the early eighties there was no
quantum analogue of these.

A turning point in this development was Hudson and Parthasarathy’s
introduction of quantum stochastic calculus ([31]). This allowed to produce
unitary dilations (in the sense of Kiimmerer [46]) of those irreversible quan-
tum evolutions that were obtained as WCL or LDL of reduced dynamics
of open quantum systems and, by doing so, to produce natural candidates
for the limit equations, governing the composite (system + noise) system.
In other terms the existence of these unitary dilations ([46], [47], [48], [49a],
[49b], [50], [27]) and their very natural physical interpretation, suggested that
if the limit of the evolution of the coupled system existed (in whatever sense),
then it should not satisfy an ordinary Hamiltonian equation, but a quantum
stochastic equation in the sense of Hudson and Parthasarathy. The program
of synthetizing the various experiences of laser models, deductions of master
equations, construction of dilations and quantum central limit theorems, was
formulated by Frigerio in [40], where some of basic lines of the future deve-
lopement were outlined. The theoretical status of this program was however
quite unclear for several reasons:

(i) Although currently used in quantum optics (especially laser theory) since
their introduction in the early sixties ([42], [43a], [43b]), the various types of
quantum Brownian motions were poorly understood theoretically because the
mutual compatibility of the approximations introduced for their deduction
([44]) mas not clear. Even worse, some of the limiting equations seemed to
depend on the order of these approximations ([51], [52]).

(ii) It was never made precise in what sense the quantum Brownian motions
had to be considered approximations of the quantum electromagnetic field.



(iii) The quantum Poisson process was introduced by Hudson and Parthasa-
rathy in [31], and generalized by Frigerio and Maassen in [40], on a purely
mathematical basis. For this new quantum noise even the phenomenologi-
cal justifications, existing for the quantum Brownian motion, were missing,
being replaced only by some physical intuitions of Frigerio and Maassen sug-
gesting that, in some sense, the low density limit should be related to the
quantum Poisson process just as the weak coupling limit is related to the
quantum Brownian motion. The later developement are fully confirming
the intuitions of Frigerio and Maassen, but the mathematical problem to be
overcome even to formulate the LDL problem were formidable (and some
of them are still open). For example: How to obtain a Poisson process from
a low density limit? Which quantum Poisson process arise in this way? How
to relate these processes with Palmer’s and Diimcke’s results on the LDL?

(iv) All the above mentioned quantum noises live in a representation of the
CCR (or CAR) algebra W (L?*(R, dt; K)) over the space of square-integrable
functions of a “time variable” t € R with values in a suitable Hilbert spa-
ce K, and their time evolution is just the time shift (which has Lebesgue
spectrum); the representation is determined by a quasi—free state with cova-
riance operator of the form 1 ® ), ) being an operator on K. By contrast,
a physical reservoir in thermal equilibrium is described (in the Boson case)
by the CCR algebra W(L?(R%)), R? being d-dimensional physical space,
and its time evolution is determined by a one—parameter unitary group on
L*(R?) whose generator H (the one-particle Hamiltonian) is bounded from
below: the covariance operator () of the reference state is a function of H,
say @ = coth(g(H —u)). It was not clear how these two pictures were related
and, in particular, if the former is in some sense a consequence of the latter.
In particular, how does it happen that time is an exterior parameter in the
usual physical description and a test function parameter in the stochastic
picture?

(v) The physical meaning of the space K was not clear: in all the applications
of stochastic calculus to physical models ([53], [54], [41], [20]), this space
was constructed by hands, i.e. postulated on the basis of heuristic and
phenomenological assumptions, while, if we look at the stochastic description
as an approximation of a Hamiltonian description, then the structure of the
space K should be deduced from the microscopic properties of the system.
The main purpose of the series of papers ([1],..., [16], [39]), was to try
to answer the above mentioned problems and in particular to show that



the quantum Brownian motions (QBM) and the quantum Poisson process
(QPP) can be obtained as limits (in an appropriate sense) of “realistic” mo-
dels of quantum reservoirs and, moreover, that the conditions which define
the corresponding limiting procedures have a natural physical interpretation.
Although the final equations obtained in the above mentioned papers are ex-
plicit and easy to deal with, the procedure to obtain them is quite nontrivial,
involving among other things, estimates not available in the present literatu-
re on quantum field theory and a continuous feed-back between the guessing
of the limiting stochastic equation and the rigorous deduction of it.

In the present paper we made the attempt to invite other researchers
to explore the beautiful new territory which is emerging from these results
and which still abounds of unexplored regions. Our goal is to outline the
basic ideas and techniques of these developments by illustrating them with
the simplest examples (we omit the Fermion case, the non-rotating wave
approximation case, the details of the finite temperature case, the squeezing
case, the problems concerning the Langevin equation, ...). Although our
paper is of an expository nature, we have made the attempt to unify the
multitude of technical lemmata needed in the various estimates (this attempt
has been particularly successful for the Pulé inequalities (cf. Section 9)).

We also obtain a new result concerning the identification of the coefficients
of the stochastic equation deduced in ([9]) with particular matrix elements
of the T" operator. This identification connects in a natural way the Alicki-
Frigerio ([39]) formulation of the Diimcke generator ([25]) with the quantum
stochastic differential equation obtained in [11].

A corollary of this identification is a new proof (via the Frigerio-Maassen
theory of the quantum Poisson process ([40])) of the unitary of the solution
of the LDL equation derived in [9]. A comparison with the original unitarity
proof in [11] and its simplified version in [9], shows that sometimes a dee-
per physical insight can lead to a drastic simplification of the mathematical
proofs.

Because of the width and the difficulty of the problem, we believe it useful
to give reader a quick purely qualitative description of the present status of
the above mentioned problems. We exclude the LDL from this general outline
and postpone its discussion to Section 5), because this discussion requires at
least the knowledge of the statement of the problem and of the main results
obtained so far.

The quantum Brownian motions.



The precise sense in which the quantum Brownian motions are approxi-
mations of quantum fields is the following: one starts from a quasi—free repre-
sentation of the CCR or the CAR over a Hilbert space H; (one—particle space)
and from a l1-particle dynamics (1-parameter unitary group S; : Hy — H;)
compatible with the given representation, in the sense that the dynamics S;
induces a 1-parameter group u of automorphisms of the CCR (or the CAR)
algebra over H.

Given these ingredients and a positive number A, one defines the collec-
tive coherent vectors (or the collective number vectors in the Fermion
case), and the space H, which is the closed linear span of the collective cohe-
rent (resp. number) vectors. The space H, approximates the space H of a
certain QBM in the following sense: for each A > 0 each collective coherent
(resp. number) vector uniquely defines a coherent (resp. number) vector of
the QBM. Moreover, if ¢,9 € H correspond respectively to ¢y, ¥\ € Hj,
then /l\li% < o, Uy >= (¢, ). The detailed description of this procedure can

be found in Section 3). For the moment it is important to notice that this
approximation procedure involves only the quantum field and its 1-particle
dynamics: it is totally independent of the interaction of the field with any
reservoir.

We shall see that the situation is quite different for the quantum Poisson
process.

Finally let us remark that, due to the different choice of the collective
vectors in the Bose or Fermi case (resp. coherent and number vectors) the
techniques needed to handle the two cases are quite different, even if many
of the basic estimates are of the same nature (cf. Section 9)).

The inner space of the QBM

The QBM arising from the procedure described above are either the Fock
or the universal invariant QBM on L*(R,dt; K) where K is a Hilbert space,
called the inner space of the QBM, uniquely determined by the micro-
scopic Hamiltonian model. The standard QBM is obtained when K = C.
The explicit description of K provides an important physical insight in the
approximation scheme of the quantum fields by QBM’s because it shows
precisely which degrees of freedom of the underlying Hamiltonian model gi-
ve rise to the Hilbert space K and which physical parameters give rise to
the parameters characterizing the various quantum noises. We consider this
determination of the correct K to be a substantial addition to the existing
physical literature whose nontriviality is shown by the fact that all the pre-



vious justifications of the QBM, based on heuristic considerations, did not
lead to the correct choice of K.

A remarkable fact is that the inner space K is, at least in the simplest
cases of linear interactions independent of the statistics (Bose or Fermi)
of the original quantum field.

The role of the interaction

The above mentioned results apply to a simple class of models, charac-
terized by the fact that the interaction system-reservoir is linear in the
field operators and satisfies a rotating wave approximation condition (cf.
condition (1.8)). If either of these assumptions is dropped, then more compli-
cated noises arise. The case of models without rotating wave approximation,
but with a system Hamiltonian with discrete spectrum, has been dealt in
([6]) where it is proved that to each frequency of the system Hamiltonian it
corresponds an independent copy of a QBM of the type described in Section
3) (however the copies of QBM corresponding to different frequencies are not
isomorphic).

The case of a continuous spectrum system Hamiltonian has not yet been
dealt with rigorously, one might expect a continuous tensor product of QBM
parametrized by the spectrum of the system Hamiltonian, however we can-
not do a definite conjecture because, even in the simple case of the reduce
dynamics, this is a long standing open problem.

Much more subtle is the role played by a nonlinear dependence of the
interaction on the fields. In [8] it was proved that, for a polynomial interac-
tion of degree p > 1, the term by term limit of the matrix elements of the
iterated series exists but, even when one can interchange the limit and the
summation (this in the case for p = 2), the evolution is neither unitary nor
stochastic (cf. Sections 6) and 7) below for more details).

This led Frigerio (unpublished) to conjecture that in case of nonlinear
interactions, one should consider interaction dependent collective vec-
tors. The correctness of this conjecture has been recently proved in [16]
where the techniques developed in [4] for linear Fermion WCL together wi-
th the nonlinear estimates of [8] are modified so to control the WCL of a
quadratic Bose model.



81 . Statement of the problem

Let Hy and H; Hilbert spaces interpreted respectively as the system and
the one particle reservoir space . Let W (H;) be the Weyl C*-algebra on Hj,
i.e. the closure of the linear space spanned by the set {W(f): f € H;} for
the unique C*-norm on it (cf. [45]); let H be a self-adjoint bounded below
operator on H; and f > 0 and g be real numbers interpreted as inverse
temperature and chemical potential respectively. Let the fugacity z be given
by z = e’* and define

Q. = (1+ze M) (1- ze_BH)_l = coth(%ﬁ([—] — ) (1)

and suppose that, for each z in a an interval [0, 7], @, is a self-adjoint
operator on a domain D, independent on z. Denote g  the mean zero
gauge invariant quasi-free state on W (H;) with covariance operator @, i.e.

1
co.W(N) = ep(~5<fQuf>) . WieH )
and let {Hq., ., Pg.} be the GNS - triple of {W(H1),¢q.} , so that

<@g, Q. (W(f)Pq. > = wq.(W(f)) (3)

We shall write W, for mg, o W. The Fock representation corresponds to the
case ., = 1, which corresponds to the limiting case § = oo (or z = 0). In
this case the GNS representation will be simply denoted {H, 7, ®} . Let S}

be a unitary group on B(H;) (the one particle free evolution of the reservoir)
and suppose that

where the equality is meant on D. Typically we shall choose S} = exp(itH).
This implies that the second quantization of S}, denoted W (S}), leaves g,
invariant hence it is implemented, in the GNS representation, by a unitary
1-parameter group Vt(z) whose generator H](? is called the free Hamiltonian
of the reservoir. As in [1],... , [16] we assume that there exists a non zero
subspace K of H; (in all the examples it is a dense subspace) such that

/\<f,Stg>|dt < , Vf,ge K (5)
R



Moreover , we suppose that Q. K C K and e K C K forallt € R .
For example, for the free Bose gas, H; = L?(R?) for some d > 3, H is
the Laplacian on R? and K can be choosen to be L' N L>*(RY). Let be
given a self-adjoint operator Hg on the system space H,, called the system
Hamiltonian. The total free Hamiltonian is defined to be

HY =Hs@1+1® HY (6)

where, Hg) :=dI'(H). The interaction Hamiltonians V) considered in [1], ...
, [16] are of the type

_ JiNMD ® (AT(g))P — c.c.), for WCL
V= { i(D® A*(go)gA(gl) —c.c), for LDL (7)

(1. 7bywhere, 80 91 € K C Hy and D is a bounded operator on H, (we make
this assumption for sake of simplicity, but our techniques apply, with minor
modifications to a large class of unbounded operators, including creation, an-
nihilation and number operators) and p is a positive integer. Notice that in
the WCL case we have the factor A (coupling constant) but in the LDL case
this is replaced by the factor 1. In other words, we consider the LDL only for
scattering type interactions (by this we mean an interaction which preser-
ves the natural Z-grading on the reservoir space induced by the generalized
number operator) and the WCL only for exchange type interactions, i.e. of
the form (1.7a) . Of course, we could consider scattering type interaction
also for the WCL but, in the present paper, we shall not deal with this.

