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Using Terwiel’s cumulants the Markovian approximation to arrive to the
Quantum Master Equation, for a system interacting with a thermal bath,
is revisited. The second order weak coupling approximation is analyzed,
then a Kossakowski-Lindblad form for the generator is written in terms of
the position and momentum operators. A weak coupling approximation for
the stochastic non-Markovian wave function is worked out. A free particle
model interacting with a thermal quantum bath is studied in the context of
Schrodinger-Langevin picture. A phenomenological point of view is intro-
duced in order to overcome certain difficulties in the time evolution — in the
second order approximation — for the free particle Hamiltonian.
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1. Introduction

In nature many quantum systems behave like open dissipative bodies when their
dynamical variables are coupled to the infinite degrees of freedom of the surround-
ing. The interaction between the open system S and its environment often leads to
dissipation, fluctuation, decoherence and irreversible processes. The description of
the dynamics of S has historically been based on the analysis of the reduced density
matrix, p, formalism, within which both the intrinsic quantum fluctuations of S
and the quantum noise, due to the environment, can be incorporated in a unified
manner. The general evolution equation for p is derived from the unitary Hamil-
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tonian dynamics of the whole corresponding universe. Then, eliminating the bath
variables, a reduced dynamics can be introduced by an effective evolution equation
of the form:

p(t) = Llp(t)]
This expression is in analogy with a classical transport dynamics, which determines
the evolution of any open system S.

In the Markovian framework Kossakoswki [1] and Lindblad [2] have established
the structure of the master equation (the semigroup generator) in order that the
dynamics of the quantum system be well behaved. In this way the semigroup is a
completely positive map and preserves trace, positivity, and hermiticity of p dur-
ing all its time evolution. A completely positive semigroup is characterized by the
generator .

Lfo] = —[H. o] + L (Ve V] + [Va,0Vi], (1.1)
h 2h
where V,, is any bounded operator of S; this generator can also be written in a
different way. Taking into account an operator basis {S,} of the N x N complex
matrices, the alternative expression is given in terms of the superoperator F[e] =
(1/2h) 3" aarSa @St a,y =1,..., N —1 and its dual® F*[e], then (1.1) is rewritten
ay

as
L{o] =~ [Har,o] + Flo] — 5 {F*[1], o)., (1.2)
where [ is the identity operator and [a,,] is positive definite (structural theorem [2]).

In general we call an expression like (1.2) a Kossakowski-Lindblad (KL) form
[3]. The map will be a completely positive semigroup if and only if the hermitian
matrix [a,.| is positive definite [1,4,5]. If the generator is written as in (1.2) with a
non-positive matrix [aq,], we say that the KL form does not satisfy the structural
theorem.

Starting from a microscopic dynamics (a system S coupled to some reservoir B)
the Quantum Master Equation (QME) has been derived in several different ways [4—
6]. One of these derivations comes from a perturbative ordered expansion, which can
be obtained by tracing-out the bath variables. If any evolution time of the system
is much greater than the correlation time of the bath, and a separable structure for
the density matrix is assumed, a Markovian dominant contribution can be found.
Hence in a second order approximation (in the coupling parameter) the QME has a
KL form, but in general, it is not completely positive [3]. For systems with discrete
levels of energy and in the weak coupling approximation, it is always possible to
introduce an average formalism that leads to a bonafide KL generator. This general
procedure is the Davies device [7]; in the context of quantum optics there is an
equivalent approach known as the Rotating Wave Approximation (RWA) [8]. The
dynamics of an open system can alternatively be understood through the use of
stochastic equations for the state vector of S. This point of view includes the (linear
and non-linear) quantum state diffusion approach [9], the wave packet reduction

3Defined by Tr(F*[A]p) = Tr(AF[p]).
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[10,11] and the quantum jump processes [12]. The Shrodinger-Langevin (SL) picture
[3,6,13] belongs to this formulation and its interest resides in giving an alternative
way to obtain the QME with a KL form. This fact has allowed us to define a
mapping between the SL and the tracing-out technique, therefore establishing a non-
Markovian dynamics for the open system S that can reproduce (in the Markovian
limit) the behaviour of the QME obtained from tracing-out the bath variables. This
kind of stochastic formalism has the additional advantage that can be applied to
very different environments, then the influence of the quantum bath can be taking
into account by using arbitrary random operators in the SL equation.

The path integral method is another formalism for eliminating the bath variables,
which starts from the total Hamiltonian of the system S plus B [14]. We note that in
general the kind of interactions and environments (infinite set harmonic oscillators)
treated by the path integral formalisms give rise to a Gaussian influence functional.
One of the pioneer work belongs to Caldeira and Leggett [15] who obtained the
QME in the high temperatures limit by using some Ohmic linear coupling between
S and B. With these assumptions Caldeira and Leggett’s QME has a kernel local in
time. Other types of coupling with the environment can also be assumed [16,17].

It is important to remark that in general a Markovian approximation does not
satisfy the structural theorem, i.e. does not generate completely positive semigroups
(this fact can lead to non-positive or to non-physical density matrices during the
early short-time evolution [6,18]). Then many different approximations have been in-
troduced to overcome this difficulty. For example in the context of the weak coupling
approximation we could introduce some restrictions to the interaction Hamiltonian,
in order to fulfil a necessary condition for the completely positivity character [3].
Recently a path integral approach at intermediate temperatures has been considered
[19], therefore obtaining a bonafide KL. Also a pure phenomenological description
can be useful to build quantum dissipative semigroups. This approach consists in
considering, ad-hoc, suitable interaction operators V,, in the generator (1.1) [20,21].
In this case the generator does not have any problem of positivity, but it is necessary
to postulate a suitable temperature dependence in V,,, so that the evolution leads to
the corresponding thermal equilibrium state of S.

In this work we are concerned with those mentioned formalisms by giving a
revision to the Markovian and weak coupling approximation; in addition we are
going to apply the SL picture to the free particle model. This paper is organized as
follows. In section 2 we present the general approach, using Terwiel’s cumulants, to
derive a perturbative QME from the total microscopic Hamiltonian. In section 3 we
are concerned with the second order approximation: first we review the results from
tracing-out; second in the context of the SL picture we give a mapping with the
trace-out technique. In section 4 we analyze the second order QME written in terms
of p, ¢ the momentum and position operators respectively. In section 5 we show some
results concerning the free particle Hamiltonian in interaction with a thermal bath;
in the same section we also give a phenomenological treatment to overcome some
difficulties in the evolution of the free particle model. In section 6 we present some
conclusions concerning our results. Some mathematical details about the Terwiel
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cumulants, the correlation functions and the completely positive condition can be
found in the appendixes.

