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Abstract

The effects of decoherence for quantum system coupled with a bosonic field are investi-
gated. An application of the stochastic golden rule shows that in the stochastic limit the
dynamics of such a system is described by a quantum stochastic differential equation.

The corresponding master equation describes convergence of a system to equilibrium.
In particular it predicts exponential damping for off-diagonal matrix elements of the sys-
tem density matrix, moreover these elements for a generic system will decay at least as
exp(—tN %), where N is a number of particles in the system.

As an application of the described technique a derivation from first principles (i.e. starting
from a Hamiltonian description) of a quantum extension of the Glauber dynamics for systems
of spins is given.

1 Introduction

In the present paper we investigate a general model of quantum system interacting with a bosonic
reservoir via an Hamiltonian of the form

H = Hy+ \H;

where Hj is called the free Hamiltonian and H; the interaction Hamiltonian.

The stochastic golden rules, which arise in the stochastic limit of quantum theory as natural
generalizations of Fermi golden rule [[], [], provide a natural tool to associate a stochastic flow,
driven by a white noise equation (stochastic Schréodinger) equation, to any discrete system inter-
acting with a quantum field. This white noise Hamiltonian equation which, when put in normal
order becomes equivalent to a quantum stochastic differential equation. The Langevin (stochas-
tic Heisenberg) and master equations are deduced from this white noise equation by means of
standard procedures which are described in [Il.

We use these equations to investigate the decoherence in quantum systems.

In the work [B], extending previous results obtained with perturbative techniques by [g], it was
shown on the example of the spin—boson Hamiltonian that the decoherence in quantum systems
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can be controlled by the following constants (cf. section 2 for the definition of the quantities
involved)

Re (glg)t = [ dklg(k) 22m6(w(k) — w)N(k),

For the simplest case of the equalibrium state of the reservoir with the temperature 8~! = kT this

constant will be equal to 2L (actually this is true for large temperatures and for the dispersion

function w(k) — [K).

In this paper we extend the approach of [B] from 2-level systems to arbitrary quantum systems
with discrete spectrum. Our resuts show that the stocastic limit technique gives us an effective
method to control quantum decoherence.

We find that, under the above mentioned interaction, all the off-diagonal matrix elements, of
the density matrix of a generic discrete quantum system, will decay exponentially if Re (g|g) are
nonzero. In other words we obtain the asymptotic diagonalization of the density matrix.

Moreover, we show that for generic quantum system the off-diagonal elements of the density
matrix decay exponentially as exp(—NRe (g|g)t), with the exponent proportional to the number
N of particles in the system. Therefore for generic macroscopic (large V) systems the quantum
state will collapse into the classical state very quickly. This effect was built in by hands in several
phenomenological models of the quantum measurement process. In the stochastic limit approach
it is deduced from the Hamiltonian model.

This observation contributes to the clarification of one of the old problems of quantum theory:
Why macroscopic systems usually behave classically? i.e. why do we observe classical states
although the evolution of the system is a unitary operator described by the Shrodinger equation?

Moreover, this result allows to distinguish between macroscopic systems (that behave classi-
cally) and microscopic systems (where quantum effects are important). Quantum effects (or ef-
fects of quantum interference) are connected with the off-diagonal elements of the density matrix.
Therefore the following notion is natural: the macroscopic system is a system where off-diagonal
elements of the density matrix decay quickly (faster than the minimal time of observation). Us-
ing that off-diagonal elements decay as exp(—NRe (g|g)t), we get the following definition of the
macroscopic system: NRe (g|g) >> 1.

The quantum Markov semigroup we obtain lives invariant the algebra of the spectral pro-
jections of the system Hamiltonian and the associated master equation, when restricted to the
diagonal part of the density matrix, takes the form of a standard classical kinetic equation, describ-
ing the convergence to equilibrium (Gibbs state) of the system, coupled with the given reservoir
(quantum field).

Summing up: the convergence to equilibrium is a result of quantum decoherence.

If we can control the interaction so that some of the constants Re (g|g) are zero, then the
corresponding matrix elements will not decay in the stochastic approximation, i.e. in a time scale
which is extremely long with respect to the slow clock of the discrete system. In this sense the
stochastic limit approach provides a method for controlling quantum coherence.

The general idea of the stochastic limit (see [[) is to make the time rescaling ¢ — t/A\? in
the solution of the Schrodinger (or Heisenberg) equation in interaction picture U™ = eitHoe=itH
associated to the Hamiltonian H, i.e.

0 .
o Ut = =i (U



with Hj(t) = o [e=Ho This gives the rescaled equation

0 A 1 A
o7 Ui = =y Hit/ XU (1)
and one wants to study the limits, in a topology to be specified,
. .1 t
lim U = Ur: Jim 5 (55 ) = @)

The limit A — 0 after the rescaling t — #/)\? is equivalent to the simultaneous limit A — 0, t — oo
under the condition that A*t tends to a constant (interpreted as a new slow time scale). This
limit captures the dominating contributions to the dynamics, in a regime of long times and small
coupling, arising from the cumulative effects, on a large time scale, of small interactions (A — 0).
The physical idea is that, looked from the slow time scale of the atom, the field looks like a very
chaotic object: a quantum white noise, i.e. a d—correlated (in time) quantum field b*(¢, k), b(t, k)
also called a master field.

The structure of the present paper is as follows.

In section 2 we introduce the model and consider its stochastic limit.

In section 3 we derive the Langevin equation.