The WCL corresponds to letting the coupling constant A — 0, while time
is scaled as t/\?. The LDL corresponds to letting the density n in the state
©g. tends to zero, time being scaled as nt/n, n being a rescaled density to
be held fixed. The density n is the limit as the volume V' — +o00 of the
expectation value of the number operator Ny in finite volume in the state
gpg/z) divided by V. It becomes asymptotically proportional to the fugacity
z in the limit as z — 0; for example, for the free Bose gas in three space
dimensions, with H = —%A, one has

n=n(f,z)==z2 /RB(eXp(ﬁk:2/2) —2) 'k

With a suitable choice of n, the LDL is the limit z — 0, time being scaled
as t/z. REMARK There is a physical reason why the LDL should go with
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an interaction which preserves the (generalized) number operator. Scaling a
parameter means that it is a controllable parameter. If the interaction were
not to commute with number, then the density could take any value in the
course of time. Of course, there could be nothing wrong in considering num-
ber type interaction in the weak coupling limit (with nonzero temperature!)
as was done by Davies ([20]).

Moreover in the WCL case we shall assume that
exp (itHg) - D - exp (—itHs) = e ™'D for some w >0 (8)

(rotating wave approximation) and for the LDL case, we shall assume
that

exp (itHg) - D -exp (—itHg) = D 9)
and that gy and ¢g; have disjoint energy spectra, i.e.
<go,Stq1>=0 , ViteR (10)

The physical meaning of these assumptions will be explained in Section 5).
In fact as shown in [6], [10] and [14], none of the conditions is necessary but
the basic ideas of the problem, as well as of the proofs of the main results,
can be understood even if one limits oneself to these cases.

Denote for each D € B(H,),

DO =D y D1 - —l)+ (11)

With these notations, the Hamiltonian of the total system can be expressed
in

HY = Hs@1+10 HY + V) (12)
and the wave operator at time t is defined by
U, = exp (itHéZ)) - exp (—itH/(\Z)) (13)
Therefore we have the formal identity
d 1

where

2 ZEG{O 1} Di_. ® A*(Seg)?,

o . (=) _
Vi(t) := exp (th >V)\eXp( itHy ) { Zse{o 1y D- ® A*(S9.)A(Srg1_e),

(15)

11
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where, S; = €S} in the WCL case and S; = S} in the LDL case. It is well
known that the solution of (1.14) is given by the iterated series

Ut:i(—z’)"/otdtl---/Otn_ldthA(tl)---VA(tn) (16)

which, at least for p < 2, is convergent on the domain of the vectors of the

form
T/z?

u® Pg, (x/ Sufdu) (17)
S/z?
wherewu e H,, fe K, 5, T € R,
A, WCL
T {z1/2 ., LDL (18)
and
T/x? T/x?
Bo.o [ Sufdu)i=Wo (o [ Sufdu)to. (19)
S/x? S/x?

is a collective coherent vector in the sense of [2] (resp. collective number
vector in the sense of [4]).

From Lemma (3.2) of [2], we know that the assumption (1.5) implies that
the sesquilinear form (-]-) : K x K — C defined by

(flg) == /R <fSg>dt . fgeK (20)

defines a pre-scalar product on K. We denote {K, (:|-)}, or simply K, the
completion of the quotient of K by the zero (-|-) -norm elements . In [20],

., [29] it was shown that for all normal initial states ¢ of the system and
some interactions, essentially all of the type (1.7), under some additional
conditions , the limit

lim ¢ @ pq. (U,a(X © 1)Uy ) (1)

exists and is equal to

o(T,(X))

12



where {7} };>0 is a quantum Markovian semigroup. The techniques introdu-
ced in the series papers ([1], ... , [15]) allowed to control the limits, as z — 0
of expressions of the form

¥ @ pa. (1O W(L) Uysr 12 W(S)) (22)
and
w & Q. (1 @ W(fx) Ut/x2 (X oY 1)Ut7x2 1® W(f;)) (23>
where 1 is any normal linear functional on the system space and
T/x?
I ::x/ Sufdu , feK (24)
S/ x?

(in the Fermi case, instead of collective coherent vectors we use collective
number vectors which are defined in an analogous way). In (1.22) z = A
(WCL) or 22 (LDL) and, in the WCL case g, is any quasi-free state. In
the control of the limit, as z — 0, of the expressions (1.21) and (1.21a), the
basic difference between the low density and the weak coupling case is that
in the low density case the wave operator U/, depends on z (the fugacity)
only through the rescaling of the time (¢ +— ¢/z), while in the weak coupling
case the wave operator U t(/)‘/\)Q depends on A (the coupling constant) in its very
structure. On the other hand, the reservoir state is independent of A in the
weak coupling limit, but dependent of z in the low density limit.

Both in the WCL and LDL cases, the first step in our investigation will
be to control the limit of expressions of the form

T/x? T' /22
lim < u ® W(x/ Sufdu)®,Upjp2 - v ® W(x/ Suf'du)® > (25)
S

z—0 /22 S’ [x?

in the Fock case. Our experience with several models suggests that the most
difficult step consists in controlling this limit and understanding the equation
(usually stochastic) it satisfies. Once this is done, the passage to the finite
temperature case and to the Langevin equation (i.e. the limit (1.21a)) is
by no means trivial, but the difficulties are mainly of a technical nature.
A possible exception is the fact that in the LDL case, the limit (1.21) can
be controlled for all £ € R in the Fock case, while the same limit in the
finite temperature case and the limit (1.21a) can be controlled only for ¢ in a

13



certain interval. It is not yet clear if this difficulty is of a fundamental nature
or a purely technical one. In the present paper we shall:

-state the main results obtained up to now both in the WCL and LDL;

-outline the main strategy of the proofs;

-give the basic idea about how control the limit (1.23) both in the WCL
and the LDL cases (we shall restrict ourselves to the Boson case);

-discuss the differences and the common points between the two kinds of
limit (WCL and LDL);

-explain why in the Fock case one can hope to obtain both the WCL and
the LDL limit for the same “collective coherent vectors (cf. Section 7) of the
present paper).

-identify the unitary operator, driving the SDE deduce in [9] (and [11])
for the LDL in the Fock case, with a matrix element of the T'—operator of
the Hamiltonian system consisting of the system and one reservoir particle.

14



82 The meaning of the low density limit in the Fock case

From (1.1) it is clear that the Fock case corresponds to z = 0. But, since
the LDL means that we consider the limit z — 0, the following problem
naturally arises: what does “low density” mean in the Fock case?

In order to answer this question let us recall an argument due to Palmer
([28]) and consider the LDL interaction (1.7b) in the case z # 0. This means
that, in (1.7b), the creation and annihilation operators are referred to the
cyclic representation of the state @, defined by (1.1) and (1.2). Denoting
I'o.(H;) this space and I'(H;) the corresponding Fock space, we know that
there is a unitary isomorphism of

Po.(Hy) — I'(Hy) @ T'(Hy) (26)

where H{ is the conjugate Hilbert space of Hy (cf. [4]). Under this isomor-
phism, one has the correspondences:

g, — P ® Pp (27)
and
Wo.(f) — W(Q+f) @ W(Q-J) (28)
Ag.(f) — AQ+ /) @ 1+10 A(Q-f) (29)
where,
Qz + 1 Qz —1
Qi ==, Q- =/, (30)
Notice that . s
+ ze”
Q.= 1 2o fl (31)
So, expanding in z, we obtain:
Q. +1 1 _BH | .2 —2BH 3
5 = +ze 77 4 2% + O(z°) (32)
and 0 sH
—1 ze~
z _ _ . —BH | .2 -28H 3
5 [ Loam = ¢ tae +0O(2°) (33)
Therefore,
1
Q. =1+ §ZG_BH +o(z) , Q-=1 A/2e=5H | o(z) (34)

15



so that, in the correspondence (2.4),

Ag.(f) — A 1+5- AP @1+2 2 10 AT (12 f) +o(2) (35)
and naturally

A5 (f) — AH(H)@ 1+ AT o142 10 Al e 2 ) +o(2) (36)
Thus, in the canonical representation, one has:

AL (NAg.(9) — AT(HA(9)@1+2"2 (AT (f) @ AT (L e PHPg) + Alg) @ AT (e P12 f)) +

(AT (DA + AAT ) @1+ (@7

The z'/?-terms are dealt with techniques similar to the WCL the z terms will
give a very simple contribution in the limit. Therefore the only qualitative
new feature is given by the term A" (f)A(g) ® 1, which acts trivially on the
conjugate Fock space. This is qualitatively new with respect to the WCL
case because the term A" (f)A(g) corresponds to a finite interaction, i.e. not
vanishing for z — 0. These considerations lead to study the interaction

i(D" @ AT(f)A(g) — D ® AT (g)A(/)) (38)

in the Fock space. Motivated by the analogy with the weak coupling limit
Accardi and Lu ([9]) were led to consider the same collective coherent vectors
as in the WCL limit, i.e. to study the limit

T/z? T' /2?2

Sufdu)®,Upjp2v @ W(x/ Suf dud > (39)
S /a2

<u®W(x/

S/ 2

With an appropriate generalization of the techniques developed for the WCL
limit, in [9] it was proved (cf. also the following Sections) that the limit (2.12)
as r — 0, exists for all t € R and satisfies a QSDE driven by a pure number
process (cf. Theorem (II) of Section 4)). In view of the difference between
the interactions in the WCL and LDL (cf. (1.7a), (1.7b)), it might seem quite
surprising that the limit (2.12) exists in the LDL case. The qualitative reason
why this should happen is that the finiteness (i.e. independence on x) of the
LDL interaction will be compensated by the fact that the interaction is of
second degree. This balance is very delicate and, due to its importance (both
technical and conceptual), the entire Section 7) will be devoted to explain it.
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Later results [10], [12] showed, however, that the natural extension of the
above mentioned procedure to the finite temperature case and the Langevin
equation leads to a breakdown of unitarity in the limit evolution. These
results, as in the WCL nonlinear case, maturated the conviction that the
analogy between the WCL and the LDL case is a touchy point as far as the
collective vectors are concerned and that the choice of the collective coherent
vectors (1.18b) should be replaced by a more subtle one. However, since the
problem of the new general choice is still open, and since in any case we
expect that the techniques needed to deal with the more general case will be
modifications of the techniques already developed, we confine our discussion
to the simpler case.
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83 Convergence of the collective process

In this Section we show that, at a purely kinematical level, i.e. with
t = 0 in (1.23) and with the given choice of the collective vectors, the low
density limit coincides with the weak coupling limit and the limiting process
is the Fock Brownian motion on L?(R,dt; K) where K is the Hilbert space
described after (1.19). This will give the limit space on which our limit
processes live.