2. Tracing-out the bath and the Markovian approximation

The tracing out technique starts from the total Hamiltonian Ht = Hs+ Hg+60H;
where the first two terms correspond to system and bath Hamiltonians and 6 Hj is
the interaction contribution being € the coupling strength. The Liouville equation
for the total density matrix pr is written in terms of the Liouvillian superoperator
L[e] = —i/h[H, e], then the evolution for the total (closed) system is

Without any interaction the system evolves with the Hamiltonian Hy = Hg + Hg.
To obtain an equation for the reduced density matrix, p = Trg(pr), we trace-out the
bath variables assuming a factorized initial condition p1(0) = p(0) ® pg, where pg
denotes the bath equilibrium statistical operator. In the interaction representation
or(t) = exp(—Lot)pr(t) where L1(t) = exp(—Lot)Lrexp(Lot), the unitary evolution

equation is
or(t) = 0L (t)or(t). (2.2)

This equation can formally be integrated
t
or(t) = Texp (9/ EI(tl)dtl) or(0), (2.3)
0

where T denotes the time ordering operator. Tracing-out the bath variables gives

o(t) = Trglor(t)] = <Texp (e /0 t EI(tl)dtl) >B o(0), (2.4)

where we have denoted (e); = Trg [epg]. Under this average expectation Li(t) be-
haves like a stochastic superoperator with zero mean (L;(¢;))g = 0, which is the
case in the most applications. The average and the time ordering commute, then we
can expand the exponent in cumulants [6]

_ Texp (/ dtl/ (La(t) Lalta))) dt2+~~~) o0).  (25)

Nevertheless in (2.5) we still have the time ordering operator telling that after ex-
panding the different terms of the exponential the individual factors inside the in-
tegrands must be ordered with the smaller times at the right. Assuming that the
correlation function of the bath has a well defined correlation time 7., an ordered
expansion in terms of Kubo’s number O(6%7,) can be performed in the argument of
the exponential (2.5) [22], see appendix A

o(t) = Texp (/Ot i@”[{n(ﬂ)dt/> a(0), (2.6)
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where
K,(t) = / dt; - -- / i dtp—1 (L1(t)Li(t1) - - - Li(tn-1))G » (2.7)

here (A(t) - - - A(t,—1))% is the ordered cumulant as defined in [6,22,23]. This ordered
cumulants have a “cluster” property telling us that the cumulant vanish whenever
two successive times fulfil |[¢; — ¢;11] > 7.. This fact allows us to write a Markovian
equation for the dynamics of the system S considering t > 7.. Going back to the
original representation the result is

p(t) = (ES + ) 0" exp(Lst) Ky (o0) eXp(—Est)> p(t). (2.8)

The well known second order Markovian approximation (weak coupling limit) reads

2 00
plO) = Lap0) = 15 [ dr Ton (B [f0(—0). 0 p(O]) + O72), (29)
where Hy(—7) is the Heisenberg evolution of Hy under the free Hamiltonian H,. This
is the Markovian approximation for any arbitrary open system & interacting with a
bath.
Now let us analyze a particular bath B and interaction H;. Here we assume that
B is composed by an infinite set of harmonic oscillators so Hg = ), hwkbzbk and
bL, b, create and annihilate bosons of frequency wy. The interaction Hamiltonian is
taken as Hy = B ® V with the bath operator B = ), vk(b}C + by) where vy, are
the coupling constants. It can be proved that the bath operator (in the Heisenberg
representation) B(t) behaves like a Gaussian stochastic process (under the average
Tr[pge|) with a non-white correlation [24]

X(—7) = <BTB(—T)>B = Z |[vg [ fexp (iwg,7)n(wi ) +exp(—iw ) (n(wi) +1)], (2.10)

here n(wy) is the phonon number at frequency wy. In this case the statistical prop-
erties of Li(t) will be characterized by Gaussian processes. Therefore the exponent
(2.5) will only involve a second order cumulant, hence it can be written in the
familiar form [14,15]

o) = Tesp[~@ /1) [t [ an (Vi) = Vo)
x (x(ts — )V (t2) — X*(t2 — tl)v,@z))]o—(m. (2.11)

Note that (2.11) is written in the interaction representation, and we have used the
notation V,[e] = Ve and V_[e] = V. We remark that this expression is exact
because of the Gaussian statistic and the linear interaction H; between S and B.
In the context of a path integral formalism the propagator (2.11) is also obtained
as the result of working with a bosonic bath and a linear coupling, therefore leading
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to a Gaussian influence functional [14,15,19]. Note that in the case of a Gaussian
statistics (for the Liouvillian £1(¢)) the second order dominant contribution (2.9) is
only an approximation. This happens because for a Gaussian statistics the normal
cumulants in (2.5) vanish for the order greater than two, but we still have to work
out the ordered cumulants in the integrand of K, (for n > 2) in (2.7). This is so
because of the non-commuting character of V() at different times.

Now let us review, in this context, the Caldeira and Leggett assumptions. They
assume Ohmic coupling |vi|*> ~ gwr when wyp < Qc, high bath temperature, and
high frequency cut-off Q¢. Then the complex correlation (2.10) becomes Yoo (—7) =
(2mg/BR)d(T) +igmd’ (7). Here S is proportional to the inverse temperature and the
function 0(7) = 1 fOQC cos(wT)dw turns out to be a Dirac-delta in the limit Q¢ — co.
In this case the correlation time vanishes and the second order approximation (2.9)
becomes exact. Taking v = gn/h and § = 1 we get for the QME [15,25]

3t) = - (Hs =500V, p(0)] = 5 V. V. pl0)] + 505 [Vi [ V], p(0), ] - (212)

This result is exact because if 7. = 0 the “cluster” property leads to the fact that any
ordered cumulant vanishes for n > 2. Equation (2.12) is a generalization of Caldeira
& Leggett’s QME [15], in that paper they only worked the case V' = ¢, being ¢ the
coordinate operator of the system S.

