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Quantum dissipation due to the interaction with chaos
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We discuss the possibility of having “quantum dissipation” due to the interaction with chaotic degrees of
freedom. We define the conditions that should be satisfied in order to have a dissipative effect similar to the one
due to an interaction with @nany body bath. We also compare with the case where the environment is
modeled by a random matrix model. In the case of interaction with “chaos” we observe a regime where the
relaxation process is nonuniversal and reflects the underlaying semiclassical dynamics. As an example we
consider a two level systeiispin) that interacts with a two-dimensional anharmonic oscillator.
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The interaction of a system with its environment is a cen-sipation” and “dephasing,” that are traditionally associated
tral theme in classical and quantum mechanics. The maiwith having an interaction with many degrees of freedom.
effects that are associated with this interaction are “dissipa- As a specific example we consider a two level system
tion” (irreversible loss of energyand “noise.” The latter is  (Spin) that interacts with a two-dimensional anharmonic os-
due to “fluctuations” of the environmental degrees of free-Cillator. This would be the well known “spin-boson” model
dom. On short time scales the main effect is the “decohertl.2] if the interaction were with a bath of harmonic oscilla-
ence” due to the noise. On long time scales the interplay ofors- The motivation to deal with this model is well docu-
dissipation and noise leads to a state of thermal equilibriumM€nted in the cited literature. _ o

The common modeling of the system-environment inter- Ve also compare with the case where the interaction is
ccion s provided by @ Hamltomauy =14 (Q.P0. 110 & SO oees envronment 1 e
whereH, is the system Hamiltoniarx is a system observ- . ! N
able, angﬂi(Q,P;x% describes the environmeynt including the matrix theory (RMT) is regarded as the ‘reference” case.

. . i . Any deviation from RMT is called “nonuniversality,” and
interaction with the system. The simpleand most popular  hag 1o do with the underlying semiclassical dynamics. In this

modeling of the environment is as a large collection of har—paper we show that the notion @fior) universality can be
monic oscillators. This is known as the Caldeira-Leggett apaxtended into the studies of quantum dissipation.
proach[1,2]. Another approach is to use random matrix mod-  The basic parameters that characteriary system-
eling of the environmenf3-5. However, in this paper we environment modeling are listed in Table I. We shall define
are interested in another possibility, where the interaction ishese parameters in a way which is independent of the theo-
with (few) chaotic degrees of freedom. retical modeling of the bath. A common assumption is going
In what follows “interaction with chaos” means that the to be that the mean level spacing is very small. For com-
environment is the quantized version of a few degrees opleteness of presentation, and for the purpose of defining
freedom chaotic system. This should be contrasted with “inwhat does it mean “very small,” we keep as an explicit
teraction with bath” where the environment is modeled as dree parametef6]
large collection of quantized harmonic oscillators. Let us re- As a leading example we consider a two level system. For
gard the environment as a “black bogne does not know the system Hamiltonian we writey=(% ) /2) o, where() is
;er?;;SHTV?I?; -(I:-E:rggtzﬁ;%ntiéht?;t\f,]vienvgov?/?y I\I/I\jﬁiéﬁ ggg;ensst TABLE .I. jl'he. various parameters that characterize a generic
- . . . s guantum dissipation probleniSee text for detail$.
assume a specific mod€R) Is it possible to distinguish “in-
teraction with chaos” from “interaction with bath.” As we