In section 4 we derive the master equation for the density matrix and show that for non—zero
decoherence the master equation describes the collapse of the density matrix to the classical Gibbs
distribution and discuss the connection of this fact with the procedure of quantum measurement.

In section 5, using the characterization of quantum decoherence obtained in section 4 and
generalizing arguments of [J], we find that our general model exhibits macroscopic quantum effects
(in particular, conservation of quantum coherence). These effects are controllable by the state of
the reservoir (that can be controlled by filtering).

In section 6 we apply our general scheme to the model of a quantum system of spins interacting
with bosonic field and derive a quantum extension of the Glauber dynamics.

Thus our stochastic limit approach provides a microscopic interpretation, in terms of funda-
mental Hamiltonian models, to the dynamics of quantum spin systems. Moreover we deduce the
full stochastic equation and not only the master equation. This is new even in the case of classical
spin systems.

2 The model and it’s stochastic limit

In the present paper we consider a general model, describing the interaction of a system S with
a reservoir, represented by a bosonic quantum field. Particular cases of this general model were
investigated in [, [, [A]. The total Hamiltonian is

H=Hy+ \H;=Hg+ Hr + \H;
where Hp is the free Hamiltonian of a bosonic reservoir R:
Hp = / w(k)a*(k)a(k)dk

acting in the representation space F corresponding to the state (-) of bosonic reservoir generated
by the density matrix N that we take in the algebra of spectral projections of the reservoir



Hamiltonian. The reference state (-) of the field is a mean zero gauge invariant Gaussian state,
characterized by the second order correlation function equal to

(a(k)a™ (k")) = (N (k) + 1)o(k — k')
(a*(k)a(k")) = N(k)o(k — k')

where the function N (k) describes the density of bosons with frequency k. One of the examples
is the (gaussian) bosonic equilibrium state at temperature 371.
The system Hamiltonian has the following spectral decomposition

HS = Zgrper

where the index r labels the spectral projections of Hg. For example, for a non—degenerate
eigenvalue ¢, of Hg the corresponding spectral projection is

Par- = |5r><57’|

where |g,) is the corresponding eigenvector.
The interaction Hamiltonian H; (acting in Hg ® F) has the form

HI:Z(D*®A(9])+D ®A*(gj /dkg
J

where A(g) is a smeared quantum field with cutoff function (form factor) g(k). To perform the
construction of the stochastic limit one needs to calculate the free evolution of the interaction
Hamiltonian: Hj(t) = ¢Ho He~itHo,

Using the identity

1=> P,

we write the interaction Hamiltonian in the form

H =Y.S P.D:P. /dkg] k) + h.c. (3)

7 rr!

Let us introduce the set of energy differences (Bohr frequencies)
F={w=¢—¢v:¢e,,6. € Spec Hg}
and the set of all energies of the form
F,={e,:3e (e, € Spec Hg) such that e, — e, = w}

With these notations we rewrite the interaction Hamiltonian (§) in the form

Hi=Y Y 3 P.DP. . [ dkg,(k)a(k) + hc. =

j weF er€F,

=YX (D)) [ dig,(K)a(k) + hec (4)

Jj weF



where
E.(X):= Z P, _ XPF., (5)

er€F,

It is easy to see that the free volution of E,(X) is
s B (X)e s = 7 (X))
Using the formula for the free evolution of bosonic fields
erq(k)e HR = e_it“(k)a(k)

we get for the free evolution of the interaction Hamiltonian:

—Y Y B ( / dkg, (k)e "0 q k) + h.c. (6)

J weF

In the stochastic limit the field H;(t) gives rise to a family of quantum white noises, or master
fields. To investigate these noises, let us suppose the following:

1) w(k) >0, Vk;

2) The d — 1-dimensional Lebesgue measure of the surface {k : w(k) = 0} is equal to zero (so
that d(w(k)) = 0) (for example w(k) = k? +m with m > 0).

Now let us investigate the limit of H;(¢/A\?) using one of the basic formulae of the stochastic
limit: ] ”

lim 5 exp (5 £()) = 2m0(0)3(f (k) (™)
which shows that the term d(f(k)) in ([]) is not identically equal to zero only if f(k) = 0 for some
k in a set of nonzero d — 1-dimensional Lebesgue measure. This explains condition (2) above.

The rescaled interaction Hamiltonian is expressed in terms of the rescaled creation and anni-
hilation operators
_ L i ww-w
ar(t, k) = 1€ e a(k), werF
After the stochastic limit every rescaled annihilation operator corresponding to any transition
from e,/ to €, with the frequency w = €, — £,» generates one non—trivial quantum white noise

1
bo(t, k) = lim ay o (t, k) = lim e ™52 @k =) o (k)

—

with the relations
[bw (tv k)v b:; (tlv k/>] = }\ir%[a%w(tv k)v ai,w (t/v k/>] =

= lim Ai TISF @) 51 k) = 276 (t — #)8(w (k) — w)S(k — k) (8)

(b, (t, k), b5, (' k') =0
(cf. [). This shows, in particular that quantum white noises, corresponding to different Bohr

frequencies, are mutually independent.
The stochastic limit of the interaction Hamiltonian is therefore equal to

- Y B (D /dkgj (k) + hec. 9)

Jj weF



The state of the master field (white noise) b, (¢, k), corresponding to our choice of the initial
state of the field, is the mean zero gauge invariant Gaussian state with correlations:

(W (t, k)b (', K)) = 206 (t — ¢)5(w(k) — w)d(k — K YN (k)
(b (t, k)OS (2, k') = 2r8(t — )8 (w(k) — w)o(k — K)(N (k) + 1)

and vanishes for noises corresponding to different Bohr frequences.
Now let us investigate the evolution equation in interaction picture for our model. According
to the general scheme of the stochastic limit, we get the (singular) white noise equation

d

+ U = —ih(t)U, (10)

whose normally ordered form is the quantum stochastic differential equation [f]
dU; = (—idH (t) — Gdt)U; (11)
where h(t) is the white noise Hamiltonian (P]) given by the stochastic limit of the interaction

Hamiltonian and
=33 (BL (D)) dBju(t) + B, (D) dB, (1)) (12)

J weF

0= [ g,k [ T b B)dr (13)

According to the stochastic golden rule ([[]) the limit dynamical equation is obtained as follows:
the first term in ([[J)) is just the limit of the iterated series solution for ([)

t+dt .
Y / ( ) dr

The second term Gdt, called the drift, is equal to the limit of the expectation value in the reservoir
state of the second term in the iterated series solution for ([I])

1 ptdt t
lim <5 / dty |, dt2(H; (/\2) Hi (A2)>

Making in this formula the change of variables 7 = t, — t; we get

1 ptdt 0 -
}E)%ﬁ/ dtl/t_tl dT(H[()\z) H,(A2 i A2)> (14)

Computing the expectation value and using the fact that the limits of oscillating factors of the

ictq

form lim e »® vanish unless the constant c is equal to zero, we see that we can have non—zero limit

—0

only when all oscillating factors of a kind o5 (with ¢;) in ([4) cancel. In conclusion we get

G=X5 [ ar( [ aailigs k)OI (NE) + 1) B (D) B, (D) +

ij weF

+ [ dgi (g e "IN (k) E. (D) E2 (D))

6



and therefore, from the formula

0, —1 1
itw _ — A —
/_OO e dt = i mo(w) — i P.P. - (15)

we get the following expression for the drift G:

%:;(/dkgl %Ew (D)) E, (D;) +
+ [ kg (ki >%@+OE (D) E; (D)) =
=33 ((9ilg))Z B2 (Di) B (D;) + (gilg;)., B (D) ES (D)) (16)

ij weF

Let us note that for (Id) we have the following Cheshire Cat effect found in [{]: even if the
frequency w is negative and therefore does not generate a quantum white noise the corresponding
values (g|g)= in ([[d) will be non—zero. In other terms: negative Bohr frequencies contribute to an
energy shift in the system, but not to its damping.

Remark If F'is any subset of Spec Hg and X, are arbitrary bounded operators on Hg then
for any t € R . ' '
eths Z PeTXrPsT — Z eztsr PeTXrPsT — Z PeTXrPsT 6ths

er€F er€F er€F

In other words: . cp P., X, P., belongs to the commutant L>® (Hg) of the abelian algebra
L*> (Hg), generated by the spectral projections of Hg.

A corollary of this remark is that, for each w € F, for any bounded operator X € L™ (Hg)'
and for each pair of indices (i, j) the operators

B (Dy) XEL(Dy),  E(Di) XE, (D;) (17)

belong to the commutant L™ (Hg) of L>® (Hg). In particular, if Hg has non-degenerate spectrum
so that L™ (Hg) is a maximal abelian subalgebra of B (Hg), the operators ([[7) also belong to
L™ (Hg).

3 The Langevin equation

Now we will find the Langevin equation, which is the limit of the Heisenberg evolution, in inter-
action representation. Let X be an observable. The Langevin equation is the equation satisfied
by the stochastic flow j;, defined by:

Ji(X) = U XU,
where U, satisfies equation ([[I) in the previous section, i.e.

dU, = (—idH (t) — Gdt)U, (18)



To derive the Langevin equation we consider
dji(X) = jrrar(X) — 31(X) = dU; XU, + U X dU, + dU; X dU, (19)
The only nonvanishing products in the quantum stochastic differentials are
By, (t)dB,(t) = 2Re (gilg;)odt,  dBj,()dBju(t) = 2Re (g;]g;) S dt (20)
Combining the terms in ([[9) and using (I§), ([3), (I6) and (B0) we get the Langevin equation

Gp(X) =D ji 0 0o (X)dM*(t) = D> j1 0 0nju(X)dM™(t) + ji 0 Op(X)dt (21)

n=—1,1;jw
where
AMT(1) = dB (1), 0-1,u(X) = —ilX, S (D)) (22)
AMY2 () = dBL(),  0,.(X) = ~i[X. B, (D)) 23)
and

X) =5 % (=i m (ulgp 51X B (D) B (D)) 1 Tin (4lgy) X, B (Do) B (D) +

+2Re (gilg;)o (E (D;) XE,, (D;) — {X E;, (D)Ew(Dj)}>+

+2Re (glg) (B (D) X (D)) — 51X, B (D) B (D))} ) (24)

is a quantum Markovian generator. The structure map 6y(X) has the standard form of the
generator of a master equation [

Bo(X) = B(X) — %{@(1),){} +ilH, X]

where VU is a completely positive map and H is selfadjoint. In our case ¥(.X) is a linear combination
of terms of the type
Ej (D;) XE, (D;)

Remark A corollary of the remark at the end of section 2 is that the Markovian generator 6,
maps L>(Hg)' into itself. Moreover, if X in (£4) belongs to the L>°(Hyg) then the Hamiltonian part
of (X ) vanishes and only the dissipative part remains. In particular, if Hg has non—degenerate
spectrum then 0y(X) maps L>°(Hg) and has the form

X) = 3 % (2Re (gilgy ) (B (D) X (Dy) = XES (Di) B (D) +

ij weF

+2Re (gilg)} (Eu (D) XEZ (D) = XE, (D) E (D))

for any X € L*(Hg).
The structure maps 6, in (B satisfy the following stochastic Leibnitz rule, see the paper [§].