3. The second order approximation revisited

3.1. Tracing-out the bath variables

In this section we will review the form that the second order Markovian approx-
imation (2.9) takes. This second order QME [4-6,8,25] has the KL form (1.2); the
effective Hamiltonian H.g and fluctuation superoperator F [e] are [3]:

2

H HS — 1§_h /Oo dr TI'B ([HI, HI<—T)] p%), (31)

FI] = (§) [0 Ton (0 p(0) @ gy Eil=r) + B(-7)pl0) © 5 0. (32

Taking Hy = >V, ® B, (in terms of system operators V,, and bath operators B,)

(e}
the correlation functions of the bath read:

Xas(—7) = Trp (pfy Bl Bs(-7)). (3-3)

so equations (3.1) and (3.2) can be rewritten in the form

HGH_HS—I—Z | ar (xas=nVIVa=r) = X =V (V) (3:)

_ (%) %;/0 a7 (xas(=T)Vp(—1) @ V2 4 Xaa(=7)Va o Vi (=7)). (3.5)
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Now let us define the auxiliary correlation function
Lap(—7) = Trp (o Ba Bs(—T)) -

Then note that because Hj is hermitian, there always exists a o’ such that Vof =V
and Bl = B, 50 T'ws(—T) = Xas(—7) (thus indicating that T',s is only a change
in the notation). This fact allows us to write the effective Hamiltonian in terms of
[Fop(—7) in the form

P [ *
Hys — Hs — %%ﬁ: /O a7 (Tap(=r)VaVp(—1) = Tag (—0VI(-DV) . (36)

From equation (3.2) it is possible to see that the second order QME coming from
trace-out technique is not, in general, completely positive. In a previous work we
established some restrictions on Hy in order to arrive to a bonafide KL [3].

3.2. The Shrddinger-Langevin approach

The starting point in the Shrédinger-Langevin (SL) approach is a phenomeno-

logical equation for the stochastic wave function of the open system S

d —i 0 .

amf} = EH —ﬁ(U+1]-"(t)) W), (3.7)
where U = Uy + iUy (Ug, U; are hermitian operators) is a deterministic operator to
be found later on, and F (t) is an arbitrary mean value zero stationary stochastic
operator; here we have made evident the hA. The reduced density matrix, for the
system S, is defined as the average of the external product of the wave function
p = <|\I/><\I/|>ffT Hence performing a cumulant expansion in O(6™7™~!) where
7. is the correlation time of the random operator F (t), and considering t > 7.
the second order contribution has, once again, the KL form (1.2). The operator U
is obtained, consistently, in order to preserve the trace Tr[p] = 1 during all the
evolution of p(t)

U+ Ut = 20 = %/m ar ([(F () F (¢ — 1)) — (F O F ¢ —))] +hee).

0
(3.8)
Note that the last condition only fix the hermitian part of U. Considering (3.8) the
terms in the KL form, in the context of the SL picture, are characterized by

Heg = Hg + 0U; — i; /OOO dr ((FO)F(t—7))) = {(Frt—7)F(1)))),(3.9)

Flo) = OoodT ((F @) o Fi (t—n))) + (Ft =) o F (1)), (3.10)

Note that there is a freedom in the arbitrary selection of Uy, this fact can be used
to obtain a desired H.g. We can distinguish two possibilities: (i) hermitian U (so
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Ur = 0) then equation (3.9) shows that the effective Hamiltonian depends only on the
correlations ((F (t) F (t — 7))) and in contrast F [e] depends on ((F (t — ) F' (t)))
[3]; (ii) non-hermitian U (so U; # 0) then from (3.8) we can choose U in the particular
form

U:%/Ooodf (FIOF-0)) - (FOFE-m)). @1

Therefore the effective Hamiltonian becomes
2

Ha=Hs—igs [ ar ((FIOF@-0) = (F e-nFO)).  G12)

so for the case of a non-hermitian U, all the contributions into the KL form can
be written just in terms of <<]:T (t— T)f(t)>>. As we have pointed out in the
introduction this second order approximation, in general, and for any operator F (t),
is not completely positive. Hence some restrictions ought to be given in order to
guarantee a bonafide KL [3].

From now on we choose for the random operator F (¢) in (3.7) the particular

form
Ft) =) lt)Va (3.13)

where [, (t) are complex-value c-noises. Then from (3.10) F' [e] is formally equivalent
to (3.5) replacing xag(—7) by ((I% (t) I3 (t —7))). The SL formalism allows us to
analyze any arbitrary correlation functions that could mimic different environments.
In this way we arrive to a linear evolution equation for the stochastic wave function,
hence representing a diversity of dynamics for the open system of interest [3].

One of the situations that we want to mimic, by using the SL picture, is the
corresponding reduced dynamics obtained in the tracing-out context, equations (3.1)
and (3.2). We note that this comparison can be done only in the case when F (t)
is non-hermitian. Identifying the noise correlations with those that come from the
quantum bath a numeric equivalence is obtained with all the terms in the KL form.
The mapping for these correlations is:

(15 (8) Lg (£ = 7)) = Xap(—T7), (3.14)

and consistently chosen
((Io (t) lg (t—7))) =0, (3.15)
then F'[e] in equation (3.10) is numerically equal to equation (3.5). The problem of
positivity of the KL form in the SL picture, using the mapping (3.14), corresponds to

the positivity of the generator obtained by using the tracing-out technique. Within
this mapping we can distinguish, once again, two particular cases:

(i) In the case of a non-hermitian U and with the selection (3.11), H.¢ obtained
from (3.12) is numerically equivalent to that of (3.4) replacing ((I*(¢)l5(t—7)))
by Xag(—7). So in this case we can write a non-Markovian SL equation which
leads — in the second order approximation — to numerically equivalents F'[e]
and H.g as those obtained from tracing-out. Note that the condition (3.15) is
not necessary but it is consistent with (3.14).
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(i) In the case U = UT it is not possible to make the simultaneous mapping
({05 (8) L (t = 7)) = Xap(—7) and {{la (2) ls (¢ — 7)}) = Tas(—7). Then (3.15)
is a consistent election leading to H.g = Hg. This means that it is no possible
to obtain simultaneously, for an hermitian U, both operators F' [¢] and H.g as
the ones coming from the tracing-out. Nevertheless the Hamiltonian term H g
could always be incorporated into the dynamics of the SL, indicating that this
is not a serious drawback of the SL approach with an hermitian U [3].