. S . Parameter Significance
explain below the second question is related to the notions of g
“thermodynamic limit” and “universality.” Aochid environment mean level spacing
Cpm_m(_)n“ mo_dels for d|_55|pat|o_n assume a “thermody- Apzh environment bandwidth
namic limit,” which means interaction with infinitely many T environment temperature

degrees of freedom. In this paper we inquire whether few

chaotic degrees of freedom may have the same effect. This is dr environment heat capacity
a question of great practical importance. Future “quantum

electronics” may consist of several interacting “quantum € system energy
dots.” One wonders how a coherent process in one part of the A system amplitude of motion
“circuit” is affected by the “noise” which is induced by the \Y system rate of motion
guantized chaotic motion of an electron in a nearby quantum

dot. In other words: one would like to know whether it is T strength of coupling

possible to use in the nanoscale reality notions such as “dis
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the Bloch frequency and-; , 3 are the Pauli matrices. One the number of environmental degrees of freedom. Ahg-

can think of this Hamiltonian as describing a particle in aotic motionis characterized by a finite correlation timg
double well potentia[1,2]. Then it is natural to define its ThereforeCg(w) has a a cutoff frequency,=2m/ 7. This
position ax=v a3, wherev is a constant. We assume that the jmpjies [via Eq. (3)] that B,y is a banded matrix with a
interaction with the environment is via this “position” coor- pandwidth Ay=fiw.. The envelope functiorG(---), with
dinate #(Q,P:x)=3(P1+P3+Qi+Q)+(1+x)QiQ3. This  G(0)=1, describes the band profile.

environment can be interpreted as a particle moving in a  For sake of comparison we refer to the spin-boson model.
two-dimensional anharmonic we2DW). In the representa- The distribution of the bath oscillators is descritjéc?] by a

tion |»,n), which is determined by4(Q,P;0) and o, the spectral function J(w), leading to E:E(w):ZﬁJ(w)/(l

Hamiltonian matrix takes the form —-e#hv) whereg is the reciprocal temperature of the bath.
E+uB % Q/2 The “ohmic” assumption of having “white nois¢C(7) with
2Q0/2 E-uB |’ 1 short correlation timer.] for high temperatures is imposed
v . . .
by construction, by settingl(w) < wG(w/w;). This corre-
whereE=diagE,} is a diagonal matrix that contains the en- sponds to a strong chaos assumption. However, it should be
ergy levels of the environment amlis a banded matriksee  realized that even if we “cook” a harmonic bath that has the
Ref.[9]). The initial state of the total Hamiltonia#f(t=0) is  sameCg(w) as that of a chaotic environment, still there is a
assumed to be factorized as ¢, whereg is the initial state  major difference: In spite of having the same band profile,
of the spin andj=|no) is the initial state of the environment. the B matrix of a harmonic bath is very sparse: only states
It is implicit that we average over states Wil ~E corre-  that differ by “one photon” excitation of a single oscillator
sponding to a microcanonical preparation. As for the spingre coupledhence the differenceg,,,—E, are the frequen-
we would like to consider the standard scenario where theijes of the harmonic oscillatoxs
initial state is a coherent superpositigg)=(|1)+|1))/V2. In what follows we would like to define the notion of
The reduced probability matrix after tintds temperaturgT) without assuming a specific modeling. There
R are three features of the environment that has to do with this
Py =2, ('Y, ()=31+M-5),,,, (2) notion: (i) the growing density of stategii) the growing
" fluctuations intensity(iii ) the asymmetry ofCg(w) with re-
whereM=(M;,M,,Mj) is the polarization of the spin. It is SPECt tow. Letus regard the system as a “thermometer.” The
; : L= equilibrium is determined by the microcanonical temperature
most convenient to descrLbeathe state of the spin usingn T=[dgIn(1/A)]™%. Ford=2 environment with constant den-
particular we defineS(t)=M-M as a measure for the purity sjty of states we would gef=c. [We consider this hypo-
of the spin state. thetical case for argumentation purpose. This would be in-
We turn to formulate the general case. The interaction ofieed the case if the environment were modeled as a billiard.
the system with the environment is assumed to be of theén a later paragraph we discuss the model of Eq.for
general formH;,=-xF, wherex and F are system and en- which T is finite] In case of a two level system, havifg
vironmental observables, respectively the above example =« implies an equal probability for the two energy states.
x=voy and F=-Q2Q3) In the absence of system- Now we can takeinstead of a two level systena particle
environment coupling we can characterize the fluctuations ofiith one degree of freedom as a “thermometer.” Since we
the observableF(t) by a correlation functiorC(7). (We are already know that the “temperature” (say) T=o, we may
using here Heisenberg picture languades Fourier trans-  deduce that the friction coefficient, as determined by the
form Cg(w) is known as the power spectrum of the fluctua-fluctuation-dissipation theorem ig=v/(2T)=0, where v
tions. The observable has a matrix representation =Cg(w~0) is the intensity of the fluctuations. This conclu-
(n| F|m)=~By, where we use the basis which is determinedsjon is wrong. In fact the friction coefficient is=2A
by H. The fluctuations are related to the band profile of thisx g(v/ A), as discussed in Reff8] (and references thergin
matrix: Thus we can define an effective temperature, which is related

