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We investigatea chainof particles(bonds with harmonicinterbondandanharmonidntrabondinteractions.
In the classicallimit we considera breathersolutionthatis stronglylocalized(essentiallya single-siteexcita-
tion). For the quantumcasewe studytunnelingof this excitationto a neighboringsite. In that casewe neglect
the anharmonicityexceptfor the two sitesbetweenwhich the tunnelingoccurs.Within this modelthe breather
tunnelingreducedo the tunnelingin a dimer coupledto two adjacentharmonicchains.Application of Feyn-
man’s path instantontechniqueyields the tunneling splitting AE. For the isolateddimer we reproducethe
exponentiafactor for the splitting AE(?), obtainedearlierby a perturbativeapproachAssumingthe frequency
w of the breatherto be much larger than the inverseinstantonwidth we use an adiabaticapproximationto
derive AE for the dimer coupledto the harmonicchains.We find that AE canbe obtainedfrom AE( just by
scaling the Planck constant.We argue that independentof the density of statesof the harmonic chains
tunnelingcanneverbe suppressedf o is largeenough[S1063-651X%98)11407-1]
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I. INTRODUCTION

Initiated by early papersof Ovchinnikov [1], Kosevich
et al. [2], and Takenoet al. [3,4] there exists now a clear

understandingf the genericexistenceof discretebreathers.

Theseclassicalsolutionsto the Hamiltonian equationsof
motion are time periodic and spatially localized. They are
structurally stable provided the plane wave spectrum of
small amplitude excitationshas finite bounds.This can be
achievedby consideringa spatial lattice, with degreesof
freedom associatedto each lattice site. Existence proofs
demonstratehat the existenceof thesesolutionsis not re-
strictedto low lattice dimensiong5]. (For reviewson this
subject,see[6,7].)

A logical stepis thento considerthefate of theseclassical
solutionsin the presenceof quantumfluctuations.We may
think abouta quantumobject correspondingo a breather
solution. Contrary to a classicalbreather,localized in the
vicinity of a certainlattice site, sucha quantumobjectwill
be able to tunnel from site to site, forming a quantum
breatherband. Taking into accountthe coupling of the
breather to its environmental degreesof freedom may
strongly influence the tunneling probability amplitude.
Thereforethe centralissueis to calculatethe probability am-
plitude of the breatherintersite tunneling,which will deter-
mine the width of the band.An interestingquestionmay be
whethersuch an effect, known for particle tunneling (see,
e.g.,[8,9]) astunnelingsuppressionn the Ohmic case,can
be observedfor the quantumbreathersaswell. It is worth-
while mentioningin this contextthat quantizationof solitons
(othernonlinearobjectsthat are closebut certainly different
from breatherswasdiscussedhn theliterature;see.e.g.,[10].
Tunneling of fluxonsin Josephsonunction chains(soliton
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solutionsof the sine-Gordorequation interactingwith plas-
monswas recentlyconsideredn [11].

Since classicalbreatherscan be localized essentiallyon
onesite (bond, onecanstartby consideringa systemof just
two sites (bondg, for example, the dimer discussedin
[12,13. Classicaltrajectoriesin this systemmay be not in-
variantunder permutationof the sites(bondg, whereasthe
Hamiltonianis invariant. Quantizationyields pairs of eigen-
states,correspondingo theseclassicalsymmetry breaking
trajectories, with exponentially small splittings of the
eigenenergies.

This dimer modelis particularly interesting,becausets
classicalversionis anintegrablesystemdueto the existence
of two integralsof motion that are the total dimer energyE
anda measure] for the intensity of the classicalexcitation.
The pairsof eigenstatesf the quantumdimer correspondo
tunnelingbetweertori in the classicalphasespaceThis type
of problem hasalreadybeenstudiedearlier by severalau-
thors(seee.g.,[14,15]). Two casesvereconsideredhatare,
respectivelydynamicaland potentialtunneling.The latteris
what one usually understandsas tunneling,i.e., a quantum
transitionof a particle througha potentialbarrierin a con-
figuration spacethat is energeticallyforbiddenin classical
mechanicswhereasthe former correspondgo tunnelingin
the phasespacewhereno suchenergybarrierexists.Despite
the absenceof the energy barrier no classicalsolution of
Newton’sequationof motionexistthatconnectghetwo tori.