8



Theorem. For any pair of operators in the system algebra X, Y, the structure maps in the
Langevin equation (1)) satisfy the equation

0a(XY) = 0o(X)Y + X0,(Y)+ > c205(X)0,(Y)
By

where the structure constants ¢ is given by the Ito table

dMP(t)dM(t) Z AV dMA(t)

The conjugation rules of dM*(t) and 6, are connected in such a way that formula (21) defines a
x—flow (x 0 jy = j; 0 %).

3.1 Evolution for the density matrix

Let us now investigate the master equation for the density matrix p.

We will show that if the reservoir is in the equilibrium state at temperature 37! then for the
generic system with decoherence the solution of the master equation p(t) with ¢ — oo tends to
the classical Gibbs state with the same temperature 3~'. This phenomenon realizes the quantum
measurement procedure — the quantum state (density matrix) collapses into the classical state.

To show this we use the control of quantum decoherence that was found in the stochastic
approximation of quantum theory, see [f] and discussion below.

Let us consider the evolution of the state (positive normed linear functional on system ob-
servables) given by the density matrix p, p(X) = tr pX. The evolution of the state is defined as
follows

pe=7Ji(p) =poji

Therefore from (21]) we get the evolution equation
dpy(X) = po djy(X —pOZJt09 )dMe(t Zpt X)aMe(t))

Only the stochastic differential dt in this formula will survive and we get the master equation

d

Zou(X) = pro Bo(X) = 65(pr) (X) (25)

Let us consider the density matrix p = ps ® pg,

ﬁS,t = Zp(,u> v, t)|:u><l/|

2214

where |pu), |v) are eigenvectors of the system Hamiltonian Hg.
Using the form (B4) of 6y and the identities

tr Y[X, Al = —tr [Y, A|X

Yy <AXB - %{X, AB}) — tr (BYA - %{Y, AB}> X



the master equation (P7) will take the form

d
Zdt plp, v, )| )] = Zpu,vt

ZZ(Z T (gilg;)5 1) v], B (Di) B (D)) =i Im (gilg;) (1) (], B (Dy) EZ (D)) +

+2Re (glgs ) (B (D3) w15 (D) — S{lm) o], B2 (D) B (D)) +
¥2Re (gl (B (D) 10} 1B (D2) = S (il B (D) B2 (D)} ) ) =

=5 0) 3 50 (3 (il (1) W) D1 e Dy P = o) P2 D7 Py Dl o)

ij weF

+2Re (9195 (X (€0 (60) Popm D1 1) (01D} Py

1 * *
5 (1B VXl D Pry D3Py + X5 Py D Py Dl 01) ) =
—7 Im (gz|gg) (|N> (V[X—w(ew + W)DipeuﬂuD;Psu - X—W(Eu + W)P D;P. u+wD ) <V‘)

+2Re (gi‘gj): (X—W(‘Su + w)X—w(gv + W)Peu—l—wDﬂ/i) <V‘DiP5V+W_

1

5 (D Wh-les + 0 DPo D} Py Xoale+ @) P, DiPsu D) ) ) (20)

where x,(¢,) = 1if ¢, € F, and equals to 0 otherwise.

4 Dynamics for generic systems

Let us investigate the behavior of a system with dynamics defined by (B6). This dynamics will
depend on the Hamiltonian of the system.
We will call the Hamiltonian Hg generic, if:

1) The spectrum Spec Hg of the Hamiltonian is non degenerate.
2) For any Bohr frequency w there exists a unique pair of energy levels ¢, ¢’ € Spec Hg such
that:

w=¢g—¢

We investigate () for generic Hamiltonian. We also consider the case of one test function
gi(k) = g(k), although this is not important. In this case

Eu(X) =10")(o'|X|o) (o] = [0"}(o](0"| X]o)

where w = ¢, — €,,. The Markovian generator §; in (BG) takes the form

= S l1Dlo) (i s gl X, o)+

10



+2Re glg) (1000 (01 X]o) = SLX, oo} ) -

~i T (glg) 31X 1) (0[] + 2Re glo)f () ol (o1 XIo) = S, ') 2)
We use here the notion
(9190 = (919)—<.

Notice that the factors Re (g|g)%,, are > 0 only for &, > £, and vanish for the opposite case.
It is easy to see that the terms in (R7) of the form

o) (o (o’ X]0")

for off-diagonal elements of the density matrix X = |u)(r| are equal to zero. We will show that
in such case the equation (Bf) will predict fast damping of the states of the kind |u){v|.

In the non—generic case one can expect the fast damping of the state |u)(r| with different
energies €, and €,.

With the given assumptions the action of 6§ on the off-diagonal matrix unit |p)(v|, €, # €, is
equal to A, |u)(v| where the number A, is given by the following

A = Z(ilm (919) 5o l(e| DI * = iTm (g]9),., [ (o | DIw)[* — ilm (g]g)g,.|(ul D]o) [+

g

+ilm (gl9), |(v| Do) |* — Re (g]9) .| (o[ D] )

—Re (919),, /(7| D[v)[* = Re (gl9) 5, (1 D]o)[* — Re(g\g)iy|<V\D\0>\2> (28)

The map 6; multiplies off-diagonal matrix elements of the density matrix pg by a number A, .
Let us note that
ReA,, <0

Moreover, for generic Hamiltonian the map 6 mixes diagonal elements of the density matrix
but does not mix diagonal and off-diagonal elements (the action of 65 on diagonal element is equal
to the linear combination of diagonal elements).