E_E to the thermalization process
CE(w) = E |Bnm 2 2775(‘” - n>:| (3)
m h E,~E

_ 2nh o _(fho hw
=270?8(w) + A R(T)G<A_b> (4)

Htotal = |:

v d 1~ 1
Tetf Z] = [Eln<XCE((u ~ O))] . (5)

In generic circumstances the distinction betw@&gpandT is
In the first expression there is an implicit microcanonicalnot so dramatic. In fact, some further inspection into .
averaging over the stat& ~ E. In the second expressiarf  reveals that genericallf.4=T/2. The above subtlety does
is the average valu@,,|?, taken over the near-diagonal ma- not apply to a thermal preparation. Assuming a reciprocal
trix elements. The lower cutoff functioR(---) depends on temperatureB, the friction coefficient(as obtained by ca-
the level spacing statistid9]: It is R(---)=1 for o> A/#. nonical averaging over the above cited microcanonical re-
The mean level spacing is proportional toA9 whered is  sult) is 77=%,8v. Therefore, we gely4=1/8 as expected.
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Having definedT, we can make a quantum mechanical 1 T T
distinction between high- and low-temperature regimes. This
is related to the asymmetry @:(w) with respect tav. Some 011 1 Do
inspection into Eq(3) reveals that a finite temperature im- 04 2DW
plies that the band profile acquires a factor [@x{{2Ts)], 0.01 1 v>0.16
whic_h is consistent w!th the spin-boson modelisee the S) 0.01 i
previous paragraph“High temperature” means that for the
physically relevant frequencidso/T<<1. A sufficient condi-

tion is T>A,. In the latter cas@:E(w) can be treated as a

0.02<v<0.16

0.1 1

symmetric function with respect to— —w, and therefore it RMT
: . : 0.01 A
can be interpreted as the power spectrum of a classical noise. 0.02<v<0.16
The issue of thermodynamic limit is related to the heat 0,001 Lt ) : L
capacity of the environment. This idr=(JT/JE)1~d, o 15 30 45 02 04 06
whered is its number of environmental degrees of freedom. (vty? vt

The energy that the system can exchange with the environ- ) . ) )

ment is denoted by. If we want to assume a stable tempera- F'C- 1. The decay o(t) in case of interaction with chaos
ture T, the heat capacity of the environment should be largdUPPe" Panelsand in case of interaction with a *randomized” en-
enough, so that energy exchange between the system and t\ﬂ?nmem that has exactly the same fluctuatigawer paﬂe"ﬁ The
environment does not have a big effect. This leads to th sefected values of the coupling parameter are in the range

o . ?_0_4<U<0.3. The left panels are for tHe< A regime (v <0.02
condition e<<dr T. For a generic few degrees of freedom and for thel’> A, nonperturbative regimé >0.16). The inset is

systeme~ dO_T’ whered, is the number of system degrees of for some of thev >0.16 curves without scaling. The arrows point

freedom..'ll'h|s. leads td0<qT. In case of a two level system . ihe largest value. The right panels are for the<T <A,

the condition is much easier. Namely, we have (), and  regime(0.02<v<0.16. The scaling methods of the time axis are

therefore we get the “easy” conditiginf) <d; T. implied by the analysis ofS(t), which should hold if there is a
Assuming the typical circumstances of an oscillating sys-niversal behavior which is determined Byt) alone(see text

tem, the time variation of the system observatilg is char-

acterized by an amplitudg| ~ A, and by a rate of change
[X| ~V. This specification of the system dynamics is essen
tial in order to define a dimensionless parameter that chara
terizes the system-bath interaction