In the caseof the two tori that appearin [12,13, as will
be shownin the next section,an effective potential barrier
canbe definedandthe problemof dynamicaltunnelingcan
be mappedonto a potentialtunneling.This becomespossible
sincethe dimer hastwo conservatiorlaws. If we were left
with just the energyconservationywe would be facedwith a
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properdynamicaltunnelingagain(see[16]).

The tunnelingsplitting for all the levelsof the dimerwas
calculatedin Ref. [13]. However,to study a possibledelo-
calizationof the classicalbreatherdueto quantumbehavior
one hasto investigatean extendedsystem.A stepin this
directionwasmadein the paper[16] wherea dimer coupled
to a single harmonicoscillatorwas studied.A consideration
of an extendedsystemwith a macroscopimumberof bonds
is the principalaim of this paper,which will be organizedas
follows. The nextsectionintroducesan extendednodelwith
N bondsand then showsthat subdiving this chain into a
dimer coupledto adjacentharmonicchainsmay be a good
approximation.Sectionlll reinvestigateshe isolateddimer,
classicallyand quantummechanically,and usesFeynman’s
pathintegralmethodin orderto derivethe exponentiafactor
that mainly determineghe tunnelingsplitting. The extended
modelwill be studiedin Sec.lV, wherethe main result of
our paperwill be derived. The final sectioncontainsa dis-
cussionand someconclusions.

Il. MODEL

We are going to considerthe quantumtunneling of a
breatherin a one-dimensionathaindescribedy the Hamil-
tonian

) y
H= 3 (o) + 23 (B

+C2i (XiXj+ 1+ PiPi+1)- (2.1

Here the label i numbersthe bonds.It will be assumedn
what follows that the breatheris strongly localizedand cor-
respondsactually to an excitationof only one bondin this
chain. Then tunneling will correspondto transferringthis
excitationto a neighboringbond. Sinceall the other bonds
remainlowly excitedduring this processve may neglectthe
correspondinganharmonidermsin Eq. (2.1). However,the
anharmonicityin thetwo bondsparticipatingin thetunneling
transferwill be fully takeninto account.Thenthe problem
reducedo a consideratiorof tunnelingin a dimer coupledto
a bath representedy two harmonicchains.The systemis
describedby the Hamiltonian

H:Hd+th+H1, (22)

where

o Y
Ho= 2 |5 (Pa+x) +5 (P x0)? |+ Clxaxatpip2)
2.3
representghe dimer of two bonds(chosento be 1 and 2),

which may be strongly excited. The bathis representedy
the remainingpart of the chain

Wo

H (P2+X2)+C X (XXns1F PnPns1)
n#0,1,2

(2.9

p=—
P 2,052
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in which the anharmonidermsare omitted. The interaction
betweenthe dimer andthe harmonicbathis given by

H1=C(XoX1+ PoP1t+XoX3+ P2P3)- (2.9

The harmonicpart (2.4) consistsof two openendedhar-
monic chains,eachof which canbe diagonalizedby means
of the transformation

XoNY singl(n—1), —(N_—1)<n<=0

Xn:E

# xBNR singfi(n—2),  3sn<Ng+2
and
Larl cim by .
PN, sing,(n—1), N —1<n<0
pr=2 RAR cin R
rop N, sing,(n—2), 3snsNg+2.

The superscriptsL and R denotethe left and right hand
chainswith N, andNg bonds,respectively.The wave num-

bers  q=mu/(N.—1),u=1,... N, qi=mu/(Ng
+1),u=1,... Ng, and N';L/R are normalization coeffi-
cients.