In order to formulate our result, let us recall from [2] the definition of
Boson Quantum Brownian Motion:

DEFINITION(3.1) Let K be a Hilbert space, T an inteval in R. Let
@ > 1 be a self-adjoint operator on K with domain D(Q) and let

{Ho,mq, Yo} (40)

denote the GNS representation of the CCR over L*(T, dt; K) with respect to
the quasi-free state pg on W(L?*(T,dt; K)) characterized by

po(W(£)) = e 3<819Q€ ¢ € D(Q) € L*(T, dt; K) (41)

The stochastic process, in the sense of [18]

{HQ ) A(X(s,t] ® f) ) A+(X(s,t] ® f) ; (Svt] cr 7f € IC} (42>

on the domain of coherent vectors, where A(-) , AT(:) denote respectively
the annihilation and creation fields in the representation (3.1) , is called
the Boson Q-Quantum Brownian Motion on L*(T,dt;K). The 1-
Quantum Brownian Motion will be called the Fock Brownian Motion
. In this case the space Hg = H; is isomorphic to the Fock space over
LA(T,dt; K) and denoted T'(L*(T, dt; K)).

LEMMA(3.2) For each f, f' € K,5,5,T,T7" € R, one has

T/x? T a?
lim < ;C/ Sufdu, SL’/ Suf'du >=<X[s1]> X[$",T"] ”L2(R) / < f, Stf/ > dt
S S R

z—0 /22 1) x2

=< X511 ® fo x50 © [ > L2(R,dt;K) (43)
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PROOF See Lemma (3.2) of [2].

LEMM A (3.3) In the notations of Definition (3.1), for eachn € N, {fi}7_, C
K, {Sk”Tk}Z:I CR, {Oék}Z:1 CR,

T /z? Tn/z?

lim < @, W(alx/ Sufrdu) - W(anaj/ Sufndu)®g, >
z—0 Sy /xz? Sp/x2
=< \I’la W(OQX[SLTﬂ X fl) Tt W(anX[Sn,Tn] X fn)\Ij > (44)

Moreover the convergence is uniform for {ay }y_1, {Sk, Tk }3—; in a bounded

set of R, where W (¢ @ f) (v € L*(R, dt), f € K) are Weyl operators of the
Fock Brownian motion on L?(R,dt; K), ¥ is the vacuum (moreover, in LDL
case, Fock vacuum) of T'(L*(R, dt; K)). PROOF See Lemma (2.1) of [9].

In the following we shall use the notation, similar to (1.18b),

VERf)=WEHY, ¢(cL*R) and fEK (3.6)
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84 The main results

Before entering into technical details, it is useful to have at least an idea
of the results achieved so far. This will also help to clarify one’s ideas about

further developements.

In this section we list, without proofs, the main results corresponding to
the weak coupling and low density limits. The basic ideas of the proofs will

be given in the following sections

THEOREM(I.) (WCL: linear and Fock case) In the notations of Lemma
(2.1), for all u,v € Hy, f,f € K; S,T, 5,7 € R the limit, as A — 0, of

T/\2 T' /)2
<u®d A/ Sufdu | UNov @ ® )\/ Suf'du | >
S/A2 S/ /N2

exists and is equal to:
<u® ¥ (xsm @ f), Ut @V (x50 @ f) >
where U(t) is the (unitary) solution of the QSDE

dU(t) = {D @ dA] (9) — D* @ dAi(9) — (9lg)-D*D ® 1dt} U(t)

with the initial condition
U)=1

and where

0
(flg)- = / <[> dl

—0o0

PROOF See Theorem (II.) of [2].

(45)

(46)

(47)

(48)

(49)

In order to state the result in the LDL case we introduce the new simbol:

0
lgl2 = / < 9.8 > |t

THEOREM(I1.) (LDL: Fock case) In the Fock case, if

16]|D[* - max(lgoll-, lg1[l-) < 1
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then for all t € R, the limit of (2.12), as z — 0, exists and is equal to
<u®@W(xism @ NY,Ul)vW(xgme f)v > (52)
where U(t) satisfies the pure jump QSDE:
=1+ [ Y (D) N0 + Dale) © AN, (g 0V )
0 cefo,1}
where, by definition,
Ni(f:9) == Nxpn @ |f ><gl) (54)

is the number process on the Fock space over L*(R,dt; K) and N(xpg ®
|f >< g|) is characterized by the property:

< B(&®M), AN (xR f >< g])P(&®h0) >= &1(t)-&(t) < ha, f >< g, ho > dt

(55)
Di(e):=(1-T.)"'D.=» TI'D. (56)
Ds(e) == (g1-c|91-c)-D:D;1 (1 — Ts>71 (57)
and
Ts = (gs’95)7(9175!9175)71751)175 (58>

Moreover, U(t) is unitary. PROOF See Theorems (6.1) and (6.2) of [9].

REMARK: Contrarily to what happens in the WCL case, the proof the
unitarity of the limit procees U(t) in LDL case is quite nontrivial. Moreover
the equation (4.9) was deduced in a purely mathematical way in [9]. It is
a remarkable fact that its coefficients are in fact matrix elements of the T-
operator on the one particle space. This connection will be explained in
Section 5).

The result for the WCL limit Fock case with nonlinear type interaction,
i.e. p>1in (1.7a) is the following

THEOREM(I1I.) (WCL: nonlinear case) For all u,v € Hy, f,f € K,
S, T,S",T" € R the limit, as A\ — 0, of

T/)\? T /N2
<u®d A/ Sufdu |, UNov @ @ )\/ Suf'du) > (59)
S/A\2 S/22
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exists formally and is equal to:

<u®Ww (X[S,T] ® f) U w (X[S’,T’] ® f) > (60)

where U(t) is equal to

0
exp(—tD+D / p! < g,Sg >* dt) ®1 (61)

—00

Here “formally means that we expand U /\2 in (4.14) using the iterated series,
consider term-by-term limit of the series and finally we resum the limiting
series. For p = 2, the limit is not only formal but also exact.

REMARK The fact that in this case the limit is not unitary and has
no stochastic part provided the first indication that the choice of the “col-
lective vectors” should depend on the interaction. This opened a new line of
investigation. A first result in this direction is in [16].

The reason why for p > 2, we have a weaker result is that, in this case,

the uniform estimate of Section 11) below which allows to exchange the limit
(as A — 0) and the sum ( for n = 0,1,---), is not available. PROOF See

Theorem (4.1) of [8].

THEOREM(1IV.) (WCL: finite temperature case) For all u,v € H,,
ffeK; ST, S, T € R the limit, as A — 0, of

T’/)\2 T//>\2
<u® P )\/ Sufdu t//\2v®®Q )\/ Suf'du | > (62)
S/22 /N2

exists and is equal to:

<u® Vo (X511 ® ), Uty @ Uq (x5 @ f) > (63)

where Ug(¢ @ f) (¢ € L*(R,dt), f € K) are the coherent states of the
Q-quantum Brownian motion over L*(R,dt; K), and U(t) is the (unitary)
solution of the QSDE

dU(t) = {D®dAt+ (9)—D*®@dA(9)—|(9]9)7

_l’_
LoD DL+ (glg)% o-1

DD* ® 1} dt}U(t)
(64)

)
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with initial condition U(0) = 1 and where

0
_ 1
019 quy = | <0.5i5(@=1)g > d (65)

PROOF See Theorem (1.7) of [3].

THEOREM(V.) (LDL: finite temperature case) In the finite temperature
case, if (4.7) holds and t is small, then the limit, as z — 0, of

T/z T'/z
<u® Dg, (21/2/ Sufdu> U0 @ @, (zl/Q/ Suf’du> > (66)
S/z S'/z

exists and is equal to
<u® ¥ (X511 ® f) U)o @ Uq (x50 ® f) > (67)
where U(t) satisfies the QSDE

t
Ult) = 1—|—/ Z (D1(e)®dN5(ge, 91— )+D2(e)RdN,(9g., g-)+Ds(e)ds)U(s)
0 e€{0,1}
(68)
where, D;(g) and Dy(e) are the same as in the Fock case

Ds(e) :=>» M(e,n —1)(DDy_.)" (69)

n=1

and

0 0
M<€7n) = / dtl o / dth—i—l < 91—e, Stlgl—a >< Ge, Stzga > e

—0Q0 —00

1
< G1—e, Ston1 91— >< e, St2,9c >< J1—e, Stani1J1—e > < Ger Stopii 4t 2Pg >
(70)

PROOF See Theorem (7.1) of [12].

REMARK The presessce of dt-term in (4.23) shows that in general U(t)
is not unitary. This discovery led us to look for a choice of the collective
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coherent vectors different from (1.18b). At moment, although several condi-
dates have been proposed and are under examination, this research has not
yet come to an end (cf. the Remark after Theorem (IIL.)).

THEOREM(V1.) (WCL: finite temperature, Langevin case) For all u, v €
Hy, [,/ € K;S,T,5, T € R and X € B(H,) the limit, as A — 0, of

T/)\2 T’/A2
<u®dg (A / Sufdu |, USL(X @ 1)U v @ dq | A / Suf'du | >
S S

/A2 1722
(71)

exists for ¢t small and is equal to:
<u®¥q (x5 ® f) , U)X DUt v @ Vg (xigrm @ f) > (72)

where ¥, is mean-zero gauge invariant quasi free state with covariance 1® Q)
and U(t) is the (unitary) solution of the QSDE (4.9) with initial condition
U(0) = 1. PROOF See Theorem (4.1)" of [3].

THEOREM(VII.) (LDL: Fock, Langevin case) For all u,v € Hy, f, f €
K; S,T,5",T" € R and X € B(Hy) the limit, as z — 0, of

T/22 TI/Z2
<u® do. z/ Sufdu | Uya(X @ 1)U} 20 @ . / S, fldu | >
S/ 22 S /22
(73)

exists and is equal to:

<u® ¥ (ysn ® ) UDX @ DUO WO (e ® f) > (T4)
where ¥ is the Fock vacuum and U(t) is the (unitary) solution of the QSDE
(4.19) with initial condition U(0) = 1. PROOF See Theorem (4.7) of [10].

Several other results concerning other cases: (dropping the rotating wave
approximation, Fermion reservoir, squeezing initial state, ..., ), have been
obtained (cf. [4], [6], [7], [14] and [15]), but we shall not list them here.
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85 The low density limit and its connection with scattering
theory

While in the WCL the situation can be considered clearly understood,
at least in its basic qualitative features, and we expect that the main pro-
gresses in this direction will concern the specific models of interest for phy-
sical applications, on the lines of what has already been done for the linear
and quadratic models, in the LDL, despite some important achivements, the
problem is not yet closed.

The first problem to be solved was: how to substantiate mathematically
Frigerio and Maassen’s intuition that in some sense the Poisson process
should be obtained as low density limit of something. Palmer’s argument,
explained in detail in Section 2) above, showed that even if physically the LDL
makes sense only at finite temperature, the basic new mathematical feature
(with respect to the WCL), i.e. the presence of a term in the interaction
not vanishing with the fugacity, involved only the Fock space. It was then
natural as a first level of attack to the problem, to single out this term of
the interaction and to try and extract the maximum information from it.
This was done in [9] and the result is that effectively (and a posteriori quite
surprisingly) one obtains, in the LDL for this model, an SDE driven by pure
number (zero intensity Poisson) processes.

Contrarily to what happens in the WCL, the operator coefficients of the
number processes in the SDE obtained in [9] were related in a highly non-
trivial way to the operator coefficients of the original Hamiltonian. Conse-
quently:

(i) The proof of the unitarity of the solution of the SDE had to be obtained
with direct calculations, any direct reference to the general theory of [31]
being impossible (cf. [9] and the even more complicated proof given in the
first LDL paper [11]).

(ii) No physical interpretation of the coefficients of the number processes
could be given in [9].

In order to overcome these drawbacks, the second problem to be solved
was to clarify the connection between these coefficients and the generator of
the reduced evolution in the LDL case, which had been previously found by
Diimcke (with completely different techniques based on the BBGKY hierar-
chy and scattering theory) and which had a direct physical interpretation,
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being related to the 1-particle scattering operator of the orginal Hamiltonian
system.