=, The latter should be understood in the path-integral con-
text Eq. [(7)], wherex(t) makes “jumps” between the two
Cs"ltes(x:iv). Hencel'>(v/ %)% One can easily verify that
the Kondo paramet€2] is «=(1/16a) ' /T. In our simula-

I 2702 ho \23 tions a<<1. _ _

—= minimurr( A2 (—V) ) (6) In the lower panels of Fig. 1 we present the corresponding
2 ’ 2 . . . .

A A A results of simulations with a RMT model where the induced

fluctuations haveexactlythe same power spectrum as in the

Loosely speaking this parameter indicates how many envi2Dw model. The RMT model has been obtained by taking
ronmental energy levels are mixed nonperturbatively due téhe Hamiltonian(1) with a randomized. We simply ran-
the interaction with the system. Thedependence df isthe  domized the signs of the off-diagonal elements. This proce-
consequence of the well known theory by Wigner: It is thedure destroys all the correlations between the elements, but
number of levels which are mixed by the perturbation indoes not affect the bandprofifeshich is implied by Eq(3)].
H—=>Endym+XBnm With [x| ~A. If the perturbation is slow Two observations should be made immediately:A few
(smallx) this A based estimate becomes non-relevant. For gegrees of freedom chaos indeed provides a dissipative ef-
proper analysig8] one should switch to the adiabatiz  fect, as in the case of a many degrees of freedom Igijh.
dependent basis, leading toH—E,dm+Xi%Bn/(Ex  The effect of interaction with “chaos” can be distinguished
-Eq»)] with [X| ~V. TheV based estimate fdr follows from  from the case of a random-matrix modeled environment. The
the latter representation. Thus one realizes that for slow ratiatter claim is based on the observation that in the regime
of x variation there is a crossover from Andetermined to a v >0.16 there is a two orders of magnitude difference be-
V-determined mixing. tween the corresponding curves. Also the scaling of curves

The rest of this paper is aimed in clarifying the signifi- with respect tw is “broken” (upper panel The sensitivity to
cance of the parametdi. Some results of the simulations v is much smaller than implied by the overcompensating
with the 2DW model Eq(1) are presented in Fig. 1. The scaling of the time axis.
energy of the environment was in the range 2B<3.2 As explained in the Introduction the deviation from RMT
where the classical dynamics is predominantly chaotic. Thés regarded as “non-universality” and its understanding re-
classical correlation time is.~ 1. The simulations are done quires a proper definition of the classical limit. This should
with #=0.03. This means that the bandwidth A3~0.2.  not be mistaken as a synonym for “high temperatures.” The
This should be contrasted with the mean level spadng confusing, and possibly meaningless procedure to define this
~0.004. The temperature in the specified energy range is limit is by taking# — 0. We argue below that the meaningful
~ 1.3, and the heat capacityds~ 2.4. The amplitude of the definition of a “semiclassical regime” is by considering the
motion is A=v, while the rate of the motion is formally  nature of the dynamics of the environment. This leads to the
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conditionT"> A,,. In order to explain this condition we adopt ~ Can we trust the standard expression |[fixa, xg]| if we
the Feynman-Vernon picture of the dissipation processhave a dynamical environment rather than a noise source
Within this picture the propagator of the reduced probability[with the sameC(7)]? It is not difficult to observe that the

matrix is written as a path integral: standard expression can be derived from Fermi-golden-rule
) (FGR) considerations. In case of Harmonic bath the FGR