The equation (B6) for the generic case takes the form

d
Zdt Pl v, )|y (| = D A p(p, v, t) ) (v|+
w#EV

+31o) o—\z( o',t) (2Re (glg)5,l{o|DIo") + 2Re (glg)7, (0’| DIo) ) -

—p(o,t) (2Re (g]9) 3, |(o|D]0")|* + 2Re <g|g>;af|<o—'|D|a>|2)) (29)
with A,, given by () and p(o,t) = p(o, 0, 1).
For instance we get
Je () (V) = exp(Aput) | ) (v

We see that if any of Re (g]g)|(3|D]a)|? in (2]) is non-zero then the corresponding off-diagonal
matrix element of the density matrix decays. We obtain an effect of the diagonalization of the

11



density matrix. This gives an effective criterium for quantum decoherence in the stochastic ap-
proximation: the system will exhibit decoherence if the constants Re (g|g)* are non-zero.

Now we estimate the velocity of decay of the density matrix |u)(v| for a quantum system with
N particles. The eigenstate |u) of the Hamiltonian of such a system can be considered as a tensor
product over degrees of freedom of the system of some substates. Let us estimate from below the
number of degrees of freedom of the system by the number of particles that belong to the system
(for each particle we have few degrees of freedom). To get the estimate from below for the velocity
of decay we assume that |(o|D|u)|* in (28) is non-zero only if the state o differs from the state p
only for one degree of freedom.

Then the summation over w (or equivalently over o) in (B§) can be estimated by the summation
over the degrees of freedom, or over particles belonging to the system. If we have total decoherence,
i.e. all Re(g|g) are non—zero, then, taking all corresponding |{o|D|u}|? = 1, we can estimate (P§)
as —NRe (g|g), where N is the number of particles in the system, or

Ji (1) (v]) = exp(=NRe (g]9)t)|) (V| (30)

The off-diagonal element of the density matrix decays exponentially, with the exponent propor-
tional to the number of particles in the system. Therefore for macroscopic (large N) systems with
decoherence the quantum state will collapse into the classical state very quickly.

This observation clarifies, why macroscopic quantum systems usually behave classically. The
equation (B() describes such type of behavior, predicting that the quantum state damps at least
as quickly as exp(—NRe (g|g)t). Therefore a macroscopic system (large N) will become classical
in a time of order (NRe (g|g))™".

Let us estimate the constant Re (g|g) for the equilibrium state of the reservoir with the tem-
perature 3~ = kT. In this case

1

Re(gl9); = 17— [ dklg(k) (k) — )

Taking ¢g(k) = 1 and using that the dispersion function w(k) depends only on |k| we get

[ dklg@)Eok) —w) = [a2 [~ dpsw(p) —w) = ax [ dps(w(p) - w)

where [ d(2 is the integration over angles. If we take the dispersion function w(k) = |k|, then for
this integral we get 47w.
Therefore for this choice of dispersion function we get

_ 1 473w
Re (gl9), = 51— e—pw
and analogously
1 472w
+ -
Re (glg). = ]

In the limit of small 8 (or high temperatures) 37! = kT >> w both these integrals tend to

AT

4
™h
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Summing up, we get that the constant Re (g|g)= for the case of high temperature will be equal
to % up to multiplication by a dimensionless constant depending on the model.

This means that every degree of freeedom that energetically admissible (k7" >> w) and not
forbidden by the model (|(v|D|u)|? # 0) gives the term of order £L in the exponent for dumping
of off-diagonal matrix elements.

The off-diagonal matrix element will dump as exp(—tNL), where N is the number of degrees
of freedom (that for a generic system can be taken proportional to the number of particles). Off—
diagonal matrix elements describe the quantum interference. Our result for the dumping of off—
diagonal matrix elements (B(]) gives us a possibility to distinguish between microscopic systems
(where quantum effects such as quantum interference are important) and macroscopic system
which can be described by classical mechanics. The macroscopic system is a system satisfying

kT
N? >> 1 (31)

Actually the value N %T is of dimension of t~!, and (BI)) means that (N %)_1 is much less than
the time of observation.

In the last section of the present paper we will illustrate the collapse phenomenon (B0) using
the quantum extension of the Glauber dynamics for a system of spins.

We see that the stochastic limit predicts the collapse of a quantum state into a classical state
and, moreover, allows us to estimate the velocity of the collapse (B(). One can consider (B0) as
a more detailed formulation of the Fermi golden rule: the Fermi golden rule predicts exponential
decay of quantum states; formula (B{) also relates the speed of the decay to the dimensions
(number of particles) of the sstem.

Consider now the system density matrix pg € C, where C is the algebra generated by the
spectral projections of the system Hamiltonian Hg, and consider the master equation (B7) (we
consider the generic case). We will find that the evolution defined by this master equation will
conserve the algebra C and therefore will be a classical evolution. We will show that this classical
evolution in fact describes quantum phenomena.