A first step towards the solution of this problem was done by Alicki and
Frigerio in [39], who recast the Diimcke generator in a form that could be
directly related to the general theory of [25], and therefore more suitable for
the comparison with the results of [9]. In the remaining of this Section we
shall complete the analysis of [9] by showing that the coefficients of SDE
deduced in [9] can in fact be identified with some particular matrix elements
of the 1-particle T-operator of the original Hamiltonian system. A first fall
out of this result is that now the laborious direct proofs of the unitarity
condition given in [9] become useless, since we can obtain them as a corollary
of the general unitarity theorem of [40]. The last, and mathematically most
difficult, problem, which is still open at the moment, is to obtain the LDL
in its full generality. The solution of this problem will probably require a
synthesis of all the techniques developed up to now to deal with the LDL,
the linear WCL and the nonlinear WCL.

In the remaining of this Section we shall concentrate ourselves on the con-
nection between the coefficients of the SDE deduced in [9] and the T-operator.
In order to do that in full generality, and to explain the physical meaning of
the various simplifying assumptions introduced in the model studied in [25],
we shall slightly generalize this model. For the sake of definiteness, we shall

take H; = L*(R3?) and H = —%A.

Note that, because of number conservation for interactions of scattering
type, the closed subspace of Hy ® Hg generated by vectors of the form u ®
AT(f)® (u € Hy, f € Hp), which is naturally isomorphic to Hy ® Hj,
is globally invariant under the time evolution operator expli(Hs ® 1 + 1 ®
Hpr+V)t], and the restriction of the time evolution operator to this subspace
corresponds to an evolution operator on Hy ® H; given by

expli(Hs ® 1+ 1® H + Vj)t], (75)

where
Vi =i(D ® |go){g1] — c.c.) (76)

Diimcke’s results ([25]) tell us that the reduced evolution of observables
in B(H,) is completely determined, in the LDL, by the scattering operator
for the evolution (5.1) on Hy ® H; and by the temperature of the reservoir.
This corresponds to the physical intuition that particles of a dilute gas should
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scatter independently, one at a time, on the system. The relevant operators
are the Mgller wave operators

Oy = s—tlirin exp[—i(Hs®1+1@ H+Vi)tlexp[i(Hs®1+1® H)t] (77)
—+oc0

the T operator
T =V, (78)

and the S operator
S=Q"Q, (79)

Under rather general assumptions, which are satisfied in the present case, S
is unitary.

In the following we shall take advantage of the simple form (5.2) of the
interaction V] to compute the T" and the S operator explicitly; this will allow
us to make contact between our Theorems (II.) and (VII.) and Diimcke’s
result ([25]).

In Section 1) and 2) we have assumed that [Hg, D] = 0 (cf. (1.9)). In
order to better understand the physical meaning of this assumption, let us
generalize it by assuming that, for some w > 0, one has [Hg, D] = —wD
(rotating wave approximation). Define now the group {S; : t € R} of unitary
operators on H; by

Sy i=expli(H —woPy —wi1P)t]; t€R (80)
where wy, wy are real numbers with
W=wy—w , wo, w1 >0 (81)

and where F,, P, are mutually orthogonal projections commuting with H
and such that
Pagzs:.ga ; 52071 ; (82)

this construction is possible since we have assumed (cf. (1.10)) that
(90, exp[—iHt]g1) =0 VteR (83)

We denote by {e; : j=0,1,...} a complete orthonormal set of eigenvec-
tors of Hg in Hy, with

Hg €j = Hj€j; J=0,1,... (84)

27



and denote by {e;;; j,7/ =0,1,...} the corresponding matrix units

ej’j:|ej’><ej| ) jvj,:ovlv"' (85)

For the sake of definiteness, we shall assume that w > 0 and that pg,
are negative, with
o= —wo < 1 = —wp < 0 (86)

Denote by H’ the infinitesimal generator of S;:
H/:H—woPo—wlpl (87)

(more generally, we might take o = w* —wy, 1 = w* —wy, H' = H—wo P, —
w1 P; + w*1, but this would only make the notation heavier, without adding
to understanding). The operator 1 ® H' in Hy ® H; may be interpreted as
effective total unperturbed energy operator in place of Hs®1+1® H,
since, for all real s, we have

Vi(s) :=exp[—i(Hs®@1+1® H)s|]- Vi -exp[i(Hs®1+1® H)s| =

=exp[—il® H's] - Vi -explil @ H's| =i »  D.®[S_,g:)(S_g1-c| (88)
e€{0,1}

where, as in the previous sections, Dy = D, D; = —D*. Tt is clear from (5.3)
— (5.5) and (5.14) that the same scattering operators 4, T' and S will be
obtained if Hy® 1+ 1® H is replaced by 1 ® H' as total unperturbed energy
operator; so we shall make this replacement in the rest of this section. In
this interpretation, the total unperturbed energy is carried by the reservoir
particle, g. carrying an additional (negative) energy —w. = p. corresponding
to the energy levels of the system with which the reservoir particle interacts.

So we see that (1.9) can be satisfied by means of a redefinition of Hg as 0
and H as H', which does not alter the relevant operators. We introduce some
generalizations of the notation in Section 2). For the sake of definiteness, we
shall assume that

H, =L*R?), H= —%A (89)
and for any f, g € K and E € R, let
GNE) = [ ewl-iBalg. S (90)
R
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so that (g|f) corresponds to the special case £ = 0. In particular, with the
choice (5.14a) and for g = g., we have

(6:11)(E) = /R expl—i(E + w.)f){(ge, expli He f)dt =

= /d3k: 276 (E - %kQ + we) 9e(k) f (k) (91)

R3

where f(k) denotes the (unitary) Fourier transform of f evaluated at k.
Note that (5.16) vanishes for F < —w.. With the interpretation of 1 ® H’
as effective total unperturbed energy operator, we may interpret

(Gf)a(E) = [271-(95|ga)(E)]_1/2(ga|f)(E)

s Pk (B — k% +w.) g.(k) f(k) .
- fR‘s ( 12 ) - 7 if (gelge)(E) >0 (92)
[Jrs 2k (B — 552 + w.) [g-(k)|?]
(Gf)e(E) =0 if (gelge)(E) = 0 (93)
as the component of f on g. carrying total energy F (decomposed as the sum

of —w. = p. and $k?).
In analogy with the notation of Section 4), define also

0

G)-(E) = [ expl-iBtlig,5uf) dt (94

—00

T(E) = (9:19:) - (E)(91-<|g1-<) - (E)D.D . (95)

(again, the definitions of Section 4 correspond to the special case E = 0).
Note that for all real E one has

0

(glg)-(B)| < / (g, Seg)| dt = [|g]2

—0o0

so that, under the assumption that
16]| D|1* max(||gol|-, [lg1]|-) < 1 (96)

(see Theorem (II.)), we have the convergent geometric series
Y By =(1-T(E)" (97)
n=0
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Define also

Roo(E) = (91]91)-(E) DoD1(1 —To(E))™ (98)
R (E) = (1 - Ty(E)) "' Dy (99)
Rip(E) = (1-Ti(E))"'Dy (100)

Ri1(E) = (golgo)-(E) DiDo(1 — T (E))™ (101)

LEMMA(5.1). With the above assumptions and notations we have, for all

u, € HOaf € k?
Tue f)= Z T Re(B)u® g (g ))(E) dE (102)
e'=0,1" ~We

PROOF. We may expand T as an iterated series

—s—hmz // Vi(so)Va(s1) ... Vi(s,)dss . . ds,

0=s50<s1<...<s, <t

where Vi(s) is given by (1.16). Performing the change of variables t; =
sj—1—sj: 7=1,...,n,and taking the limit as ¢ — oo we obtain

T(u® f) —ZZ Z H 01-c; 1,6;)DegDey -+ Do u @ ey

n=0 ecfo1jnt T

0 0 n
. / dt ... / At 11 (92,1 S0, Suatc0,12,1 F)

—00 —00 J=1

Using (5.20) we obtain

(St o gre f) = — / AE exp|—iE(t + -+ t)](91_c. | F)(E)

2

Hence

Tu® f) = Z Z H 01 —ej 1aJ)DaoDE1---Denu®gao'

n=0 ec{ojri1 T
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[aech / dt; expl—iB,) (g, S1y9.)) (91 [F)(E)  (103)

Due to the factor ( T 6, e;_1.¢;), the summation Y~ reduces to a sum-
7=1 ce{0,1}n+1
mation over the four possible values of the pair (¢/, €): = (g9, 1 —¢,). Then
one can identify the convergent geometric series of the form (5.21) appearing
in (5.24); and (5.23) follows.

In order to introduce the S operator, it is convenient to use the following
notation. Any bounded operator A on Hy ® H; can be expressed through a
matrix—valued integral kernel A;;(k', k):7, 7' =0,1,...; k, ¥ € R?, such
that, for all u, v’ € Hy, f, f' € Hy one has

(Wef, Au f)

= Z/di’*k/R5 d3 k' <6j’7u/>f’<k/)z4j/j(k}/ )<637 >Jg( ) (104>

In general, this kernel will be a distribution rather than an ordinary function
of k, k¥'. With this notation, we have the following well-known result of
scattering theory:

1 1

LEMMA(5.2). With the above assumptions and notations, define

Sere(E) = berel + [(gz-:"gs’)(E)]I/st’s(E)[(gs|g€)(E)]1/2 (106)
Then, for all u, v’ € Hy, f, f' € K, one has, in the notations (5.17a), (5.17b)

(W@ f), Sua f)) = (& f), (ue f))+
* Z /_WE , [Sere(E) = 0ere1]u) (G f)e (E)NG f)e(E) (107)

e,e'=

PROOF. A stralghtforward application of Lemma (5.1) gives

Ts0) =i 3 (e oe (G4 - ) edaeWiE®  (108)

€,e’'=0,1
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Inserting (5.29) into (5.27) and using (5.16), (5.17) one obtains (5.28);
the only difficulty is to keep track of powers of 27.

REMARK (5.3). Equation (5.28) is the representation of the operator S,
which commutes with the unperturbed energy operator 1 ® H’, as a matrix—
valued multiplication operator in the direct integral decomposition of Hy® H;
into fibers corresponding to H' = E. Unitary of S amounts to the fact that,
for every E, the operator S(F) € B(Hy) ® M(2,C) given by

S(E)= ) S..(E)®e.. (109)

e,e/=0,1

(ecre : €, = 0,1 being matrix units of M (2, C)) is unitary. S(E) may be re-
garded as the S operator on the energy shell of total energy F. REMARK (5.4).

The stochastic differential appearing in Theorem (II.) (Equation (4.9)) can
be readily seen to be

Z Ra’a(o) ® st(ga/yga) = st(S(O) - 1; O) (11())

e,e/=0,1

in the notation of [40]. This is the quantum Poisson process of zero intensity
corresponding to the S operator on the energy shell of total energy E = 0.
Then unitarity of the solution U(t) of equation (4.9), which has been proved
in [9], follows from unitarity of S(0) and the general theory of [40].

The notation (5.28), (5.30) allows us to give a particularly transparent
form to the generator L“PL) of the semigroup obtained by Diimcke [25] in the
low density limit: the following Proposition may be regarded as a rigorous
version of some hand—waving arguments in [40]. PROPOSITION(5.5).