K(v, ' [vo,vp) = 2 FlXa,Xgle ADal-A06D (7)  treatment is valid, and this expression, wihr) replaced by

X8 its symmetrized version, isxact But for interaction with

The summation is over pairs of system trajectorjséth ~ “chaos” we have claimed above that nonuniversality should
weight factors absorbed into the definition of the integrationshow up in the nonperturbative regirtie>Ay,). Our numer-
measurg The actionA[x] is defined as the phase which is ics confirm this prediction: In the nonperturbative regime
accumulated along a given trajectory. We note that for a spitll > Ap) we find a prematurét < .) crossover from the ex-

the trajectory is piecewise constafx=+v). The influence pected short time Gaussian decay, to a nonuniversal behavior
functional is defined asF[xs,xg]=(U[xs] *U[xal|¢), ~ Which is not captured by the_stan_da_rd formula. In the 2DW
where the expectation value is taken for the initial preparacase the system has a classical limit, and therefore the non-
tion of the environmentit is typically a mixture of many Perturbative decay of(t) is slowed down(compared with
states implying that an appropriate average should be takéRMT) because it is limited by the classical dynamics. As
over ). The environmental evolution operator in case of theobservednote the insgtthe decay becomes much less sen-
models that we consider isU[x]=7exp—(i/A)f{(E  Sltivetow. _ _ _

+x(t")B]dt’. Thus, in a semiclassical framework the problem ~ The above discussed nonuniversality can be regarded as
of “quantum dissipation” reduces to that of analyzingthe mamfestatlon_ of “semiclassical” correlations between the
“driven degrees of freedom.” It has been realiZa6] that  Off-diagonal matrix elements @, These araotreflected

the driven dynamics becomes non-perturbatiif A,. Be- N Ce(w). In the case of the spin-boson model Big, matrix

low we discuss the implication of this observation. is sparse, which impliegin the limit of infinite bath that

The purity St) is related to the dephasing factor Off-diagonal correlations can be neglected. In case of a ran-
IF[Xa,Xs]|. [For Q=0, the Hamiltonian Eq(1) becomes dom matrix modeled environment, absence of correlations is

guaranteed by construction fa=0, which implies(assum-

» ing no sparsity lack of “invariance” with respect ta [11].
Accordingly we have three classes of models that become
distinct in the nonperturbative regime.

) et o o In conclusion, we have discussed the consequences of
|F[Xa,xg]| = €2 )f f CINDe) =X UHId0dE" —(g)  having four energy scalga\,A,,T,T') in any generic prob-
07e lem of “quantum dissipation.” The strength of the interaction

This expression implies a short time Gaussian de8dy is characterized bYy'. A universal “quantum dissipation” be-

=ex—-4C(0)(vt/%)?], which evolves into a long time havior requires a separation of energy scales ' <A,

Gaussian deca§(t) =exd —(ovt/ #)?] in the regimd" < A. If Nonperturbative breakdown of this universality due to the

the envelopes(- - -) of the band profile were smooth, then we underlaying semiclassical dynamics is found'it- Ay,

would expect, in thg regima < I' <Ay, an interr_nediate We thank M. Esposito, P. Gaspard, L. Pastur, and V. Falco
stage of exponential decayS(t)=exp-2y) W't_h Y for stimulating discussions. This work was supported by a
=2(v/%)*Ce(Q)~T /4. In the case of our numerical ex- Grant from the GIF, the German-Israeli Foundation for Sci-
ample the band profile has a structy®d, and henceC(7)  entific Research and Development, and by the Israel Science
has oscillations that show up in the simulations. Foundation(Grant No. 11/02

block diagonal, leading t&(t) =|F[xa,Xg][%, with xa=v
and xg=-v]. If the fluctuations are regarded as “noise,
one obtains the standard expression
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