For ps: € C we define the evolved density matrix of the system

pse=D_p(o,t)|o) (o]

For this density matrix the master equation (R5) takes the form

%pw, t) = Z(p<a',t> (2Re (g]9)y|(e|D[0")|* + 2Re (gl9)1,/ (0| D]o)[?) —

a./

—p(o,t) (2Re (g]9) 3, |(o|D]o")|* + 2Re <g|g>;o,|<o—'|D|a>|2)) (32)

Let us note that if p(o,t) satisfies the detailed balance condition

p(o,t)2Re (gl9), = (0’ 1)2Re (glg), (33)

then p(o,t) is the stationary solution for (B2).
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Let us investigate (B2), (B3) for the equilibrium state of the field. In this case

2Re (gl9),,, = 27T/dk 9(k)[?8(w(k) + e — 50)% -
= 21 [ dRlgRPS) + 0 — 20} s = T
Re (gl)t = g
The equation (BZ) takes the form
¢ ogee = 5 Cor DI = Co OADIE (5 e o) (a

[oa

Let us note that C,, are non—zero (and therefore positive) only if denominators in (B4)) are positive
and Cy,, are non—zero only if the corresponding denominators are negative.

If the system possesses decoherence then C,,., Cy, are non—zero and the solution of equation
(B4) for t — oo tends to the stationary solution given by the detailed balance condition (B3)

plot)  pldt)
1 —_ 6_16(50'_60’) o 616(60'_60’) —_ ]_

or
plo,t)e™ = p(o’, t)e’

This means that the stationary solution (B3)) of (B9) describes the equilibrium state of the system

6_660
Eo’ 6—560/

For a system with decoherence the density matrix will tend, as ¢ — oo, to the stationary solu-
tion (B3) of (BY). In particular, as ¢ — oo, the density matrix collapses to the classical Gibbs
distribution.

The phenomenon of a collapse of a quantum state into a classical state is connected with the
quantum measurement procedure. The quantum uncertainty will be concentrated at the degrees
of freedom of the quantum field and vanishes after the averaging procedure. One can speculate
that the collapse of the wave function is a property of open quantum systems: we can observe
the collapse of the wave function of the system averaging over the degrees of freedom of the
reservoir interacting with the system. Usually the collapse of a wave function is interpreted as a
projection onto a classical state (the von Neumann interpretation). The picture emerging from
our considearations is more general: the collapse is a result of the unitary quantum evolution
and conditional expectation (averaging over the degrees of freedom of quantum field). This is
a generalization of the projection: it is easy to see that every projection P generates a (non
identity preserving) conditional expectation Ep(X) = PX P, more generally a set of projections
P; generates the conditional expectation

plo,t) =

> oEp, a; >0
;

14



but not every conditional expectation could be given in this way.

We have found the effect of the collapse of density matrix for p(t) = (UipU;"), where U; =
limy_,o e®oe~ is the stochastic limit of interacting evolution. The same effect of collapse will
be valid for the limit of the full evolution e " because the full evolution is the composition
of interacting and free evolution. The free evolution leaves invariant the elements of diagonal
subalgebra and multiplies the considered above nondiagonal element |0’)(c| by the oscillating
factor e(®'=¢¢)  Therefore for the full evolution we get the additional oscillating factor, and the
collapse phenomenon will survive.

5 Control of coherence

In this section we generalize the approach of [J] and investigate different regimes of qualitative
behavior for the considered model.

The master equation (B3) at first sight looks completely classical. In the present paper we
derived this equation using quantum arguments. Now we will show that (BJ) in fact describes a
quantum behavior. To show this we consider the following example.

Let us rewrite (B2) using the particular form ([[f) of (g|g)*. Using ([3), (L) we get

%p(a, H=> 2W/dk‘ |g(k)l2<(N(k‘) +1)

(p(o", 1)8(w(k) + £, — £0)[(0|D]o")* = p(o, )3(w(k) + £0r — £5)]{0"| D]o)|?) +
+N (k) (p(o”,)3(w(k) + 0 — ) (0’| Do) 2 = plo, )3 (w (k) + &5 — eof>\<o—\D\a'>\2)) (35)

The first term (integrated with N(k) + 1) on the RHS of this equation describes the emission
of bosons and the second term (integrated with N(k)) describes the absorption of bosons. For
the emission term the part with N (k) describes the induced emission and the part with 1 the
spontaneous emission of bosons.

Let us note that the Einstein relation for probabilities of emission and absorption of bosons
with quantum number k

probability of emission  N(k) 41
probability of absorption N (k)

is satisfied in the stochastic approximation.

The formula (BY) describes a macroscopic quantum effect. To show this let us take the spectrum
of a system Hamiltonian (the set of system states X = {o}) as follows: let 3 contain two groups ¥
and X, of states with the energy gap between these groups (or, for simplicity, two states o, and o9
with €5, > £,,). This type of Hamiltonian was considered in different models of quantum optics,
see for review [[(] (for the case of two states we get the spin-boson Hamiltonian investigated in
[B] using the stochastic limit). Let the state (-) of the bosonic field be taken in such a way that
the density N(k), of quanta of the bosonic field, has support in a set of momentum variables k
such that

0 <w(k) <wo < |es; — Eayls k € supp N(k) (36)
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This means that high—energetic bosons are absent. It is natural to consider the state (-) as a sum
of equilibrium state at temperature 3~! and non—equilibrium part. Therefore the density N (k)
will be non—zero for small k because the equilibrium state satisfies this property.