Other correlations that can also be useful in describing, phenomenologically,
dissipative quantum systems are the Gaussian white noises

((la (&) 1g (t = 7))) = dapd(—T), (3.16)
then leading to
Fle] = %ZVOAVJ. (3.17)

In this case the second order contribution gives an exact result. We note that for any
operator V,, this expression guarantees the completely positive condition [1]. This
is seen by writing V,, in an operator basis {S,}, which leads to a positive definite
matrix [a,,] [see before equation (1.2)]. Now, from (3.16), we can split two different
possibilities depending on the value of ((l,, (t) Iz (t — 7))).

(i) We choose ((I, (t) g (t —7))) =0, then U = UT and Hg = Hg so the SL reads

—i 0 VARV
g0 oVa ooy
p s h;( 2 “‘“()V‘“)

This equation was used by van Kampen to obtain the standard KL generator
[6,11]; also Strunz [26] arrived to this stochastic equation from the Influence
Functional in the Path Integral context.

) (3.18)

(ii) We choose that (3.16) is fulfilled and in addition

({lac (1) 15 (t = 7))) = 0apd(=T), (3.19)

then [, (t) € R.. Now if we choose an hermitian U we get a contribution for
the effective Hamiltonian of the form
92

Heg = Hs — iﬁ (V= (vh?), (3.20)

this is a consequence of allowing F (¢) to be non-hermitian. Note that if (3.19)
is fulfilled but we adopt a non-hermitian U as in (3.11) we would have gotten
H. — H.
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4. Observable q and p in the quantum master equation

In this section we describe the general form of the KL in the second order ap-
proximation for the Hamiltonian Hg(p,q) = p*/2 + W(q), with a potential energy
Wi(q) = A¢", A > 0,n = 0,1,2. The interaction operators V, are assumed to be
a linear combination of the observables: position ¢ and momentum p. Then the
different terms in the KL form can be written in the general way:

2

Fle] = g[QDppq-quQqup-erqu-erDipw], (4.1)
62 .
Hyg = Hg— isr (he@® + hpp® + hpgpq — Woyap) | (4.2)

defining ph = Smlh,,| the effective Hamiltonian reads
Heg = Ho + 92%(1%1 +ap), (4.3)
where Hy = Hg — i6?(h,q* + h,p*)/2h. Splitting the real and imaginary parts of D

as 2D,, = Re[D;] and —Ah = Sm[D,], the whole generator L [e] can be expressed
in the form

Lfo) =~ o] = (0t ) op o) + (0 )l + g
=Tt g o) = T2 (ool — T (g, [+ o) (4)

This generator has a KL form and is the most general expression, in terms of ¢ and
p, for the potential W (¢) and with the interaction operators V,, as mentioned before.
We call D;; and A, diffusion and dissipative coefficients respectively. This kind of
QME (in terms of ¢, p) has been analyzed by Sandulescu et al. [21] when studying
the dissipation for an open harmonic oscillator. From this QME they reproduced
several results that had been reported in the literature. In that reference Hy is the
Hamiltonian of the harmonic oscillator and (4.4) is obtained, phenomenologically,
by proposing an interaction V being a linear combination of ¢ and p in the KL
generator (1.1).

In particular in the present work we want to analyze, from microscopic principles,
these coefficients for the free particle model. Even when this system should be the
simplest one we will emphasize that the quantum free particle, in interaction with a
quantum reservoir, shows some controversial results in the context of a second order
approximation. Hence we will try to solve certain aspects of this model.

The completely positive condition for the generator L[e] (4.4) is assured if the
following restriction, for the coefficients, are fulfilled (see appendix C)

Dy, >0, Dy >0, DyD,,— D2 > (Nh*/4). (4.5)

Note that there are two situations that (4.5) does not take into account. The first
is the unitary evolution, i.e. the dissipation A and diffusion coefficient D;; vanish.
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The second one corresponds to the case when only one diffusion coefficient D,,, or
D,, vanishes, while the other is positive. In this case we should have D, = A =0
in order to fulfil the completely positive condition. We have to mention that the
fulfilment of (4.5) also assures the validity of the generalized uncertainty relation
during the whole evolution of the reduced system S under L[e] [21,27,28].

In the Heisenberg representation the dual generator L*[e] is defined, for any
operator A, as Tr(AL[p]) = Tr(L*[A]p). Then the dual expression of (4.4) reads

Do) = {0y, o] ~ (04 (el + ple.al) + 53— p)lale, ) + [o.5l0)
T, g, o))~ T, [p, o)~ % (g, o)) [ [, o])) (40

with this generator the evolution for the moments of p, ¢ read

i

atqn = h[HOa qn] - 02”()‘ - :u)qn + 02”(” - 1)quqn_2>
i
o™ = S[Ho,p"] — 0°>m(X\ + p)p™ + *m(m — 1) Dyp™ 2,
. 2
1 _
oq"p" = ﬁ[Ho, ¢"p"] = 5 A+ wmlg"p" + pq"p" N
92

— 5 (A= n(@"p™ +¢" " q) + 0*n(n — 1) Dygg" "
+ 0*m(m — 1)D,,q"p™ 2 — 20*°nmD,,q" ' p™ 7,
in particular for the first and the second moments we obtain

i

Ohq = +[Hoa = 6°(A = p)g,
ow = Mo s~ O+,
0 = 3 [Ho.d?] = 20°0\— W) +26°D,,
ap? = iﬁ[Ho,pQ] —20* (X + p)p” + 26D,
Oqp = %[Ho, qp] — 0°Magp + pg) — 26> Dy . (4.7)

From these equations we can see a behaviour resembling the classical Brownian
motion, but only in the case when A\ = p [28]. In the following sections we will
analyze under which situation this condition can be fulfilled.