Equation(2.4) now reads

1 1
Hen=3.20 ML)+ 0621+ 330 MR+ ()20
(2.6)

wherethe eigenfrequencieareX /"= w,+2C cosq;R. The
interactionin the normal coordinatedbecomes

Hi=2 CLixix,+piph) + CROoxE+p,ph), (2.7)
o

whereCl,= —CA, sing;, andCi=CN% sindf}.

The problemof breathertunnelingreducesnow to inves-
tigatingthe tunnelingtransferof anexcitationfrom onebond
of thedimerto the otherunderthe influenceof the harmonic
bath. On one hand this problem differs from the standard
problem of a particle tunneling betweentwo minimain a
double-well potentialin the configurationspace since here
we dealwith dynamicaltunnelingfrom onetorusto another
in the phasespace.On the other handthereare many simi-
larities in thesetwo problems,which will be discussedn
what follows.

1. TUNNELING IN THE DIMER

Tunnelingin the dimer describedby the HamiltonianH,
(2.3) was studiedin detail in [12,13. Here we try to ap-
proachthe problemby meansof the pathintegraltechnique
and obtain someresultsthat will be necessaryor our more
generalproblem.
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A. Classical properties

The canonicaltransformation

y=3[x5+p3—xi—pil,

P2 P1
@=arctan— —arctan—,
X2 X1

1
J=S1xG+p3+xi+pil,

(3.

1 P2 P1
X= 5| arctan— +arctan—
2 Xo X1

allows one to representhe dimer Hamiltonian (2.3) in the
form
2 2
J 2 i _\y2
+yy<+2C 5 y“cos ¢.

Hd=woJ+y E

(3.2

Herey andJ play therolesof the coordinatesvhile ¢ andy
are the correspondingnomenta.The HamiltonianH, does
not dependon the momentumy, which meansthat its con-
jugatecoordinate] is oneof thetwo integralsof motion. The
following restrictionsshould be also applied: |y|<J/2 and
|(p| <r/2.

The secondntegralof motionis thetotal energyE. Since
the Poissorbracketof J andH 4 vanishesthe dimermodelis
integrable.The momentume is excludedfrom the Hamil-
tonian equationsof motion by meansof the energyconser-
vation andthe equation

y=-——— (3.3

is obtainedwhich describesnotionalongthe coordinatey at
a givenenergyE in the potential

,)/2 2 2
V(y)= 7)/4— 7{ E—wed— 7(5) - 27})/2- (3.9

Note thatthe motion describediy Eqg. (3.3) is not exactly
the sameas the motion of a particlein a usualdouble-well
potential. The differenceis dueto the fact that the two inte-
grals of motion, the conservedotal energyE of the dimer
andthe amplituded, play now the role of parametersThus
the shapeof the potentialV(y) dependsxplicitly on E and
J, which is a consequencef dealingwith the dynamicsin
the four-dimensionalphasespaceof the dimer. [This is a
generalpropertyof anintegrablesystemwith two degreeof
freedomanda separatrixhat separatesymmetrynoninvari-
antfrom symmetryinvarianttrajectories.The Hamiltonianis
assumedo be invariantunderthe discretesymmetryopera-
tion P with P?=1. Thetwo actionsJ; andJ, in oneof the
symmetry broken phasespaceregionsparametrizethe iso-
lated periodicorbits (J;) andits quasiperiodigerturbations
J,, wherew,=dH/dJ, vanisheson the separatrix Perform-
ing now a canonical variable transformation
{31,352, 1,02—1{J1,2,¢1,p,} Will lead to a Hamiltonian
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H(J4,z,p,). Fixing J; (which is the bosonnumberin our
case leadsto an effective one-particleproblem. This case
can be finally always describedby an effective potential,
whichwill dependon boththetotal energyH andthe chosen
valuefor the actionJ;.]

Multiplying Eq. (3.3) by y it follows that the quantity
Er=3Y*+V(Y)=—3(E-E)(E-Ey)
with

Ei=wol+ yJ%/4+CJ, E,=wyJ+ yJ?4—CJ (3.5

doesnot vary in time. E; playsthe role of the effective en-
ergyfor the motiondescribedy Eq. (3.3). NotethatE; does
not coincidewith the real energyE of the dimer. They are
evenmeasuredn different units.