Under the considered assumption (Bf) the integral of é—function §(w(k) +e,, —&4,) with N (k)
in (BY) equals identically to zero. Therefore the RHS of (BF) will be equal to

S 2 [ k(B (p(0", 00((k) + 2, — =) l(ol Dl -

~p(0. 05w (k) + 2 = 2| (0| Do) )

It is natural to consider this value (corresponding to the spontaneous emission of bosons by the
system) as small with respect to the induced emission (for N (k) >> 1). In this case the density
matrix p(o,t) will be almost constant in time. This is an effect of conservation of quantum
coherence: in the absence of bosons with the energy w(k) equal to e,, — &5, the system cannot
jump between the states o; and oy (or, at least, this transition is very slow), because in the
stochastic limit such jump corresponds to quantum white noise that must be on a mass shell.

At the same time, the transitions between states inside the groups ¥; and X5 are not forbidden
by (Bg), because these transitions are connected with the soft bosons (with small k) that are present
in the equilibrium part of (-). In the above assumptions equation (BH) describes the transition of
the system to intermediate equilibrium, where the transitions between groups of states >; and >,
are forbidden.

If the state (-) does not satisfy the property (Bg), then the system undergoes fast transitions
between states o; and o05. We can switch on such a transition by switching on the bosons with
the frequency w(k) = €,, — €4,

In conclusion: equation (BY) describes a macroscopic quantum effect controlled by the distri-
bution of bosons N (k) which can be physically controlled for example by filtering.

6 The Glauber dynamics

In the present section we apply the master equation (B3) to the derivation of the quantum extension
of the classical Glauber dynamics. The Glauber dynamics is a dynamics for a spin lattice with
nearest neighbor interaction, see [LI], [IJ]. We will prove that the Glauber dynamics can be
considered as a dynamics generated by the master equation of the type (B3) derived from a
stochastic limit for a quantum spin system interacting with a bosonic quantum field.

We take the bosonic reservoir space F corresponding to the bosonic equilibrium state at tem-
perature 3!, Thus the reservoir state is Gaussian with mean zero and correlations given by

1

(a*(k)a(k)) = Aok —

— (k= k)

For simplicity we only consider the case of a one dimensional spin lattice, but our considerations
extend without any change to multi-dimensional spin lattices.

The spin variables are labeled by integer numbers Z, and, for each finite subset A C Z with
cardinality |A|, the system Hilbert space is

Hs = Hp = ®R,erC?
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and the system Hamiltonian has the form

1
Hq=H) = —3 Z JpsOLO%

r,sEN

where of, 0¥, o7 are Pauli matrices (r € A) at the r-th site in the tensor product
oi=1%®10c001l® -1

For any r, s € A
Jrs = Jsr € R, Jrr =0

We consider for simplicity the system Hamiltonian that describes the interaction of spin with the
nearest neighbors (Ising model):
Jrs - Jr,r+1

The interaction Hamiltonian H; (acting in Hg ® F) has the form

Hi= Y or@vlg), o) =Alg)+A'(9), Alg) = [ dkg(k)a(k),

reA

where 1) is a field operator, A(g) is a smeared quantum field with cutoff function (form factor)
g(k).

The eigenvectors |o) of the system Hamiltonian Hg can be labeled by spin configurations o
(sequences of £1), which label the natural basis in Hg consisting of tensor products of eigenvectors
of o7 (spin up and spin down vectors |e,), corresponding to eigenvalues ¢, = £1)

o) = ®@renler)

In the present section we denote ¢, the energy of the spin at site r, and denote as F(o) the energy
of the spin configuration o
E(o) = —% > Jrseres
r,sEA

The action of the operator o7 on the spin configuration o is defined using the action of o7
on the corresponding eigenvector |o): so the operator ¢ flips the spin at the r—th site in the
sequence o (i.e. it maps the vector |e,) in the tensor product into the vector | — ¢,)). From the
form of Hg and H; it follows that, in (BJ), the matrix element (o|D|o’) of any two eigenvectors,
corresponding to the spin configurations o, ¢’, will be non—zero only if the configurations o, o
differ exactly at one site. If the configurations o, ¢’ differ exactly at one site then (o|D|o’) = 1.

The (classical) Glauber dynamics will be given by the master equation for the density matrix
laying in the algebra of spectral projections of the system Hamiltonian (B2)

d _
Ep(o-u t) = Z (p(O';:CO', t) (2R€ (g|g)0;"90,0 + 2Re (g|g):,0;"90) o

reA

~p(71) (2Re (g19)5zr.r + 2Re (919)70z,) (37)
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that gives the Glauber dynamics of a system of spins, see [, [[J]. Here

1

2Re (g|g);o§?0 = QW/dk ‘9(1{5”25(@0(]{?) — Jro1pEr1 — Jr,r+15r+l)m (38)
and analogously all the other (g|g)*.

Up to now we have investigated the dynamics for the diagonal part of the density matrix.
The master equation for the off-diagonal part of the density matrix (BJ) will give the quantum

extension of the Glauber dynamics. We consider now this off-diagonal part:

> ol v, t) ) (v

w#V

From (B3), (BY) we obtain the equation for the off-diagonal elements of the density matrix

P v t) = Aup(u, v,t) (39)

Z (Zlm (919) ey — 1M (glg)y, 5o, — 1T (g19) 32, + 1M (9]9) 52,
eA

—Re (919), 00, — Re (919), 00, — Re (9]9) gz, — Re (glg)igy,y) (40)

Equations (B7), (BY), (#0) describe the quantum extension of the classical Glauber dynamics (B7).
As it was already noted in section 4, the coefficient A, in (f0) is proportional to |A| (the number
of particles in the system). Due to the summation on r € A the coefficient A,, will diverge for
large |A| (the real part of A, will tend to —oo). Therefore the density matrix will collapse to the
diagonal subalgebra (the classical distribution function) very quickly.