4.1. Coefficients of the KL in the second order approximation

In this section we give the structure of the coefficients appearing in (4.1) and
(4.2), obtained within a second order approximation by tracing out, and conse-
quently also in the SL approach. The interaction operators are assumed to be linear
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combinations of the form V, = a.p + b,q with a = 1,2 where a,, b, are complex
numbers (in units of V). Note that if the potential energy in Hg is W (q) = Aq",
(n=0,1,2), it is easy to see that the Heisenberg evolution V,(—7) are, once again,
linear combinations, i.e.: Vo(—7) = Ypa(—T)P + Y4a(—7)q, where the coefficients
v;(—7) depend on the structure of Hg. Therefore inserting this expression in (3.5)
or (3.10) the dissipative coefficients of (4.1) are

Dy = Re Zb/ drcas(— )’Vqﬁ<_7')]a

D, = Re Za(’;/ dTCa6<—T)’}/p5<—T)],
L af 0
Dy = Z/ A7 (Cap(=T)Ygp(=T)ag + chp(=T)1ps(=T)ba) . (4.8)
aff 0

here these coefficients are written in terms of the quantity c,3(—7). So the correlation
functions are cop(—7) = xap(—7) in tracing-out and c,z(—7) = ((I% (t) g (t — 7))
in the SL approach.

In the case of tracing-out (3.4), and in the SL approach when U # U' from
(3.12), the coefficients in the effective Hamiltonian can be written also in terms of
Cap(—T). Therefore we find for the coefficient of (4.2)

hq = 2i Sm [Zb / dTCaﬁ _T)/YQB(_T) 9

h, = 2iQm [Za;/ d7eag(=7)ms(=7)|
af 0 -

ph = Smlhy]

= Sm [Z / d7 (cap(—7)agVas(—7) — 635(—7)%7;5(—7))]- (4.9)

In the case of a generator coming from SL when U = UT, the effective Hamil-
tonian (3.9) is written in terms of ((l, (t) I3 (t — 7))), so the coefficients of (4.2)
are

hy = o cm[zb [T a0 ta = 0 a-n)]
h = 2wm{2aa / dr ({0t ¢ = Dl
= %m[z [ darttate) tate = r)earia(-1)

) I T>>>bzw;6<—f>} . (4.10)
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An explicit analysis of the results (4.8)—(4.10) will be given in the next section
for a particular model.

5. The free particle

In this section we investigate the effect of the fluctuations and the dissipation for
a quantum free particle in contact with an environment, which is assumed to be a
set of independent harmonic oscillators with Hamiltonian Hg (as in section 1), then

the system Hamiltonian is
1

Hg = —p*.
S 229
We are going to point out some controversial results that come from the weak
coupling approximation when it is applied to this model. In the following we will

consider the case where there is only one interaction operator
Vo=V =ap+bq, abeR, (5.1)

and the interaction Hamiltonian is, once again, Hy = ), vk(b2+bk) ®V. The Heisen-
berg evolution of V' gives 7,(—7) = a — br and v,(—7) = b. The bath correlation
function x(—7) is given in (2.10). The Fourier transform of this correlation (see
appendix B) is

h(w) = 2lg(w)n(w) + g(—w)(n(~w) + 1)], (5.2)

where g(w) = Y, |vg[?d(w), — w) is the spectral function of a phonon bath, and we
consider the Ohmic case g(w) = g w, if 0 < w < Q¢, where (¢ is some frequency
cutoff. To obtain the coefficients of (4.4) it is necessary to evaluate the integrals

/dr x(=7) = @ +1s(0), /dr x(—=7) 7 =7r(0) = r*0) +ir'(0),  (5.3)

the real quantities h(0), s(0), 7%(0), 7(0) depend on the bath structure and its tem-
perature 37! in appendix B there are general expressions for each of them in terms
of h(w). Using (5.3) in (4.9) we get for the Hamiltonian Hy [see below (4.3)]

h, = 2i[a®s(0) — abr'(0)], h, = 2ib*s(0) (5.4)
and h,, = b?r*(0) + i2abs(0). The coefficients (4.8) and u are expressed as

2D,, = b’h(0), 2D, = a®h(0) — 2abr®(0), 2D,, = abh(0) — b*r?(0),
M= —b?r1(0), ph = —b*r'(0) + 2abs(0).
The criterium (4.5) set that the completely positive condition is satisfied only if

r(0) = 0, and the condition to be a Brownian-like particle, A = p, is fulfilled when a
or b are null. From the expression h(w) we obtain in the Ohmic case (see appendix B)

h(0) = 4mwg/ph, s(0) = —gfc,
rR(0) = — % dw [g(w)eth(Bhw/2)]) Jw, r(0) = —mg.
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So it can be seen that r®(0) is well defined and it is null in the high temperature
limit.

Now, let us consider the case when the free particle is located in a 1D box of large
L; in this case there should exist an asymptotic equilibrium statistical operator p® =
exp(—pHs)/ Trlexp(—pHs)]. We now can investigate which are the conditions on
the coefficients in the QME in order that p® is the stationary state of the generator
L[p*] = 0. This gives the following restriction on some of the coefficients:

The equilibrium condition does not tell anything about the other nonequilibrium
coefficients. Hence it is worthwhile to see which models of the interaction will lead
to the fulfilment of the condition (5.5).

Now, let us analyze the behaviour of the free particle model for two particular
cases of interaction with the reservoir. The first one is when b = 0 in (5.1) then
V' = ap. With this particular interaction we get 2D,, = a?h(0), and the effective
Hamiltonian Hy = 1p*(1 + 26%s(0)a?/h) (here m™ = (1 + 26*s(0)a?/h) is a renor-
malized mass that is always well defined in the weak coupling approximation); the
other coefficients are null D,, = D,, = A = p = 0, so in this case the QME is
completely positive because A = 0. This generator could also be obtained, in a phe-
nomenological way, assuming Lindblad operators of the form V = ap in equation
(1.1), with some temperature dependent coefficient a. This kind of interaction V' o p
has also been worked in the context of path integral formalism [17]. With the help
of equation (4.7) we see that the expectation of the observables, and the variance
of ¢ at long-time is not diffusive because it depends on the initial condition p(0),
Le.: ¢ = 2D,,0%t + (q(0) +t p(0)/m)*. A similar behaviour was also found in the
quantum random walk model [29].