The potential(3.4) becomes double-wellpotentialif the
coefficient of the y? term is negative.In order to have a
permutationsymmetrybreakingtrajectorythe condition

1 2 CZ 2
0>Et/—§ E—wyl—vy 5 —27

hasto be satisfied.
It follows from Eq. (3.2) thatfor yJ<2C the choice of
the possibleenergiess restrictedby the conditions

E,=E=E,, (3.6

which implies that E; is positive in this case.Then only
symmetry conservingperiodic trajectoriesare possible. At
yJ=2C a bifurcation occurs,and for yJ>2C the energy
rangeE; <E<Ez= wJ+ yJ?/2+ C?/y becomesaccessible
to permutationsymmetrybrokentrajectories.Theseare the
conditionsfor an appearancef permutationsymmetrybro-
kenisolatedperiodic orbits asdescribedn Ref.[13].

A permutatiorsymmetrybrokentrajectorymeanghatthe
systemdwells in one of the two wells of the potential(3.4).
Now we areableto considertunnelingfrom oneminimum of
the potential V(y) to the other one applying the standard
formulation of the instantontechniquein the path integral
approach.This will be donefirst for the isolateddimer and
thenfor the dimer interactingwith the bath.

B. Quantum properties

The amplitudeof the tunnelingtransitionin the potential
V(y) canbe found by calculatingthe phasespacepathinte-
gral [17]
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—J(t)k(t)—y(t)£p<t>+S[y<t>,go<t>,J(t>,x<t>]H, 3.7

where
Saly(1), (1), (1), x(1)]=S_(T/2) = S_(—T/2) + S, (T/2) = S; (— T/2)+ Sy,
_ T2
S | Haye0,900a 38
-T2
and

S.(t)=3[I(D)=2y()]siN2x(t) = p(1)].

Note that in contrastto the usual phasespacepath integral representationwe have performeda partial integrationin the
exponentChoosingthe dimer energyE = E; we may considerthe tunnelingmotion betweerthe two minima of the potential
V(y) locatedaty . = + \JJ%/4— C?/ 2. This meanghattheintegralin the action(3.8) shouldbe calculatedusingthe conditions
that y(T/2)=y(—T/2)=y, or y_ and J(T/2)=J(—T/2)=J,. For yJ,>2C the value of J, (integral of motion for the
classicalpathg characterizethe particulartunnelingprocessThis procedurecorrespondso calculatingthe splitting dueto the
phasespacetunnelingbetweenthe two isolatedperiodic orbits

y. =+/32/4—C? 7,

SinceH4 doesnot dependexplicitly on y, the pathintegrationover y andthenoverJ canbe carriedout straightforwardly.
Onecanseefrom this integrationthat only the pathsalongwhich J(t)=J, contributeto theintegral(3.7). Thenkeepingonly

0=0, J=Jg, x=—(wg+yyt. (3.9

the termsrelevantto tunnelingone obtains

Z~f D[Y]f D[(P]EXD{;L—

Switching to the imaginarytime, t=—ir, one finds for T
—oo the well-known instantonfor the potential(3.4) with E

:E3:
[32 c? J2 c? a1
y(n)= Z—?tan " N7 (3.13)

correspondingo the imaginary time solution of Eq. (3.3).
Thenthe tunnelingsplitting becomes
AE~e’(1”L>SE,

(3.12

wherethe Euclideanactionis calculatedwith the help of the
instanton(3.11),

2Cy
Yo~ \/7233_ 4C?