LDL) :

With the above assumptions and notations, the explicit form of L is

given by

1 o0
L(LDL)<x) - 2_ Z / dr eXp[—ﬂ(E +w5)] ’ (SEIE(E>+XS€/E(E) o 6€/EX)
7T
5,5’:0,1_w5
(111)
for all X in B(Hp). PROOF. It has been shown by Diimcke in [25] that

L(LDL)<X) =U(X)+Z'X+XZ; X € B(Hy), (112)
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where the completely positive map ¥ on B(H)) is given by

1, 1
U(X)=2r > /d3k:/d3k’5 (§k:2 — §k:2 +w)
weSp[Hs, Ip3 R3

cexp[—BK2 /2T (K k)X To(K, k)

(113)
and where the element Z of B(H) is given by
7= i / & exp|— Bk /2 To (k. k) (114)
R3
In the above formulas, T,,(k’, k) is defined by
Tw(klv k) = Z Tj'j(klv k)ej/j (115)

j,j’:wj/—wj:w

Then we can insert the explicit expression (5.29) of 7j/;(k', k) and perform
the integrations over k, k', recalling that from (5.16), (5.9) we have

/ 0k (E Sl wa) 5o - (k) = 6.2m) N(gelg)(E)  (116)

With the use of (5.27), we obtain

&

>

I

| —
|
:;5\8

dE eXp[_ﬁ<E+w€)] ) [SEIE(E>+ - 68/51}X[S€’8<E> _55-:’51]

or > / dE exp[—B(E + we)][See(E) — 1] (117)

Combining (5.33), (5.37) and (5.38) the result follows. REMARK (5.6).

The semigroup with generator (5.32) admits a unitary dilation in terms of a
quantum Poisson process, see [40]. We introduce the Hilbert space

K = L*((—wy, ), dE) ® L*((—w;, 00), dE) (118)
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(note that (5.39) is not the same K as in the rest of the paper) and the von
Neumann subalgebra M of L*(R,dE; M(2,C)) of functions E — {Y..(E) :
g'e = 0,1} such that Y..(E) =0 for F < —w..

M acts on K in the obvious way. Define a positive linear functional p on
M by

i) i= 5= 3 [ dBesl-BE+u)YB) = (6 YO (1)
810,17“)6
where £ € K is given by

£(B) = (20) ™ m (BV e | = (B -+ ) | X (B exp [ (B -+ }

(120)

The function F — S(E), S(E) given by (5.30), can be regarded as an

element S of B(Hy) ® M. With this notation, the generator (5.32) can be
rewritten in the form of [40] as follows:

LEPL(X) = (id @ p)(ST(X ®1)S — (X ® 1)) (121)
Then it follows from [40] that, for all X € B(H,) and t € R*,
exp[LEPDH(X) = E[UT (t)(X @ 1)U (1)] (122)
where U(t) is the (unitary) solution of the QSDFE
dU(t) = dN,(S — 1;6)U(t) , U(0) =1 (123)

REMARK(5.7). In the finite temperature case and with a suitable choice

of collective vectors (not the collective coherent vectors of Section 4)), the
matrix elements of U/, should converge, in the limit as z — 0, to matrix
elements of the solution U(t) of a QSDE of a form similar to (5.44). The
main conceptual difficulty in order to verify this conjecture consists in the
individuation of the collective vectors with which to form the matrix elemen-
ts. Once this is done, it is possible to expect that a combination of all the
techniques developed up to now (both for the WCL and the LDL) should
lead, after some hard work, to the desired result. The only surprises, arising
from the further mathematical developements should concern (as it was for
WCL) the resulting space of “test function”.
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For the moment we only wish to explain why, in contrast with the Fock
case where only S(0) appears, here we have continuously many values for the
total energy E, and an integration over E weighted by the Boltzmann factor
exp[—B(F + w.)].

In the equilibrium state at strictly positive temperature T' = 1/, par-
ticles of all energies are present, with numbers which become proportional
to z exp[—Bk?/2] in the limit as z — 0. The total energy of a particle with
momentum k and of type e (¢ € {0,1}) is redefined to be E = 3k* — w., to
keep into account the energies of the energy levels of the system on which
the reservoir particles scatter. This allows to describe scattering of a particle
on the system by saying that a scattering particle changes its type from ¢ to
¢’ =1 — ¢, while its total energy remains unchanged: %kQ — W, = %k’z — Wer.
At the same time, the system performs a transition under the action of the
operator D.,. The particle type ¢ € {0,1} remains a quantum degree of
freedom, interacting with the quantum system. On the other hand, the total
energy E becomes a classical variable (with continuous spectrum), since the
uncertainty relation AEA(t/z) > h involving energy and rescaled time ¢/z
is no longer a restriction in the limit as 2 — 0. This gives rise to the peculiar
structure of M as an algebra of 2 x 2 matrices whose entries are functions of
E. Each value E of total energy contributes to L*PL) with the Boltzmann
factor exp[—Bk?/2] = exp[—B(E + w.)] for an incoming particle of type .
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86. Main strategy of the proof

In the folllowing we list the main steps in the strategy of the proof of
the above results. We have formulated these steps so to include all the
situations in which these results could be obtained (Boson and Fermion,
WCL and LDL, linear and nonlinear interaction, with or without rotating
wave approximation, ... ). Of course the techniques of the proof depend
heavily on the specific situation, however the following steps seem to be a
common factor.

-step (1). Expand Uy /.2 in the iterated series

00 t/x? t1 tn-1
Ut /a2 :Z(—z’)”/o dtl/o dtg---/o dt,Va(ty) - Va(tn)  (124)
n=0

-step (2). Expand Vy(t1)---Vi(t,) and find a sum of many tems of the
form

Tn - Dey -+ De,, @ A (Sh,9) - - - A™(S1,9) (125)

where N is equal to pn and, p is the degree of the interaction, supposed
to be a homogeneous polynomial in the creation and annihilation operators.
Moreover,
{ z", WCL
Ty 1=

1 LDL (126)

-step (3). By normal ordering of the product (6.2) we find a sum of terms
of the form

H < Stka’ Stqk G/ > .A+(Stalg(l)) T A+(Staug(y))'A(Stﬁ1g(1)) T A(Stﬁug(#))
h=1

(127)
where, G, G', g, - W), gays 5 9 are equal to g in WCL case and to g
or g; in LDL case.

-step (4). Separate the negligible (type II) terms from the relevant ones
(type I). In all cases (with the only exception of LDL finite temperature
case), the type I terms are those terms of the form (6.4) in which all the time
pairs (tp,, 1, ), in the product for h = 1,---,m, are time consecutive in
the sense that:

Pe=qr—1 (6.4a)
for each kK = 1,---,m. All the other terms are called type II.
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-step (5). Apply various generalizations of the Pulé inequality to prove
that a sum of order n! terms of matrix elments with respect to appropriate
“collective vectors of products of the form (6.4) is estimated by

c™/(n—m)! te€]0,T] (128)

where C' is a constant depending only on g, go, g1 and m is the number of
scalar products arising from exchanges of creators and annihilators. We shall
see that the basic difference between WCL and LDL is that in the former
case, m < § so that (6.5) is always less than or equal to C™/[n/2]!, while in
the latter case m can be very close to n (e.g. equal ton — 1).
-step (6). Use (6.5) to prove the uniform convergence (in z) of the iterated
series so that we can exchange lim,_,o and >~
-step (7). Compute the explicit limit of the non negligible (type I) terms
and show that the limit of negligible (type II) terms tends to zero as x — 0.
-step (8). Compute the limit of
d T/2? T /2
lim — < u® W(x/ Sy fdu)®, Ut(/x:zﬂ ® W(:z:/ Suf'du)® > (129)
v=0 dt S/x? S’ /x?

-step (9). By means of step (8) prove that the limit, as  — 0, of

<u®W(x/

S/x?

T/x? T 2

Sufdu)®, USw @ W(x / Sufldu)® > (130)
S’/:v2

satisfies an integral equation.

-step (10). Apply step (9) to identify this equation with a QSDE.

Notice that it is by no means true that the n—th term of the iterated
series of (6.7) converges to the n—th term of the iterated series solution of
the QSDE. This is the reason why a good deal of quantum stochastic calculus
intuition is needed in order to guess the correct form of the limiting equation.

-step (11). Reduce the finite temperature case to the Fock case.

-step (12). The Langevin equation. This requires some new techniques
with respect to the U;-evolution.

However our experience is that the bsic difficulties, both technical and
conceptual, are those concerning the limits of the matrix elements of the U t(/922
operator. Once the correct equation for the limit unitary evolution U(t) has
benn individuated, it is usually a question of time to get the convergence of
the corresponding Langevin equation.
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87. Why can one hope to obtain both the weak coupling and
the low density limits
with the same type of coherent vectors

In Section 4) we said that we shall consider the WCL and LDL for the
same type of coherent vectors even if the interactions are different, now let
us outline the basic idea of how can one hope to obtain both the WCL and
the LDL with the same type of coherent vectors.

Both in the LDL and the WCL limit, the n — th iterated integral of the
perturbation series is of the form

t)x? tn_1
:cn/ dt, - / V() V(L) (131)
0 0

where, V' is not the same as (1.7) but has the following form:

(132)

v — {Z(D ® (AT(g))P —c.c.) for WCL
1 i(D® AT (g0)A(g1) — c.c.)  for LDL

and x, is defined in (6.3) (i.e. the A factors have been taken out of V and
put into x,).

Using the explicit form of V' and neglecting the system operators D, D"
(inessential for our considerations) we are reduced to compute matrix ele-
ments in some collective coherent vectors of the form (1.18b), of expressions
of the form

15/33
Z’n /
0

t/x? tn—1
/ dty - - / Aty AT (St 9oy )A(St g1—c,) - - AT (S, 92, ) A(St, 91-<,,) LDL
0 0

(134)
Bringing the products in the integrals (7.3) and (7.4) to normally ordered
form we find that

2

dty - / tn_ldtn(Asl(Stlg))p--~(A€n(Stng))p WCL (133

(A% (Skg))" - - (A7 (S1,9))" (135)

and

A+<Stlgfl)A(Stlgl—51) e A+(Stng£n)A(Stngl—5n) (136)
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have both the form:

Z H <G, StQh_tPh G'> <A+ o ')Tl (A ’ ')Tz (137)

m:{ph 7qh}zn:1 h=1

where (A% ---), (resp. (A ---),) denotes a product of r creation (resp.
annihilation) operators of the form A* (S g.) (resp. A(Sy,g:); G,G" are equal
to g in the WCL case and g or g; in the LDL case. Moreover (7.7) means that
there are exactly m scalar products which have been produced by application
of the CCR so that exactly m creators and m annihilators

| pn—2m, for WCL
"= { 2n —2m,  for LDL (138)
With the change of variables
2’tj=s;, j=1,--,n (139)

in (7.7) and applying the adjoints of the creators on the coherent vectors on
the left:

T/z?
W(a / S, fdu)® (140)
S/x?
and the annihilators on the coherent vectors on the right:
T’/CEQ
W(x/ Suf'du)® (141)
S’/z2

for each product (A" --+),,, (A --+),, we obtain the following factor

1 T/z? T2 T |22
Hm/ < Suf. S, 122G > dunx/ < Sy 122G Suf! > du
h=1 S/x? bt S’ /a2 v
(142)
with G, G’ as explained above. Notice that the limit of the expressions
T/x?
/ < Suf, Ssq, 122G > du (143)
S/x?
and
T//LEQ
/Sl/ ) < Ssﬁh/rzG',Suf’ > du (144)
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exist always because of (1.6), so the quantity

t/z? tn_1 m
> $n/ dtl---/ dt, [[ < G. S, 1, G >
0 0 )

mv{pha‘Jh}hmzl h=1
T/x? T' /22
< W(a:/ Sufdu)®, (AT ), (A -)TQW(x/ Suf'du)® > (145)
S/x? S’ /a2

has the form

t Sn—1 m
Z xr1+r2—2n . l‘n/ dSl .. / dsn H < G7 S(th_sph)/zzG’ > C(l’)
0 0 h=1

m,{Pn,qn i
(146)
where C'(x), which is a product of integrals of the form (7.11), (7.12), tends
to some limit as x — 0.
Now for each integral in (7.14) of the form

Spp—1 Sqp—1 , Sap
. / dsy, - - / < G, S, sy )a2G > dsq, / dsgi1- - (146)
0 0 0

(7.14)
withthechangeo fvariables

(Sgn — Spn) /2 = tq, (14T)one gets

Spp—1 (sqp,—1—5p,) /2? w%tq), +5p),
2 /
a2 ds,, - <G, S, G > di, dSqy 41+
0 — 0

sph/ac2
(148)
as z — 0 the integral (7.16) converges to a limit which is either
Spp—1 0 Sqp—1
ozt / dsy, - - / <G, S, G > dtqh/ dSg,+1- - (149)
0 —00 0

or zero. In this sense we say that the scalar product (7.14a) produces a
factor 2. For the WCL linear case (p = 1) and the LDL case, in the product
I, <G, S(th_sph)/:CzG’ > the pairs of indices (s,,,sq,) are all mutually
different, therefore this product produces a factor z2™.