A second model of interaction is when @ = 0in (5.1) then V' = bq. This interaction
corresponds to the most used — linear coupling — model in the path integral formalism
[15,26]. Eliminating the bath variables we obtain

Dy =0, 2D,,=bh(0), 2D, = —b>R0), h,=2i?s(0),  (5.6)
ph = Ah=—b*r'(0) > 0

and Hy = p?/2 — 6?gQcb*q?/h. At high temperatures 2D, = —b*r®(0) — 0 so the
QME (2.12) is reobtained (with v = gm/h). A similar QME was also given in [30]
where they called the approach the “Non-rotating wave approximation” (NRW).
In that work the QME is obtained eliminating the bath variables in the Heisenberg
representation, but neglecting the additional spurious term 62gQcb?q? /b in Hy. Now
we can analyze the characteristics of the present model. The first remarkable fact is
that the diffusion coefficient Dy, vanishes but the dissipative coefficient A does not,
giving therefore — from (4.5) — a generator which is not a bonafide KL; even more
at high temperatures — in the second order approximation — the generator (2.12)
is not completely positive. Note that the problem of non-positivity in a second or-
der approximation and with an interaction V' ~ ¢ can not be solved considering
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intermediate temperatures; in order to overcome this problem other approximations
must be made [19]. What is even more problematic in the (Ohmic) second order
approximation and at high temperatures, is the additional quadratic spurious term
6?s(0)b*q?/h. This gives rise to a non-physical contribution for the effective free par-
ticle Hamiltonian (if Hg represented an harmonic oscillator the spurious term could
be considered a shift, i.e. a renormalization frequency). This is a serious drawback of
the Born-Markov approximation, for the free particle model, because this term can
not be neglected in this context. On the other hand from (5.6) © = A, so the system
behaves like a Brownian quantum particle. From the point of view of an equilibrium
state, see (5.5), if we had h, = 0 the equilibrium state p® would be the stationary
point of the generator. Note also that if we could neglect the spurious term in Hy
and in the limit of high temperatures (Dg, — 0), from equations (4.7) and (5.6) a
diffusive behaviour ¢? ~ D,,t/4\ would be obtained at long times. In the following
sections we overcome — phenomenologically — the problems of non-positivity and
spurious term in the Hamiltonian H, always preserving the character of a quantum
Brownian-like motion.

5.1. Using the Shr ddinger-Langevin approach

Now we want to analyze which stochastic state vector could reproduce the be-
haviour of a free particle in contact with a thermal bath, with interaction V' = bq.
Therefore this section is twofold: the first one is concerned with Caldeira and
Leggett’s QME at infinite temperature (2.12); in the second part we present a SL
equation which reproduces a completely positive QME for the Brownian free parti-
cle at finite temperature; therefore we will use some of the coefficients of (5.6) but
the others will be changed in order to obtain a positive KL form. In addition we
handle the problem of the extra spurious term in Hy and preserve the Brownian-like
dynamics. In order to go on with this program we are going to choose suitable cor-
relation functions in the SL picture. Our point of view has a similar purpose as in
the paper [20] where a phenomenological approach to Caldeira and Leggett’s QME
was presented. In that work Gao used a particular Lindblad operator V' (at a finite
temperature) in (1.1) in order to obtain a stochastic differential equation [10] that
reaches Caldeira and Leggett’s QME at infinite temperatures. Unfortunately Gao’s
approach gives a non-hermitian effective Hamiltonian and the dynamics of p and ¢
does not correspond to a Brownian-like motion [31].

5.1.1. The Caldeira and Leggett QME ( 3 — 0)

Let us introduce the exact stochastic state equation that represents the evolution
of the Caldeira and Leggett’s QME. To do this we go back to section 3.2 and
assume a stochastic operator F (t) = [(t)V with interaction V' = ¢ and [(t) a
complex-value Gaussian noise. Using the correlation mapping (3.14) with x o (—7)
(ie.: < I*l(—7) >= (2v/B8)d(7) + ivhd' (1) and < ll(—7) >= 0), and taking a non-
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hermitian U, from (3.11) we obtain that the SL equation has the form

G0 = [T (00| (<00 + 55 )~ 2| +uwa) | 0. )

This exact equation represents a quantum system under the evolution of (2.12) and
gives a diffusion behaviour at long times. In this form (5.7) gives the same F'[e] [once
again not fulfilling (4.5)] and Heg as in (2.12).

We note that if U were hermitian the SL dynamics, considering the same F (t)
and correlation mapping as before, would have given F'[e] with coefficients D, D,
Dy, A as in (5.6) for § — 0, but in this case Heg = Hg so p = 0. Therefore the
observables p, ¢ would have shown damping in the velocity and in the position, i.e.:
g =p— A and p = —Ap. At long times the behaviour of the second moment
of the position is subdiffusive ¢*> ~ D, /20*)* and p* ~ D, /), so giving finite
dispersion at infinite times. Hence if U = U the SL dynamics of the system is not
completely equivalent to that of tracing-out. As expected we see that the inclusion
of the effective Hamiltonian (4.3) gives a non-trivial contribution to the dissipative
dynamics. We note that, as was mentioned in section 3.2, using an hermitian U and
stochastic c—numbers [,(t) it is not possible to map the superoperator F'[e] and
consistently the effective Hamiltonian from tracing-out. This fact can only be solved
using the phenomenological Hamiltonian

Heg = p°/2 + 0°u(pq + qp) /2 (5.8)

with = A\

5.1.2. The QME at a finite temperature

Now let us work out two models in the context of the SL picture with U =
U', from which it is possible to reproduce the behaviour of a quantum Brownian
free particle at a finite temperature. In addition we fulfil the completely positive
condition on the QME and eliminate the spurious term.

Model (1): Here we take the stochastic operator F (t) = apli(t) + bqla(t) (a,b
are real parameters) with colour noises [,(t). So we have two correlation
functions to be defined ((I% (t) lg (t — 7)) = Oap Caa(—T) for a = 1,2 with
((Io (t) lg (t —7))) = 0. If ha(w) is the Fourier transform of c,o(—7), see ap-
pendix B, the coefficients of F[e] are:

2D,, = a*h1(0), 2D,, = b*hy(0), 2D, = —b*r5(0), Ah= —b*r5(0) , (5.9)

comparing with (5.6) we can choose hs(w) = h(w) from (5.2), and h;(w) in
such a way to assure the completely positive condition and also to get that
h1(0) goes to zero for 5 — 0. Hence using (4.5) the following inequality must
be satisfied

a?h1(0)ha(0) = b%(1r5(0))% (5.10)
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In order to have a Brownian-like dynamics we have to introduce the phe-
nomenological effective Hamiltonian (5.8). With the correlations previously
introduced we now have a colour linear stochastic dynamics that reproduces
the non-Markovian behaviour for a free particle in a reservoir.