Se=-— \/J§—4C2/72+J0In(

Comparingthis resultwith the resultsobtainedin [12,13
by the perturbationtheory approachby taking into account
that Jo has to be replaced by its quantized value J,
=n#x, n=0,1,2...,we find thatthey coincideup to the
preexponentiafactor. The latter can be found by properly
accountingfor the quantumfluctuationsin the above path
integral. Unfortunately,the action(3.8) containsa kinetic
term proportional to cose, rather than a quadraticform,

T2 .
—f Y(t)qo(t)—Hd[y(t),¢(t),Jo]H-
—T/2

(3.10

which complicatesthe calculationof the quantumfluctua-

tions.Neverthelessyhile consideringunnelingof a breather
interactingwith the harmonicbathwe will be ableto arrive

at a certainconclusionconcerningthis preexponentiafactor

aswell.

IV. BREATHER IN THE 1D CHAIN

A. Classical properties

In orderto considertunnelingin the 1D chaindescribed
by the Hamiltonian(2.2) we studysomeof its classicalprop-
erties first. To be more specific we needto find isolated
periodicorbits betweernwhich the quantumphasespacetun-
neling occurs. This can be achievedby applying the same
trick asin Refs.[13,16. The systemhastwo integrals of
motiononeof whichis thetotal energyi.e., the Hamiltonian
itself, andthe secondoneis the quantity

Ngr

B=3 3 (pF+d).

i=—Np

Hence we canfind isolatedperiodicorbits by usingthe con-
dition VH= wVB in the phasespaceThis conditiondirectly
leadsto the equations
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L/R
YLR= C. Xy
wo L/R2:
w— )‘,u
CL/R
L/IR_
Pu = _)\L/Rpllz’

which allow oneto eliminatethe bathcoordinatesThenap-
plying alsothe canonicaltransformation(3.1) and assuming
that the left handchainis identical to the right handchain,
onefinds isolatedperiodicorbits in the form

yt=i\/J(2)/4—C2/"y2, ¢=0, J=Jy, x=—ot
4.9
with o definedby the equation
2C%,
wot+ yJ0+2 e (4.2

M

Comparingthis solutionwith Eq. (3.9) we find thatit has
the samestructureas for the isolated dimer and only the
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coefficientin thelineartime dependencef the momentumy
is now renormalizeddueto the interactionwith the bath.We
alsoobtainthe energy

C2
E=E3;+2),>, 2o—\,)—>—
3 O% a ((u—)\M)Z

of the systemcorrespondingo suchanisolatedorbit. It con-
tainstwo termscorrespondindo the dimerandall the other,
bath, degreesf freedomseparatelylt is interestingto note
thatthe energyE5 of the dimeris alsoa conservedjuantity,
meaningthat when moving along this orbit thereis no ex-
changeof energybetweenthe dimer andthe remainingpart
of the chain.

B. Quantum properties

Now we will considerhow the interactionwith the har-
monic bathinfluenceghe tunnelingin the dimerbetweerthe
two isolated orbits (4.1) found in the previoussubsection.
Let us calculatethe pathintegral

z-11 | " s, | o, [ oo [ oot [ oo [ prebwn [ oy [ oo [ oo [ oo

T/2
<ol [’
T2

where

[ 2 (xXLpL +xBpR) = Ix—ye+ Sy, 0. x XL AX PR

] 4.3

Sy, @0 X PEHOXEHPR = S_(T/2) = S_(~= T/ +S.(T/2) = S, (= T/2) +5,

T2
S=- f LR O OREGI R ACIR A CIRENOREL

4.9

W|th the HamiltonianH deflnedby Eq. (2.2). The action (4.4) is calculatedusing the conditionsthat x: (= T12)=x (T/2)
XOM ande( T/2)= xR(T/2) Xo,p all othercond|t|onsbe|ngthesameasm the caseof the|solatedd|mer Notethatm Eq.