On the other hand, for the WCL nonlinear case (p > 2), because of the
choice of the interaction (7.2), we can have more than one annihilation or
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creation at the same time and therefore, it is possible that for some 1 < h #
h <m, p, = pr and ¢, = g, in this case one has

Spp—1 Sqp—1 , , Sap,
. / dsph, .. / < G, S(th_sph)/m2G >< G, S(th/_sph,)/sz > dSQh, / dSQh+1 C
0 0 0

) Spp,—1 (5qj,—1—5py,)/z? . w2ty +sp),
[ | <55y [
0 — 0

Sp, /x2
Ph
(150)
So the product [[,-, < G, S5y —sm /2G> gives only a factor 2™ for
some m’ < m. Obviously by the above explaination, one can take m’ as the
cardinality of the set {gy}}"; i.e. the maximum number of ¢, different among
themselves. Summing up we conclude that (7.14) is of the following form

Z R LT O ) (151)

m{pn,qn}iy
where z,, is given by (6.3), C;(z) tends to some limit as x — 0 and

m, for LDL and WCL linear cases

mozcard{q17"'an}:{ /

m',  for WCL nonlinear cases (152)

Since in both cases the product [[;", < G, S(sa— ) /z2G" > produces the

factor 2™ we see that the power of z in (7.18) becomes
-In the LDL case,

it T, - p2mo — g2n=2m=2n+2m _ q (153)
-In the WCL linear case
1:7'14»7‘2*2% STy meO — xn+(n72m)72n+2m — 1 (154)

For this reason one can obtain the limit both in LDL and WCL linear cases.
In the WCL nonlinear case again a factor 2™ is produced, however in
this case:

_ _ _ / _ _ /
ri+ra—2n +(pn—2m)—2n+2m ::L,(p 1)n—2m+2m (155)

x C Xy - PO = g

and since at each time index we have at most p creators and m’ labels the
different time indices of creators, it follows that m < m’p. Therefore,
—1

(p—1)n—2m+2m' > (p—1)n —2m+2m/p = (p— )n — 2m>—— (156)
P
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This shows that if 2m < pn then the right hand side of (7.23) is strictly
greater than

—1
(p—1n—pn’—==0
P

So also in the WCL nonlinear case that the limit (7.18) exists but in this case
only the pure scalar product terms (pn = 2m) may give a non-zero contribu-
tion. This is a typical central limit effect (cf. [19] where ideas and techniques

borrowed from the WCL and LDL have been used to prove quantum central
limit theorems).
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88. The role of the interaction

The first difference between LDL and WCL is that in the LDL case the wa-
ve operator at time ¢ depends on z (keep in mind that in LDL case z = z/?)
only via the time scaling ¢ — ¢/2?, while in the WCL limit the interaction
itself is multiplied by z, which gives a factor " in the n — th term of the
iterated series. In the notation (6.3) for ,, and (1.15) for V(¢), this series is

o0

t/z? tn—1
Uy = 3 (1), / it . / V(). .. V(t) (157)
0 0

n=0

Both in the WCL and the LDL case we shall consider the limits of the
matrix elements of Uy/,> in the same family of vectors (collective coherent
vectors) i.e.

T/2?
W(x / Sy fdu)®
/a2

In the Fock case, if the interactions V' were the same for the WCL and
the LDL, the existence of the limit in the LDL case would imply that the
corresponding limit in the WCL case is identically zero.

Notice that this is not necessarily true in the finite temperature case. In
fact in that case the vacuum vector will depend on = 2'/2 in the LDL case
but will not depend on x = X in the WCL case. Therefore in this case both
limits might exist.

The crucial role, in the Fock case, is played by the difference in the
interactions which, in the LDL case, is of number type, i.e. of the form:

i(D® A" (go)A(g1) — c.c.)
and in the WCL case of the form
i(D & (A*(g))" — c.c)

Notice that we have obtained a nonzero WCL in the case p > 1, therefore,
for the argument given above, the limit cannot exist (for this interaction) in
the LDL Fock case.

This shows that the number preserving form of the interaction and not
the degree (2 versus 1) is the essential factor. However before that we want
to explain why the number preserving character of the interaction is crucial
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and for a generic interaction of d degree one should not expect the existence
of both the WCL and the LDL. If we show that this interaction has a WCL
limit then by the argument in this Section it will be impossible that it has

also a LDL.

44



§9. On the sum va{phﬂh}hmzl

In this Section we shall illustrate two basic differences among the terms
of the iterated series for the WCL and LDL case. In Sections 11), 14) and 15)
we shall prove that these differences lay at the root of the fact that, in the
QSDE obtained in the LDL case, the coefficients of the noises are power series
of products of the coefficients of the original Hamiltonian system weighted
with appropriate scalars, while in the linear WCL case the coefficients of the
creation and annihilation noises are the same as those of the creation and
annihilation terms in the original Hamiltonian system.

In order to explain this differences we must go back to the products
(7.6), (7.7)and study the common normally ordered form (7.8). The crucial
difference between the products (7.6) and (7.7) is that, in (7.6) (i.e. in the
WCL case)

i) For p = 1, all the indices ¢; which appear under the product (A* ---),, (A -

are different from all the ¢, ,t,, appearing in the product []}" ;.

ii) No t,,,t,, are equal to some t,,,t,, if k # h.

In (7.7) however (i.e. in the LDL case) neither i) nor ii) above are true.
As a consequence of the failure of i) and ii), the change of variables like
(7.15), which involves (t,, — tp,)/2z?, will affect not only the []}", integral
but also the integrals of the form of (7.11) and (7.12).

More precisely: the failure of i) is related to the fact that we consider a
nonlinear (degree > 2) interaction. The failure of ii) depends more on the
specific form of the interaction. For example, for the interaction (DT ® A?(g)
- c.c.) not,, can be equal to some t,, with k # h (however it could be equal to
some t,, ) but property i) fails. While for the interaction ¢(D* ® A™(go)A(g1)
- c.c.) (or more generally, for any interaction which involves a product of
both creation and annihilation operators) both properties i) and ii) fail.

To illustrate the origin of the failure of properties i) and ii), let us consider
the case n = 3. Then

A+(Stlgo)A(Stlgl)A+(5t291)A(St290)A+(Stggo)A(Stggl)

= A% (S, 90) < St,91, St,91 >< St,90, Sts90 > A(Si,91) + something  (158)

In this case, looking at the first and the second scalar product we have the
situation:
(tlv t2) = (tmv tQI); (t27 t3) = (tmv ttn) (159>
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so that t,, = t,,. Moreover the operators A% (S, go) and A(Sy,¢1) will act on
the collective coherent vectors so that i) can not hold.

Summing up for the pair of indices t,,,1,,, i.e. those pairs corresponding
to scalar products arising from the commutators of creation and annihilation
operators, we have the following possible situations:

{pla-“?p?YL}m{(h?"'aqm}:® (160>

card {p1,...,pm} = card {q1,...,qn} =m (161)

For interactions of the form
i(D® AT (g)? — c.c.) (162)
(9.3) holds but (9.4) holds only for p = 1. For interactions of the form
i(D® A (g0)A(g1) — c.c.) (163)

only (9.4) is true.

Moreover since m is the number of scalar products which appear in the
normally ordered form and each scalar product uses exactly one creation and
one annihilation operator, we deduce that for interactions of the form (9.5)
with p = 1, m < n/2; for interactions of the form (9.5) with p > 1, m’ < n/2
(m’ is the cardinality of the time index set {g,}};); but for interactions of
the form (9.6) (i.e. LDL case), m < n — 1 so that m can be very near to n
and this implies, as we shall see in more detail in Section 11), that in order
to assure the uniform convergence of the series we need a bound of the norm
of D in the LDL case, contrarily to what happens in the WCL case.

Now let us see the difference in the behaviour of the index set {pn, qn}7;
in the two cases.

For each fixed n € N and € € {0,1}", denote by j; < --- < ji the set

{jE{l,'-',n}Ig(j):l}

In the WCL case the inidces 7, are characterized by the property that in time
tj, (b =1,--- k) one has a creator and at all other times an annihilation
operator. This shows that, in the WCL case, we have {p,}}".; C {1,---,n}\
{jn}i, and {gn}i; C {jn}y; (one can assume that the set is ordered),
which is an improvement of (9.3), but this is not necessary for the LDL
case since for each time we have one creation and one annihilation operator.
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Moreover, since {pp}; labels the annihilators which are used to produce
scalar product with the creators, labeled by {q5}7", one has p, < g5, for any
h =1,---,m. This implies that in the WCL linear case (i.e. p = 1), one has
the identity:

[n/2]

2. =2 2 2.

m:{ph7Qh}2n:1 m=0 1<q <'“<Qm§n:{q}L}Zl:1C{jh}ﬁ:1 {ph}zn:1 C{lv""n}\{jh}ﬁ:l’|{ph}2n:1 ‘:m
Ph<‘]h7h:17"’,m
(164)

In the nonlinear case (p > 2), we can produce at most [pn/2] scalar products,
i.e. 0 < m < [pn/2] and moreover some p, (g) can be equal to some other
pr (qn), therefore we can only conclude that

1< < <gn<n, {pn}imil <m (165)

It follows that in the WCL nonlinear case,

[pn/2]

2. =2 2 2

mv{ph’Qh}Zn:1 m=0 1SQ1§---§qm§n7{Qh}ZL1 C{jh}}klzl {ph};ln:1 C{L""n}\{jh}ﬁ:l7|{Ph};n:1 ‘Sm
Ph<Qh7h:17”'7m
(166)

In the LDL case (9.3) is not true and 0 < m < n — 1, but (9.4) is true so
that one has

PSS S 67

m{pn,an}y,  m=01<g1<<gm<n 1<p1,pm<n,[{pp}; |=m
ph<qh7h:17"'7m
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§10. Pule inequalities

The prototype of the inequalities we are going to consider in this Section
is in Lemma (3) of [29]. For this reason we call them Pule inequalities. They
play a basic role in the proof of the uniform estimate.

For t € R, and any natural integer n, we denote

Agn)::{(th...’tn)ERn:tZtlz“‘ZthO} (168)

With this notation the most general Pule inequality used up to now in the
weak coupling or low density problem is the following: LEMMA (10.1) Let

f R — R, be a positive integrable symmetric (i.e. f(t) = f(—t))
function. Let nnm € N, 1 < m<n—1landlet2 < ¢ < - < ¢mn < n;
I<p < S<pn<n—Lp<g,h=1---m.