Model (2): In this case we propose F (t) = > lo(t)Va, with Vo, = aap + bag,
a = 1,2,- - - and assume white noise correlations as defined in (3.16) and
(3.19). Then we obtain from (3.17) and (3.20) the coefficients

2Dy, = Za |ba|2> 2Dy = Za |aa|2, 2Dy, = Za Re(baay,),
hy =1>.,Sm(bs?), hy,=1>,Sm(a,?),
A= —=>" Sm(byay), ph=>, Sm(b,a,). (5.11)

Now we can play around with these coefficients in order to fulfil all the re-
quirements mentioned before. In order to have a proper free particle Hamiltonian
Hy = p?/2, i.e.: with h, = 0, we can choose b, € R.; now to get u = \ we choose
Sm(a,) # 0. In this case the completely positive condition is fulfilled for any b, a,
(as we saw in section 3.2). The simplest case corresponds to « = 1, then comparing
(5.11) with the coefficients from (5.6), and using (4.5) we obtain for the parameters:

[ e
h— T Ing ) +img).

We remark that in this case we get a completely positive KLi form, which in addition
in the high temperature limit 3 — 0 represents — in the second order approximation—
the situation of (2.12). Then our SL equation, with white noise correlations, also
provides a good tool to reproduce the behaviour of a free particle in a reservoir at
a finite temperature.

6. Discussion

In this work we review the Markovian approximation for the evolution of an
open quantum system in contact with a thermal bath. We analyze the quantum
master equation by using Terwiel’s cumulants and the projector operator technique.
Taking into account an infinite set of harmonic oscillators (the bath), we have com-
pared our solution with the propagator of the reduced density matrix obtained
from the path integral approach. We have revisited in a second order approxima-
tion the Kossakowski-Lindblad form for the generator. We have also presented —
in a phenomenological approach — the quantum master equation obtained from the
Schrodinger-Langevin picture; this was written in terms of a dissipative operator U
and some stochastic operator F(t). For the case when U is non-hermitian we have
been able to present a non-Markovian wave function whose Kossakowski-Lindblad
form completely matches the H.g and F'[e] as obtained from tracing-out in a sec-
ond order approximation. This procedure is a helpful tool since the state vector is
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simpler to handle than the density matrix. The second order weak coupling ap-
proximation — for these two formalisms — is applied to systems with potentials
Wi(q) = Aq¢",n = 0,1,2 and when the interacting operators V, are linear com-
bination of the momentum p and position q.

The Kossakowski-Lindblad form for a free particle interacting with a thermal
environment has been analyzed. Eliminating the bath variables a Brownian-like be-
haviour is obtained although the generator does not satisfy the “structural theorem”,
when V' = ¢. Therefore in the context of the Schrodinger-Langevin picture, we
present a phenomenological treatment in order to produce the Brownian dynamics
and to obtain a bonafide KL. The stochastic wave function for the free particle has
been introduced in section 5.1. In section 5.1.1 we show the Schrodinger-Langevin
picture that exactly represents the dynamics given by the Caldeira and Leggett
quantum master equation. We also noted the role of the effective Hamiltonian, which
leads to an important contribution to the dissipative behaviour. In section 5.1.2 we
consider two models of dynamics. In model (1) we show a non-Markovian state
vector, for the free particle, which matches (in a second order approximation) the
behaviour given by the Kossakowski-Lindblad generator. In this case the correct
free particle Hamiltonian is obtained by adding the phenomenological term (5.8).
In model (2) the dynamics is controlled by white noises, then by selecting suitable
parameters a Brownian-like behaviour is obtained. In this case the spurious term is
automatically eliminated and the generator is always a bonafide KL. In both models
the thermal wave function is given at a finite temperature, so this approach is useful
to analyze the individual realizations of the dissipative system.

The authors thank fruitful discussions with A.A. Budini. AKC thanks a fellow-
ship from CONICET; MOC thanks grant CONICET PIP N:4948.

A. Terwiel and ordered cumulants

In this section we briefly review the theory of the Terwiel cumulants [22] in order
to obtain the Markovian equation (2.8). Using the definitions of the section 1, we
start in the interaction representation:

d’T = Hﬁl(t)O'T,
and define the projector operator that eliminates the bath variables [6,25]
Ple] = pp Trg[e],

the reduced density matrix is obtained as Por = pp ® og, projecting at any time
the total density matrix into the tensorial product of the equilibrium distribution
of the bath times the reduced density matrix of S. Then it is possible to write the
evolution equations for Por and (1 — P)or as
d(Po
% = OPLi(t)(1 - P)or, (A1)
d((1 —=P)or)

iy = 0Li(t)Por + 0(1 — P)Li(t)(1 — P)or. (A.2)
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Equation (A.2) can formally be solved and its solution be substituted in (A.1) yield-
ing an exact integro differential equation for og

t ¢
0g = «92/ k(t|t") og(t')dt" = 92/ (L1(t)T(t]t)L1(t))p os(t)dt, (A.3)
0 0
where T'(t|t') itself satisfies the Green equation
T(lt) =01 —P)LOT ) (=t

with initial condition T'(t|t) = 1. Hence (A.3) is the starting point to perform a
Markovian approximation. First it is possible to express k(t|t') = > 7, k,(t[t')
where ky(t1]t) = (L1(t1)L1(t2))p and the general n'® order term is given by

k(t1]t) = 072 / " ity / " dby 1 (Lo(t1)(1 = P)La(ta) - -Liltn1)(1 = P)Lilt))s

for n = 3,4,5... The term in brackets, inside the integrals, is known as Terwiel’s
cumulant and it can be shown that it vanishes when two successive times fulfil |t; —
tit1| > 7. where 7. is the correlation time of the bath, so the n™ order contribution
to k(t|t'), in (A.3), is of the order 0(67.)" ! therefore leading to a well ordered
expansion. Equation (A.3) is exact and it still has a non-Markovian behaviour. In
order to find a closed Markovian equation, like in (2.8), it is necessary to take into
account the “memory terms”. Then the final expression is

O"S = Z HnKn Js(t).
n=2

Note that we have used (L£i(t))p = 0 which is the case in most applications and
K, (t) is given by (2.7) which is written in terms of the ordered cumulants
(Ly(t)Li(ty) - - - L1(tn-1))p as defined by Terwiel [22], Fox[23] and van Kampen
[6]. Then the K, contribution is also of the order 0(67.)""! and when t > 7. it
can be written in the form K, = K,(c0). In this way we obtain the Markovian

approximation for the evolution of the reduced system, but not precisely a bonafide
KL.