(4.3 we havetakenthetraceW|th respecto x0 and x0

Integrationover the harmoniccoordinatess stralghtforwardandthe propagator4.3) becomegsee,e.g.,[18])

2-2 [ 2tyw1 | e | ot | ot

i (T2 . . _
X eX[{%J' 72 dt[_JX_y(P:H—Sd[y;(nouJ]+SL[yv¢"J1X]+ SR[yi(P!‘]!X] ’

whereS, is given by Eq. (3.8) and

T2 )
SLRLY: ¢, x]= J dtJ_T/Zdt'\/AL,R(I)AL,R(t')[KL,R(t_t')COS P r(LE)+ L R(t—t)sin g g(1,1")] (4.6
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with
AER(TI2—t
K r(t)= 32 (C;LL'R)ZCOS .,1 (|_R [t])
: 2z sin\,"T/2
and
1 sin \bR(T/2—|t))
L, s(t)= =sgn(t CcLRy2 £
LR(D=350M0 2 (C) SnALRT/2
Here

P Rt = x(O)—x(t") F [ e(t) —@(t")],
AL r(D)=J(t) /2 y(1);

7 is the factor dueto all the integrationscarriedout in Eq.
(4.5). It also includesterms containing S..(*=T/2). A de-
tailed knowledgeof Z is notimportantfor calculationof the
tunnelingsplitting.
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The action in the propagator(4.5) is rather complicated
andis far from beinga quadraticform. It containsalsonon-
local terms S_ gy, ¢,J,x] due to the interaction of the
breatherwith the phononbath. Their structure althoughre-
semblingin manyaspectgshe nonlocaltermsin the standard
potentialtunnelingproblems(seee.g.,[8,19]), is now some-
what more complicated.On one handthis is dueto the fact
thattheintegrationsover the momentahavenot beencarried
out. Ontheotherhandthevery formulationof the problemis
different. Thereis an additional pair of conjugatedcoordi-
natesJ and y, which is important when consideringthe
phasespacetunneling.Also we have aradditionalrestriction
J(T/2)=3(—T/2)=J,, to be takeninto account.

C. Adiabatic approximation

A directcalculationof the pathintegralseemshardly pos-
sible unlesssomeapproximationsare used.In orderto un-
derstandwhat sort of an approximationcan be appropriate
here, we needto analyzethe equationsof motion for the
dimer coordinatesand momentathat can be obtained by
minimizing the actionin Eq. (4.5):

. dHy T2 :
y_%'i'J_T/Zdt,\/AL(t)AL(t,)[KL(t_t,)Sm P(tt) =L (t—t")cosy (t,t")]
T2
—f dt’ VAR(H) AR(t")[Kr(t—t")sin yr(t,t") —L,(t—t")cos yr(t,t")]=0, (4.7)
-T/2
. 9Hy T2
o+ W_j dt’ VA (t)/A (D)[K (t—=t")cos i (t,t")—L (t—t")sin ¢ (t,t')]
-T2
TI2
+f dt,\/AR(tl)/AR(t)[KR(t_t,)COSlpR(t,t,)_LR(t_tl)S”'] lpR(t,t,)]:O, (48)
-T2
. T2
J—ZJ dt’ VAL(H)AL(t)[KL(t—t")sin ¢ (t,t")—L (t—t")cos g (t,t")]
-T2
T2
—2] dt’ VAR(DAR(E)[Kr(t—t")sin ¢r(t,t")—Lg(t—t")cos yr(t,t")]=0, 4.9
-T2
. dHyq 1 (T2
X+ a_‘;j_zf dt’ VAL(t)/AL(D[KL(t=t")cos ¢ (t,t") =L (t=t")sin ¢ (t,t")]
=T/2
1 (T2
+§f dt’\AR(t,)/AR(t)[KR(t_t,)COSlr//R(t,t,)_LR(t_t,)S|n wR(t,t,)]:O (41@
-T/2
|
First of all we observethat the isolated periodic orbits ~ wherethe kernelreads
foundin Sec.lV A aresolutionsof the equationsof motion.
By substitutingone of theseisolatedorbits, correspondindo
saythey, minimum, one obtainsthe nonlocalactionterms _ 1 cog A\oR(T2—t) — w|t|]
. K == CL,R 2 [
in the form LRr(1) 22;4 (C.5 SnALRT2
T2 T2 ~ (4.1
S rlY. ¢, xI=ALR dtj dt'K g(t—t")
-T/2 -T2
(41]) andA,_=J0/2+y+, AR:J0/2_y+ .
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This kernelis similar to the kernelsencounteredn the
standardconfigurationspacetunneling problems(see, e.g.,
[8,19)) exceptfor the additionalterm w|t| in the argumenbf
the cosinefunction. This term ensuresa rapid convergency
of theintegral(4.6) regardles®f the phonondensityof states
providedw is largeenoughcomparedo )\lL,;R, which canbe
achievedif yJy>2C, which is the condition for the very
existenceof the breatherin our system.It should be men-
tioned,in particular,thattheinternalbreatherfrequencyw in
the kernel makesthe logarithmic divergencyof the action
appearingn the so-calledOhmic casefor particletunneling,
asdescribedn [8], impossible.