For {pn,qn}}, as above, let S,, denote the group of permutations of m
elements and let

Sy ={0€S8, : pn <oy, h=1,---,m} (169)

Then, for any function F' € L] _(R"™™), one has

loc
A2 tdt tnfldt T p(laem — Fl(t et
: L : ”;gﬂT) (b1, tgys o tgs o )

—

0 m o
S[/ f(t)dt] /( )dTI"'deh"'qum"'dTnF(Tlu"',7/—q\17"’77{q:m"'77—n)
—00 Atnim
(170)

PROQOF In our notations and using the symmetry of f, the left hand
side of (10.3) becomes

—~ —

ot —t
dtl"'dthf(%)F(tl?'"atQM"':tqma"'?tn)
h=1

(171)
where, for each fixed ¢, -, ¢, as above, the action of S,, on R" is defined
by

O—(tla"'7tq1>"'7tqm7"'>tn) — (tb...715%(1)’...J%(m)’...’tn) (172)
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Clearly since F' does not depend on the g-variables, it remains unchanged
under the action of o. But since oA N o’A™ = 0 for 0 # o/, (10.4) is
equal to

—~ —

m ot
)\—2m/ dtl"'dthf(u)F(tla"'7tqu"'atqm7"'atn>
U, g1 oA X
o€Sy, t h=1

(173)

Now let us introduce the change of variables
Th = (tQh _tph)/)\2 ) h = 1,"',771 (174>
yj=t; for je{l,--- n}\{q, -, qn} (175)
Because of our conditions g; # g for j # k and therefore the cardinality of the
set of the indices j in (10.7) is exactly n — m. Moreover, since (t1,---,t,) €

Ag”) and the indices j in (10.7) are chosen in the complement of the set
{q1, "+, qm} it follows that

j<j = t>y; >y >0 (176)

Equivalently, by relabeling the indices j, we can assume that (y1, -+, yn_m) €
A" Moreover since t,, > t,,, the variables z, are in R_ for each A. The-
refore, after the change of the variables (10.7), (10.8) and above mentioned
relabeling of the y;, the integral (10.6) is majorized by

/ F(:yla e 7yn—m)dyl e dyn—m / H f(ﬂ:h)dl'l s d.?ﬁ'm (177)
Ay = h=1

which is precisely the right hand side of (10.3).

The general form (10.2) of the Pule inequality will be used in the de-
duction of the Langevin equation for the low density limit and in the more
general approach to the low density limit suggested in [10]. In the weak cou-
pling limit the following two simpler forms of the inequality will be sufficient.

COROLLARY (10.2) In the notations and assumptions of Lemma (10.1),
suppose that F' is a symmetric function of n — m variables and let

S ={0€8u : Pony <qn, h=1,---,m} (178)
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Then

A~ 2M/dt1 / dt, ZHf po(h) qh F(ty, - g tg o t)
ceS8Y h=1
0 m o o
<[/ f(t)dt] /( e dry g AT P (T T T )
(179)

PROOF We have only to remark that, due to symmetry of F' the left
hand side of (10.12) is equal to

-dt, Hf VE(ty, - By g o bn)

(180)

the remaining part of the proof is the same as in Lemma (10.1).

REMARK Corollary (10.2) is used in the low density and weak coupling
limit with F(t1,---, %4, tgn, -, tn) = 1; in this case the bound (10.10)
becomes

g m/ e / S Y T Prem o (nti_;)![ / (;fu)dt}’”

0€Sg, h=1
(181)
These inequalities allow to obtain, for a sum of card(S8?) terms, the same
estimate that (6.5) gives for each single term. Since

card(S2) ~ m!

and m can be [n/2] in the weak coupling and n — 1 in the low density case,
the improvement is quite substantial.
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811. The uniform estimate

In the present section, we apply the Pule inequality to obtain a uniform
estimate (in z) for the matrix elements of (7.4) (WCL) and (7.5) (LDL) in
the same family of collective coherent vectors (7.10a), (7.10b).

We know from the analysis of Section 7) that it is sufficient to deduce
a bound for expressions of form (7.14). In this Section we shall prove this
estimate in the LDL case and WCL case with linear interaction (p = 1).

Notice that in (7.14), the quantity C(x) is a r; 4 r9 factor’s product and
each factor has the form of (7.11) and (7.12). Moreover, from (7.9), if we
denote

C = 1\/ max / | < G,SF > |dt (182)

F=f.f; G=g,.90.91 J

then the module of C(z) in (7.14) is majorized by C?"~™). Therefore the
module of (7.14) is majorized by

t Sn—1 m
Z $r1+7“22n_$n/ dsy - - / ds, H ’ < G’ S(th—sph)/sz/ > ‘C2(n—m)
0 0 h=1

mA{pn.qn}iy
(183)
and in any case, from (6.3), (7.20) and (7.21), one has

T = M (184)

The sum Zm’{phth}?:l in (11.2) is given by (9.7) and (9.10) respectively.
Notice that, if in the two summations over {p}7, and over {g,}7;, we
neglect the restrictions

{an}ies € {nthoa (185)
and

{ph}zlzl - {17 e >n} \ {jh}zzl (186)
then (11.2) is majorized by

’ S
Z Z Z O2(n—m)x—2m /t dsy - / 1 ds,
0 0

m 1<q1<-<gm<n 1<p1,,pm<n, pp<qp,h=1,-;m
Hprth,l=m

H ’ < G> S(sqh—sph)/xQG/ > | (187>

h=1
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where, the only difference between the WCL (linear) and the LDL case is
that in the summation Y

-m=0,1,--+-,n/2 in the WCL case;

-m=20,1,---,n—1in the LDL case.

Notice that for each fixed m, 1 < ¢; < --- < ¢, < n and function f,

Z f(th - Sph) =

1<p1,,pm<n, pp<qn,h=1,-m
|{ph}zL:1 |:m

- Z Z f(th - Spa(h)) (188)

1<p1,,pm<n, pr<gp,h=1,;m c€SY

m

where, 89 is defined in (10.11). Summing up, if we denote

f(t):= max |<G,SG >| (189)

G,G'=g,90-91

then f is a positive, symmetric L? function and (11.6) is dominated by

S Y 3 cremgn [ sy . s T[ Fsm—s00)
h=1

m 1<q1<--<gm<n 1<p1,,pm<n, pp<gp,h=1,-,m =
(190)

Applying Corollary (10.2) with F' =1 to (11.9), one gets the majorization of
(11.6) by

tn—m

.E 2 e ([ roa)”

m 1<q1 <-<gm<n 1<p1,,pm<n, pp<gn,h=1,-;m

/ 2 _ 0
n (C2)n—m m
< —. t)dt 191
_;(m) (n—m)! (/Oof() ) (191)
where, the factor (:1)2 comes from the sums

2. 2

1<q1 < <gm<n 1<p1,,pm <n, pp<gp,h=1,-m

and the other factors from the Pule inequality.
In WCL (linear) case, 0 < m < n/2 and therefore the right hand side of
(11.10) (so (11.6)) is dominated by

Cy/n/2)! (192)
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where constant Cy. But in LDL case, m runs from 0 to n-1, i.e. it might be

near n, so that n —m might be very small. For this reason we need that the
: 0 . i A

quantity [ f(t)dt is small. More precisely, denoting

loll? = / f(t)dt (193)

(in view of (11.8) this notation is compatible with (4.6)) and supposing,
without loss of generality, that

lgll- # O

the right hand side of (11.10) is less or equal than

Zn o S = gl Y — o
m)! (r—m)l- gl

m=0

So putting k£ = n —m, (11.13) becomes

. C%t

Summing up, we have proved the following uniform estimate:

THEOREM(11.1) The quantity

T/2? t th—1 T /22
| < u®<I>(a:/ Sufdu),/ dty - - / dt,V (ty) - - - V(tn)v®<I>(a:/ Suf'du) > |
S 0 0 s

2 122
(196)
is majorized by

c"/[n/2]", WCL
“ {(HQH2 SID|)" - exp(C*/|g]2),  LDL (197)

where, C' is a constant.
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§12. Absence of the dA,dA",dt terms in the low density limit:
Fock case

In this Section we explain why in the LDL Fock limit we should expect
that the SDE for U(t) does not contain terms in dA, dA™, dt.

By inspection of (7.7), we see that, in all the terms appearing in the n—th
term of the iterated series, the first operator is always a creator and the last
one always annihilator. This implies that the normally ordered form of the
n —th term of the iterated solution of U; cannot contain a purely scalar term
(i.e. a term in which all pairs of creators and annihilators have seen used to
produce a scalar product). As already remarked in Section 6) it is in general
not true that the n — th term of the iterated series converges to the n — th
terms of the iterated solution of the SDE. However if we write the solution
of a given SDE

dU(t) = F,dM,(t)U(t) ; U(0)=1

where the driving noises are of the form
dAf (9), dAdg), dNi(g), dt

and the F, are operators in the initial space, in terms of the iterated series

Ut) =1+ i U™ (t) (198)
Ut (1) = / t F dM,(s)U™(s) ; UO(t) =1 (199)

then, the explicit expression for U™ (¢) will be a sum of iterated stochastic
integrals of the form

t tl tn—l
/ / .. / Fo Fyy - Fy dMy, (t1)---dM,, (t,) (200)
0 0 0

over all possible indices «;.
We say that a term of the form (12.3) is a pure dt term if

dM,, (t1) - - dM, (t,) = dt, --- dt, (201)

with this terminology the following statement is true: The sum of the matrix
elements of all the purely dt—terms in the iterated series expansion of the
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SDE is always equal to the limit of the sum of the matrix elements of all the
purely scalar terms in the normally ordered form of the interaction. This
is due to the fact that the coefficient of this terms cannot contain the test
functions f, f/ of the two coherent vectors with respect to which we are
considering the matrix elements, while the matrix element of any non scalar
term will always produce a scalar product of some g, with f or f’.

Since we have seen in Section 7) that in the Fock LDL case there are no
purely scalar terms in the normally ordered form of any term of the iterated
series, it follows that the equation for U(t), supposing it exists, cannot contain
a dt—term.

On the other hand, if U(¢) is unitary, then if it contains some dA and dA™
terms, then it must contain also some dt—terms. Therefore also the presence
of dA and dA™T terms, in the equation for U(t), is ruled out. This also explains
why there is hope that the limit process in LDL finite temperature is
unitary: in this case in fact we obtain dt—term but not dA and dA™ terms.
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813. The negligible terms: Fock case

As already seen in Section 7), both in the WCL and the LDL case, after
the normal ordering, the matrix element in some collective coherent vectors
of the n — th term of the iterated series is a sum of expressions of the form

g2n—2m /A Lt dt, [ [ < G, Siy, -1, G' > -Clz) (202)
n=1

t/x?

where, for each n € N and t € R
AN =Ly, ) ERMES G >t > > ) (203)

and C(z) is a product of the terms with the forms (7.11) and (7.12).

In the limit x — 0 some of the terms (13.1) will vanish and some not.
In the Fock case (but not in the finite temperature one!) the criterium to
distinguish the relevant terms from the neglible ones is the same both in the
WCL and the LDL case and does not depend on the interaction. Namely:
the neglible terms (called terms of type II) are those in which, in the product

H <9, Stqh—tphg >
h=1
there exists some index h such that
qn —pn>1 (204)

In other terms, the only surviving terms in the limit (called terms of type I),
are those corresponding to the products

I <9 5, -1, 19> (205)
h=1

arising from the communtators
[A(S,,19), AT (S,,)]

Let us first explain how one can prove the terms of type II tends to zero as
x — 0. To this goal notice that (13.1) is majorized in modules by a constant
to the power n times a integral with the form
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tq, —2 tg, —1 ta,
: / dtqh_1$_2/ dtqh| < G, S(tqh—tph)/l‘?G, > | / dtflh-i-l -
0 0 0

(206)

With the change of variable

(tQh - tph)/xz = Th
we obtain
tq), —2 (tqh—l_tph)/xz >‘2Th+tph
/ dtqh_l/ dm| < G, S, G > |/ dtg,+1- -
0 —tp,, /22 0

(207)

Notice that in the d7j,-integral in (13.6) goes from —t,, /2% to (t,, 1 —tp, ) /x>
which is < 0 a.e. if the condition (13.3) holds.
Due to the integrability of 7 —< G, S.G" >, it follows that

(tqh—l_tph)/xQ
lim dm| < G, S, G'>|=0 (208)