B. Handling the correlation functions
Here we show how to calculate the coefficients (5.3) in terms of the Fourier
transform of the correlation function. Let us use the fact that

oo o0

/ exp(iwTt) dT = 71D (w)+iP(w), /7‘ exp(iwT) dr = —irD'(w)+ P'(w), (B.1)

69



A.K.Chattah, M.O.Céaceres

where D(w) and P(w) are distributions acting in the following way

ff w) dw = f(0), ff w) dw = —f'(0),
wa)P(w)dw:ng@dw, T 16 Py aw=vp 18

VP in front of the integrals mean Cauchy principal values. The Fourier transform
of ¢(—7) is

(e 9] o0

h(w) = /c(—T) exp(—iwT) dr, e(—71) = % / h(w) exp(iwT) dw, (B.2)

h(w) € R is a real function because of the stationary property of the quantum
correlation functions ¢(—7) = ¢*(7). Now the following half-Fourier transforms are
frequently used in the definitions of QME’s coefficients

/c —7) exp(—iwt) dr = @j%s(w), (B.3)
/TC —7) exp(—iwr) d7 = 7(w) = r(w) +ir'(w) (B.4)

with s(w), r®(w), 7' (w) € Re. We can find expressions for these real and imaginary
parts of the half-Fourier transform in terms of h(w); inserting (B.2) in (B.3) and
using relations (B.1) we can write the Kramers-Kronig like relation

s(w) = %WD/OO LICORSW ’:%’H[h(w')]

w —w

w'=w

where H[e] is the Hilbert transform. The real and imaginary part of r(w) are found
inserting (B.2) in (B.4) and again using some of the relations (B.1)

1 < B (W) 1
R - d I h/ ! )
If ¢(—7) are real functions the stationary condition implies ¢(—7) = ¢(7), leading not
only to a real but also to an even Fourier transform h(w) = h(—w) € R.. Because

of this, the imaginary parts of the half-Fourier transform takes, at zero frequency,
the value s(0) = r'(0) = 0 [13].

C. The completely positive condition

In this appendix we show how the inequalities (4.5) can be derived. These condi-
tions on the coefficients of the KL form assure the validity of the structural theorem.
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Following the lines of [21], let us propose phenomenological operators V; = a;p + b;q
—with ¢ = 1,2 and a, b complex numbers — in the KL generator (1.1). Therefore the
dissipative superoperator takes the form

2

2
Fe] :ZViij = Z [|ai\2pop—i— bi|>q ® ¢ + alb; qop—i—b;‘aipoq]. (C.1)
i=1

i=1

The coefficients fulfil ) ,
Z|ai‘2 >0, ZV%‘Z >0
i=1 i=1

and using the Shwartz inequality we get

2 2 2 2 2 2 2
Za;kbl- = <§Re [Z a;b; ) + (%m [Z a;kbi]> < Z |ai\22 |bi|*.
i=1 i=1 i=1 '

i=1 i=1
Identifying 77, |a;|* = 2Dyq, Sor, |bil?> = 2D, S22, atb; = 2D,, — iAh the above
inequalities lead to the restrictions (4.5) as stated by [21]. This condition can also
be obtained if we consider the operator basis {q,p} and write the matrix [a,;] —
defined in the introduction — corresponding to (C.1) in that basis. Then condition
(4.5) appears if we ask to the matrix [a;;] to be positively definite.
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KsaHTOBa gucunauia ta peHomMeHoNnoriyHi nigxoan
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ATOMHUI LeHTp Bapinoye,
AB. E. bycTinbinio Km 9.5, CP 8400, bapinoye, ApreHtnHa

AtomHuIn ueHTp Bapinoye i IHcTuTYT Bapceipo,
KHEA i HaujonanbHuin YHiBepcuteT Kyiio,
AB. E. bycTinbinio Km 9.5, CP 8400, bapinoye, ApreHtnHa

OTtpumaHo 22 yepsHsa 1999 p.

[MepeBipaeTbCca NPUAATHICTb BUKOPUCTAHHSA TepBIieNOBMX KYMYNSHTIB Y
MapKOBCbKOMY HabBNMXKEHHI ONS OTPMMAaHHS KBAHTOBOrO “QyHAaMeH-
TaSIbHOrO KIHETUYHOIO PIBHAHHA” NS CUCTEMU, LLO B3AEMOLIE 3 Tep-
MiYHUM cepenoBuLLeM. MNpoaHanisoBaHo apyre HabnMxXeHHs 3a cnab-
KOIO KOHCTaHTO B3aemogii Ta noaaetbca popma KocakoBcbkoro—Jlina-
6naga ons reHepaTopiB y TEpPMiHax onepaTopiB KOOPAUHAT Ta iMMYSbCIB.
OnpaupoBaHO Apyre HabNMXeHHs 3a CabKol KOHCTAHTOI B3aeEMOf;i
A1 CTOXaCTUYHOT HEMAPKOBCbLKOI XBUIbOBOT YHKLUiT. JOCniaKyeTbes
MOZENb BiNlbHMX YACTMHOK, WO B3aEMOLiOTb i3 KBAHTOBUM TEPMIYHUM
cepenoBuLLeM, y pamkax kaptuHm WpegpiHrepa—JlanxeseHa. [ng Toro,
o6 06iNTM NEeBHi TPYAHOLLi B HaCcOBIi eBOMOLji A5 BifIbHOYACTMHKOBO-
ro ramMinbTOHIaHa y ApYyromMy HabNIMXKeHHi, BBOAUTLCS GEHOMEHONOoriYHaA
TO4YKa 30py.

Knio4oBi cnoBa: BiakpuTi KBAHTOBI CUCTEMU, KBAHTOBE
QyHAaMeHTasIbHE KIHETUYHE PIBHSIHHSI, CTOXaCTUYHE PIBHSIHHSI
UlpeniHrepa
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