The frequencyw characterize¢he isolatedperiodicorbit.
Any motion with smallerfrequenciescan be consideredas
slow and an adiabaticapproximationmay be appropriatein
sucha case This holdsin particularfor theinstantonsolution
(3.11) of equations(4.7)—(4.10 (if rewrittenin the imagi-
narytime) andsuchan adiabaticapproximationmay be used
when analyzingthe phasespacetunneling problemas well.
A more detaileddiscussionof the applicability of this adia-
batic approximationis givenin the next section.

The rapid convergencyof the integralsin the nonlocal
termsof the actionensureghatthe maincontributionis com-
ing from t—t’ being small. Thus the dependencedf the
dimercoordinateont’ canbe approximatelyrepresenteds

JH)=JI()+IO)(t—t" )+ - -,
y(t) =y +ymt—t')+---,
et —e(t)=e(t)(t—t")+- -,

x(t) = x()=—w(t—t")+x()(t—t")+---.
(4.13

This expansions substitutednto the actionin the exponent
of Eq. (4.5 andintegrationovert’ is carriedoutin the limit
T—oo, Keepingthe leadingtermsof the expansiorthe adia-
batic approximationfor the actionis obtained

Su= | A0 (0 M)~ 301+ My 5ict)

—y(1)(1+My)(t)—Hgly(t),e(t), I},

(4.19
where
C2
Mo=>, —= (4.15
0 z Ny— o
and
C2
M= —F— (4.16

3 (w—)\#)Z'

Now all the termsin the action(4.14) arelocal andit can
be directly comparedwith the resultsobtainedfor the iso-
lateddimer. Actually we havenow to calculatethe propaga-
tor (3.7) using this new action. First the integration over
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6x(t) again yields only the paths with J(t)=J,. Then
changingintegrationvariablest =t/(1+ M 1), in theremain-
ing part of the actionone obtainsthe propagatotin the form
(up to factorsirrelevantto tunneling

~ ~ i(1+M
z~ [ miyiin D[qa(t)]ex%—%

<[ ity -y 000 @10

The propagator(3.10 canbe transformednto the propa-
gator (4.17) by scalingthe Planckconstanti —#/(1+ My).
This meanghatthe splittings of the quantumbreatherevels
dueto tunnelingin the chaincanbe obtainedfrom the split-
ting found for the isolateddimer just by the samescaling.

V. DISCUSSION

We havestudiedthe tunnelingof a localizedbreatherex-
citation in a chainof particlesdue to quantumfluctuations.
For this purposewe usedan extendedversion of a dimer
model. The original dimer model was recently investigated
classically and quantum mechanically[12,13. Assuming
that the breatheris mainly localized on one bond, we re-
placedall the bondsby harmonicones,exceptfor two of
them,thusallowing for tunnelingfrom onebondto the other
underthe influenceof the remainingharmonicbonds.