A—0 —tpj/$2
almost everywhere (in ¢, 1 and ¢,,) and, since

(tqh—l —lpy, )/xQ
/ dry < G, 8., G' >

tpyp,

+o0
< / <G 8G > |dt (209)

o0

we have that

. IS —
lim |, da-. dtn}_[l <G, 8, 1, G >=0 (210)
t/xz =

by dominated convergence.
814. The limit of the type I terms

Now let us explain how one can control the explicit form of the limit of
type I terms as x — 0. We begin to consider the integral (13.1) in the LDL
case, which is the most difficult since several indices ¢, can be equal among
themselves. Notice that each fixed m and {pp,qn}j~, determine a unique
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decompose of the set {gp,}7"; into maximal increasing chains with respect to
the property ¢z = qs41 — 1, i.e. a decomposition

{antny ={a, @ U U{gs, - am} (211)

with the properties:

G =q¢—1,-,ga—1 =g, — 1, but o < a1 — 1 (212>

qdp—-1 <QB_17 but QQZQB+1_]-7"'7qm—IZQm_]- (213>

The WCL linear case corresponds to a particular decomposition

{Qh"'aqm} = {QI}7 {q2}7'”7{qm} (214>

We rewrite the integarl (13.1) to the following form

tg -1 2%
.. x_2m/ dtql < G, S(tqlftqu)/sz/ > / dtq1+1 < G, S(tq1+1ftql)/12G, > ...
0 0

tqa

thxfl
0 0
tqﬁfl , th ,
/ dth < Gas(tqﬁftqﬁ,l)/zQG > / dtqﬁ_;_l < G, S(thJ,»l*th)/ZEG >
0 0
tgm—1 tam
/ dtq,, < G, Sty —ty—)/22G >/ dtg+1---Clz)  (215)
0 0
where, C(x) is given by (14.14) below. With the change of variables

(tgn — tg—1)/2* =T (216)

the integral (14.5) becomes

0 0
/ dﬁ<G,SﬁG’>/ dry < G, S,G' > -+~
—tgy -1/ —tq—1/22—T1
0 tg -1+ (114 +7a)
/ dr, < G, S;.G' > / dty, 41+ C(x)
—tg—1/22=T1——Ta—1 0
(217)
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For simplicity we shall discuss only the first chain of integral since the other
ones are dealt with the same idea. In (14.7) there are two types of integrals:
the chain

0 0
/ dr, < G, S;,G' > / dry < G,S5,G" > ---
—tqy—1/x? —tq,—1/x2—71
0
/ dro < G, S, G > (218)
—tgy—1/T2 =TI~ —Ta—1
and the term
tqg -1+ (114 +Ta—1)
/ Gty r e (219)
0

Now, as  — 0, (14.8a) tends to

0 0 0
/ dn < G, S, G > / dr < G, S,G' > / dr, < G, S, G >

: ) : (220)
and (14.8b) tends to

tgy—1
[t (221)
0

Therefore, both in the WCL and the LDL cases, from the integral of the
product [],", < G, S, y/z2G" > we obtain the quantity

h " tap—1

mo 0
11 / <G, 5G >dt (222)
h=1"7%

Notice that in the WCL case, G = G’ = g so (14.10) is simply the form

(/0 < g,Sg > dt)" (223)

—0o0

But in the LDL case G,G’ are equal to gy or g;, more precisely, by (1.16)
we know that for each fixed n € N and ¢ € {0,1}", if e(g,) = 0 then
G = G’ = go, otherwise G = G' = ¢;. So if we introduce the notation

mi= 3 e(an) (224)
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then (14.10) is equal to

0 0
(/ < 9o, Stgo > dt)m_ml . (/ < g1, Stgl > dt)ml (225)

— 00 —00

Now let see what happens to C(x), i.e. to the product

T’/Z’Q

1 T/$2 T2
1T / < Suf, Se, 2G> du- ] / < Sy 122G Suf’ > du (226)
h=1

by J /a2 ' /22

which comes from the action of the annihilators on the coherent vectors.
Since {ay})", label the remaining creators, ie. {ap}p, C {1,---,n} \
{qn}-;, we know that the change of variables (14.5) does not affect the first
product in (14.14). Therefore, after the change of variables

U = U= S, /20, h=10m (227)

it tends to .
[T xsri(san) - (£1G) (228)

h=1

where, G = g for WCL case and gy or ¢g; for LDL case.

In the WCL case, the second product is also simple, since {3}, label
the remaining annihilators and therefore {55 };2, N{gn}i; = 0. This implies
that the change of variables (14.5) does not affect the second product (notice
that now we consider only the WCL case) in (14.14). So by the change of
variables

(A ::u_sﬁh/l'Q, h:17...7r2 (229)
it tends to )
11 xisri(ss,) - (al ) (230)
h=1

But in the LDL case, the second product is not so simple since the change
of variables (14.5) influnce the variables {f,};2,. More precisely, because
of go < Gar1 — 1, ... , (see (14.2)) and considering only the terms of type I
(ph = qn — 1 for any h =1,---,m), one knows that A(S;, gc(.)) is not used
to produce scalar product, i.e. ¢, is equal to some [;,. Thus with the change
of variables (14.5), this ¢g, becomes equal to

tog1/T% + (11 Tard) (231)
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It follows that the integral

T' /2?2
/ < Sy, 122G Suf > du (232)
S’/£B2
is equal to
T’/CEQ
// ) < Stql—1/$2+(Tl+“‘+Ta—1)G/7 Suf/ > du (233)
S’z
and gives the limit
Xis 1 (tgy-1) - (G'] ) (234)
A similar phnomenoma happens in the right end points of each of the g-
subsets ({q1, -, ¢}, --+» {gs,- -+, qm}). Thus, we obtain the following

THEOREM (14.1) For each n € N the limit (13.1) exists both in the
WCL and the LDL cases and their explicit form can be formulated (cf.
Theorem (6.1) in [2] and Lemma (3.4) in [9]).

Putting together Theorem (14.1), Section 12) and the uniform estimate
one has the following

COROLLARY (14.2) Limit (1.21) exists both in the WCL and the LDL
cases (in the LDL case we need the condition (4.7)) and their explicit form
can be formulated (cf. Theorem (5.4) in [2] and Theorem (5.1) in [9]).
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815. Deduction of the SDE: the basic strategy

In this Section we give a qualitative outline of the basic ideas which allow
to deduce an equation for the limit (2.12). First of all, we would like to remark
that the discussion in this section is only necessary in the WCL linear and
the LDL cases. The result in the WCL nonlinear case is trivial since (with
the given coherent vectors) the limit is only a pure scalar product term.

As already remarked in Section 6) this equation cannot be deduced by
inspection from the explicit form of the limit (2.12) because, as it will be
clear a posteriori, the n—th term of the iterated series does not converge to
the n—th term of the iterated solution of the SDE. We begin our discussion
for a general polynomial interaction. First define a vector G ,(t) of the system
space by:

T/x T' /22
<u® (IJx(a:/ Sufdu), Upprv @ <I>x(:17/ Sufldu) >=:< u, G (t) >
S/z2 S’ /x?
(235)
Our goal is to find an integral equation (in weak form) for G,(¢).
Differentiating (in t) the left hand side of (15.1) we obtain
T/z T' /2?2
<u® @x(x/ Sufdu), =iz *Vy(t/2*)Uypev @ @x(x/ Suf'du) >
S/x2 S a2
(236)

where, Vj\(t) is defined in (1.15), i.e. Vy(t/z?) is a sum of terms of the form
i-y-C® Pt (237)

r =y = A in the WCL case and # = 22, y = 1 in LDL case, C = D or
DT and P(t) is a product of creators and annihilators in the test functions
Si/z2g; (for some g; € K C H;) where j runs in a finite set (g; = g in the
WCL case g; = go, g1 in the LDL case).

Now we bring C' to the left hand side of the scalar product and we let
all the creators on the left of the product P(t) act on the coherent vector

o [5)% Sufdu).
As a result, we find that (15.2) is expressed as a sum of terms of the form:

T/2?

h
Hx/ < Suf7 St/xQ.gj >
S

j=1 /x?
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T/ x>
<y-Cru® @m(x/ Sufdu), (19 QU Umv e d)  (238)
S/x?
where h is the number of creators on the left of the product P(t) and Q(t)
is a product only of annihilation operators.
Bringing 1 ® Q(t) to the right of Uy/,2 one replaces in (15.4) by a sum of
2 terms: one of the form

h T/2?
Hx/ < Suf7 St/a:2gj >

j=1 J8/x?

T/2? T' /2?2

Sufdu),x_2[1®Q(t),Ut/wz]v@)cbx(x/ Suf'du) >

< y-C+u®<I>x(x/
S’/172
(239)

S/x2
where, [+, -] denotes the commutator and another of the form

T/z?

d T' 2 h
Hx/ < Sye2y, Suf > Hx/ < Suf,Sipa2g; >< y-CTu, 2*G,(t) >

le S’/x2 ]:1 S/]}Q

(240)
Moreover, in the WCL case for each time we have either one creator or one
annihilator, therefore h = 0 in (15.5) and h = 1,d = 0 or h = 0,d = 1
in (15.6). On the other hand, in the LDL case, due to the number type
interaction, the first operator is always a creator, so h = 1 in (15.5) and
h =d=11in (15.6). This implies that both in the WCL and the LDL cases,

oyt =gt (241)

The form of the terms (15.5), (15.6) shows again the connection between the
choice of the collective vectors and the interaction. In fact in the WCL case
with linear interaction we have that

d+h=1; z=y=2A\ (242)

hance the factor A" . ¢ - A\72 is equal to 1.
In the LDL case we have that

d+h=2; x=2z2 y=1 (243)

d+h

so that again z y-z2=1.

63



In both cases therefore the expression (15.6) is equal to

d T’ /22 h T/z?
H/ < Sije2gls Suf’ > H/ < Suf, Sipzgy >< CTu, G (t) >
j=178'/2* j=17 5/
(244)
and this is easy to control since
lim < Chu, G,(t) >=< CTu, G(t) > (245)
T—
T/x?
lim du < S, f, St/sz >= X[S,T] (t) - (flG) (246)
z—0 S/:EQ
and
T’/Z’2
lim du < S22 G, Suf’ >= x1901(t) - (G| ') (247)
x—0 S’/332

for any G,G' € K
The crucial step in the deduction of the equation both in the WCL and
the LDL case is then to prove that also the expression (15.5) is a sum (maybe
infinite) of terms of the form (15.6) plus something that goes to zero as x — 0.
The basic reason why this happens is the following: expanding U, /2> and
using the iterated series, (15.5) becomes a series whose n-th term is

h T/2? T/2?
H:c/ < Suf, Si/a2g; > / <Ctu® @w(x/ Sufdu),
jzl S/CL’2 Ai?iQ S/g}Q
T’/x2
S QUL () Vet [ Sfa> @
S’/I2
(15.11)

Expandingthecommutatorin(15.11)givesrisetoasumo ftermsinwhichthecommutators

[12Q(t), V(t;)](248)appear. Each of these terms will produce some scalar
product of the form
< St/)ggh, Stjgk > (249)

so that, if 7 # 1, we always obtain a term of type II in the sense of Section
12), i.e. something that goes to zero. Thus the commutator in (15.11) is
equal to (up to something that goes uniformly to zero)

1©Q), V(t)IV(t2) - V(in) (250)
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Replacing, in (15.11), the commutator term by the expression (15.14) one
obtains, in the weak coupling limit, a multiple of < CTu,G,.(t) > plus
something which tends to zero.

In the LDL case, the situation is more difficult. In fact, since now the
interaction is of number type, the commutator in (15.14) is equal to a sca-
lar product times an annihilator. Bringing the annihilator to the right of
V(ty) -+ -V (t,) we obtain two terms with the following forms:

V(ty) -+ -V (t,) - annihilator (251)

and
[C' ® annihilator, V(tg) - - - V(,,)] (252)

In (15.15) we can apply the annihilator on the right to the coherent vector
and get a multiple of < C'- C"u, G,(t) >. But (15.16) has again the form of
(15.14). So in the iterated series of Uy /,2, for each n € N, we have to repeat
the procedure n — 1 times. This explains again why in the LDL case the
coefficients of the limiting SDE are expressed as series.
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