Let us consider now the particular case of one dimensional system with translationally invariant
Hamiltonian:

Jrs = Jr,r—i—l =J>0

The translationally invariant Hamiltonian does not satisfy the generic non degeneracy conditions
on the system spectrum that we have used in the derivation of equations (B7), (B9) and therefore
we cannot apply these equations to describe the dynamics for this Hamiltonian.

However in the translation invariant one-dimensional case we can investigate these equations
by direct methods.

In this case the (g|g)*, given by (BY), are non—zero only if &,_; = &,41 = 1, and we get for (Bg)

_ 1 C
2Re (919); 00 = 27 [ Ak |g(R) 20w (k) = 20) 17— 7 = —— 557 (41)

Therefore for one-dimensional translation invariant Hamiltonians we get for (B7), compare

with [L1], [1F

d C s
o)1) = 1_7_%( > (e p(ovo,t) — plo, ) +
€ reN;E(o)>E(o¥0o)

+ > (ploso,t) — e p(o, t))) (42)

reN;E(o)<E(c%o)
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The detailed balance stationary solution of (f2) satisfy the following: for two spin configurations
o, oro that differ by the flip of spin at site  the energy of corresponding configurations differ by
2.J. The expectation p(u), i = o, 0% of configuration with the higher energy will be e=2%7 times
less.

For the off-diagonal part of the density matrix for the case of one—dimensional translation
invariant Hamiltonian the terms in the imaginary part of (f{) cancel and using ([I)) we get for

(ED)
A

20 20 14 e 287
<1 — o287 + o287 _ ) =-2C Z 1_ 267

This sum, over r, of equal terms diverges with |A] — oco. Therefore the off-diagonal elements
of the density matrix that satisfy (B9) will decay very quickly and for sufficiently large ¢, |A| the
dynamics of the system will be given by the classical Glauber dynamics.

For the master equation considered above we used the master equation for generic (non—
degenerate) Hamiltonian. This gives us the Glauber dynamics. But the translation invariant
Hamiltonian is degenerate. Therefore in the translation invariant case we will get some general-
ization of the Glauber dynamics. To derive this generalization let us consider the general form
(B9) of the master equation. For the considered spin system this gives

d - i i i x
Zdt P, v, )| ) (V] = Zp fv,t) Y <Z(|/~L><PE(V)0'aPu—0'bV| — | Prgyoi Pu-ofp) (v]) +

a,beA

W:_Z

reA

C i x 1 x i i X
o257 (\PEw)—JO’am (Pew)-105v|=5 (1) Pew)os Pog-s05v| + | Prg o P03 1) <V\)) -

—i (|1} (o0 Pososv| = | Pognos Pusog ) (v]) +

+

C T x 1 x T
tor <|PE(H)+J0aM><PE(V)+JUbV| —3 (1) P02 Prw)+ 1050 ] + | Pruos Pega 105 1) >)

(43)
Here C is given by (f)), operator Pg, is a projector onto the states with the energy F(u),
operator P,_ is given by

P,- = Im (9l9)=1 Pe)-s + Tm (9l9)o Pe) + Im (9l9)1 Prg)+.
1 1
I —:P.P./dk: k)2 =-1,0,1
m (gl9), s T e ¢

For the operator P,. we get the analogous expression

Py = Im (g19)% Pep)—s + Im (9lg)g Pew) + Im (99)y Pre)+s
with the coefficients (g|g):

1 1

2
Gy = PP [dklo0IP =y 0= L0

The equation ([3) gives the quantum generalization of the Glauber dynamics. The matrix elements
p(u, v,t) of the density matrix corresponding to the states u, v with different energies will decay
quickly. But for the translation invariant Hamiltonian there exist different u, v with equal energies.
Corresponding matrix element will decay with the same speed as the diagonal elements of the
density matrix. Moreover one can expect non—ergodic behavior for this model. Therefore the
generalization (f3) of the Glauber dynamics is non—trivial.
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6.1 Evolution for subalgebra of local operators

In this section to compare with the results of []] we consider the dynamics of spin systems,
described in the previous section, for Hamiltonian with non necessarily finite set of spins A but
for local observable X.

The observable X is local if it belongs to the local algebra, that is UHF-algebra (uniformly

hyperfinite algebra)
A= |J Aa

A is finite

where A, is the x—algebra generated by the elements
®iXi> Xz =1 for i g A

Consider now the action of #; on local X

X) = 505 (= i elgy)2 X, B (D) B (D3)] 1 Tn (g1l )5 (X B (D3) B2 (D) +

+2Re (gilg); (B (D) XL (D) = S{X, B (D) B (D))

_l’_
+2Re (glg) (B (D) X (D)) — X, B (D) B (D))} ) (44)

For E, (D;) we get
> Ppey-wDiPruy =
E(r)eF,,
=1®ei1)(ei1|®@| =) (e ®[eip1) (€| @1+ 1® | =g 1) (—ei1| ®ei) (—&i] ® | —€ir1) (—€in1 | ®1;
(45)
with the frequency w of the following form

w=Ji_1,€i-1+ Jiit1€i+1

Therefore the operator E,, given by (£J) is local and moreover, corresponding map 6, given by
(A4) maps A into itself.

The formula (f5) explains the physical meaning of the operator E,, (D;). For positive w this it
flips the spin at site ¢ along the direction of the mean field of its neighbors (for negative w it flips
the same spin into the opposite direction).
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