For theisolateddimer,i.e., whenthe harmonicchainsand
their couplingto the dimerareremovedwe haveappliedthe
pathintegraltechniqueandreproducedhe resultfor the tun-
neling splitting AE(?) obtainedearlier within a perturbative
approach.This agreemenhas beenachievedfor the expo-
nential factor, which representsthe main contribution to
AE(® . Taking the interactionwith the harmonicchainsinto
accountwe havecalculatedhe propagatoby useof anadia-
batic approximation.The result (4.17) allows us to find an
equationfor the probability amplitudeof the breathetunnel-
ing in the chainif we know the probability amplitudefor the
isolateddimer. For example,we may useEq. (1.10 in Ref.
[12] (amoregeneralderivationcanbefoundin [13]) derived
perturbativelyfor the isolateddimer. The quantumnumber
n=J/# is thenumberof bosonghatcomprisethe breatherlt
is the only parametein this equationcontainingthe Planck
constant#. Applying the above scaling one arrives at the
amplitudefor a breathertunnelingin the chain,

AE

2nC (C\"t
( ) , (5.1)

NCEME

wheren=J(1+M,)/%. For large valuesof n the Stirling

formularesultsin
- (n—1)y
expi —(n—1)In
eC

It is readily seenthatthe interactionwith the bathdiminishes

the exponentialfactor due to the increaseof the n with re-
spectton (M is alwayspositive. This is the sametype of

AE~ ] (5.2
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behavioraspredictedin [20] for the influenceof the bathon
the configurationspacetunneling.

Here we commentagain on the quality of our adiabatic
approximation.The nonadiabaticcorrectionsin the action
(4.14) areproportionalto the quantityM 4, Eq. (4.16), which
for  w>max\ }=wy+2C can be estimated as
M~ C?/ w?<1. Direct analysisof the adiabaticexpansion
(4.13 showsthat the next order termsin the action(4.6)
will containadditionalpowersof theratio w,s/ . FromEg.
(4.2) onefindsthatthe breatheffrequencyw is alwayslarger
than yJy.  Therefore, the frequency, o=
yJo/2y/1—4C?/ 232, typical of the instantonis smallerthan
the breatherfrequencyat leastby a factor of 2. It may be-
come especially small near the bifurcation point, when
2C/vyJ, is closeto one.Hence,we expectthe adiabaticex-
pansionto be quite reasonabldf the instantonfrequency
winst IS SMall enoughcomparedo the breatherfrequencyw.

It hasbeenshownfor the configurationspacetunneling
thatthe behaviorof the densityof statesof the harmonichath
for frequenciescloseto zero strongly influencesthis renor-
malization.In the Ohmic or sub-Ohmiccasethe couplingto
the bath may lead to a suppressiorof tunneling[9]. This
effect,however,doesnot occurfor the phasespacetunneling
of thebreatherfor our modelHamiltonian(2.2)—(2.7) evenif
the phonondensityof statescorrespondso the Ohmic case.
The reasonfor this canbe seenfrom the nonlocalkernelin
adiabatic approximation, (4.12. Choosing T such that
Tw/2=27v with v beinga positiveintegerthe argumentof
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the cosinein Eq. (4.12 canbe rewritten as (A ;" — w)(T/2
—|t|). Since the breatherfrequency w>0 must be larger
than the upperedgemax\ ,}=wy+2C of the phononband,
therewill be a gap, meaningthat )\;'R— ® heverbecomes
zero. Consequentlythe couplingto the phononbathresults
in aninteractionbetweertheinstantonghatdecaysxponen-
tially with “distance” |7— 7’| (wherer is the positionof an
instanton andnot asa powerlaw ~|7— 7’| 2 asis the case
for the Ohmic damping[9,8,19.

The occurrenceof this gapis relatedto the fact that the
breatheritself already has its own nonzerofrequency w.
Sincethis will also be true for breathersn quite different
typesof models,e.g., whereno anharmonictermswith re-
spectto the momentaexist, we may speculatehattunneling
of a breathercannotbe generally suppressedvenin the
Ohmic or sub-Ohmiccases.

Finally, we wantto emphasizehat the existenceof many
boson bound stateshas been obtainedrigorously only for
integrablemodels.Although our presentcalculationis not a
proof of existenceof boundstatesin the semiclassicalimit,
the finding that the tunnelingin the dimer is reducedwhen
consideringaninfinite chain,yieldstheright trendto connect
theseboundstatesto classicalbreathersolutions.
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