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カノニカル分子動力学における温度 shiftの方法

大阪大学 理学部 大塚博 巳

カノニカル分子動力学法の 1つである能勢の方法では､興味の対照 となって

いる物理系の自由度 に加え､その系とェネルギーをや り取 りする''熟浴''の自由

皮 (S,Ps)が､導入 される. この熟浴変数 S のべき乗 S畑 ま､samplingを行な

う trajectory上において物理系に対 し､esp(-β(k)H)/exp(-βH)と､同等の性

質を持 っている｡ この ことか ら sk を weightとして平均をとることにより､実

際に simulationを行 っている温度 β-1 とは異なった温度 β(k)~1における期待
値を得 ることができる｡更に､べき係数 kを無限小だけ変化 させることによ り､

この shiftした温度 β(k)~1 における温度微分量を与える関係式が得 られる｡
定温定圧分子動力学法の場合に以上の関係式を拡張する事 も容易である｡

これ らの方法の有効性を確かめるために､我々は 13-atom Lennerd-Jones
clusterに関す る simulationを行った｡

Contents

§1Introduction

§2Formulation

2.1Nos6)smethod

2.2FormulationofTemperatureShiftMethod

§3T-const.MDSimulationona13-atom I,ennerd-JonesCluster

§4Conclusions

AppendixA

AppendixB

References

ー276-



カノニカル分子動力学における温度 shiftの方法

ATemperatureShi氏Method

inCanonicalMolecularDynamics

HiromiOTSUKA

Weproposeamethodforobtainingtheaveragevaluesofphysicalquantities

attemperaturesdifferentfromtheaTSSumedvaluefromasimulationcalcuJationof

theconstanttemperaturemoleculardynamics(MD)withafixedtemperature.

ThemethodisdevelopedonthebasisofNos6'scanonicalMD.Thepresent

methodisnumericaHytestedinasimulationona13-atomLennard-Jonescluster.

§lIntrodtlCtion

Recently,Severa一methodsofmoleculardynamics(MD)fortreatingensem-

b一esotherthanthemicrocanonicalensemb一ehavebeendeve一oped;theyarethe

constantrtempe,atu,e(T-const･)MDmethods,theconstantiempe.atu.econ-

stantpressure(pT-tonst.)MDmethods,andothers.1-4)Amongthem,the

methodproposedbyNos63,4)hasattractedmuchattention,beingsimpleand

transparent.Heintroducedanextradegreeoffreedom describedbyacoordi-

nateanditscanonicalconjugatemomentumtOrepresenta"heatbath"which

exchangesenergywithagIVenPhysicalsystem.BychooslnganaPPrOPnatepo-

tentialfortheheatbath,NoseShowedthatthemicrocanonicalensembleforthe

extendedsystemconslstlngoftheheatbathandthephysicalsystemisequNa-

1enttothecanon']calensemb一eofthephys.JCalsystemforaconstanttemperature-

HealsoshowedthattheT-const.MDmethoddevelopedonthebasisofthis

devicecouldbeextendedtothePT-const.MDbycombiningltWithAndersen's

constantpressureMDmethodl);inthiscasethevolumeofthephysicalsystem
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istreatedasadynanjicaLv誠abl6-･一･_n/oover5)gaveafurth,erelucidationofNos6's

methodbyshowlng:thattheheatあathこvdriablesactasthermodynamicfriction.

AninterestlngmethodforcalcuJatlngthefreeenergybymeansofNos6fs

methodwasdevelopedbyBra批aandParrinelfo･6)Theyshowedthatthecalcu-

lationoftheaverageofthek-thpoweroftheheatbathvariables,i･e･,sk,by

tconst.MDatat占mperatureβ-1yieldsthefreeenerg少difFerencebetweenβ-1

andanothertemperatur占β(k)-1;thelattertemperatureβ(k)-1isdetermined

bye-1andk.

lnthispaperweextendtheabove-mentionedBrafikaandParrineHomethod

toshowthattheaverageofagIVenPhysicalquantltyA atthetemperature

β(k)-1Canbeobtainedbytakingaratioof< skA>βto<チk>β.where<

･･･>βdenotesthe声_Verager_VaJuecalcuJatedbyT-const･MDatthetemperature

β-1.Thisresultcanbe?xtendedtothePTTCOhst.MD.Byvaryingthepower

paramete_rk,Wecanobtaininformationatvarioustemperaturesβ(k｢1bya

sやulationcalcuJationatβー1;WecanalsoobtainatemperaJurederivativeof

thea,verageofaphysicalquantJtybyadaptlngthepresentmethod.

Thispaperconsistsoffoursections･ThebasicforrTlulationisgivenin§21In

§3,weperformaT-copst･MDsimulationona13-atom Lennard-Jonescluster

tocheckthevarldJltyofthemethod.Asummaryandconclusionsaregivenin§4･
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カノこカル分子動力学における温度sbiftの方法

§2fbr血ulation

2.1Nos67smetl10d

fnthissubsection,weshaHsummarizeNos6･smethodbriefly･3,4)Nos67sHamil-

tonianforT-const･MDisgIVenby

Hn(q,p,S,PS)-H(q,P;)鳩 十等 lns, (2･1)

whereH istheHamHtonianforaphysica一system andβ~1 isthesimulation

temperatureofthesystem.Id占notesth占degreesoffreedom ofthephysical

system:i-3NfortheN-particlesystemlnthreedimensions.Whenthesystem

hasconservedquantities,thisequationmustbecorrected･Q,S,andPsarethe

mass,thecoordinate,anditsconjugatemomentumforthemotionoftheheat

bath,respectively.(q,p,di)arethevirtua一vatiablesintroducedbyNos6;they

arerelatedtotherealvariab]es(q',p/,di')representingcoordinates,momenta

andthetimeofthephysicarsystemby

(q,p;,筈)-(qt,p,,dll)･ (2･2)

Weassumethatthesev'lrtualvar'labtesobeyHamiltonTsequationsofmotionw'Ith

Hamiltonianeq.(2･1).Wewritetheirtrajectoryas(q(i),p(i),S(i),Ps(i))･With

thequas'I-ergOdichypothesllS,thelong-timeaverageofacerta-InPhysicalquantlty

A(q,p/S)alongthistrajectoryisequiva一enttotheaveragewhichiscaJQulated

byauniformsamplingfromtheequLenergysurfaceintheextendedphasespace

(q,p,S,Ps):

tli-～ifdiA(q(i),P#)-
drA(q,p/S)6(Eo-Hn)

/drS(Eo-Hn)

≡ < A>β,

- 2 7 9 -
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wheredr-dqdpdsdPsandEoisaconstantwhichisdeterminedbytheinitial

conditionoftheextendedsystem.Wetransform thevirtualvariablesp,qto

therealvariabfesp',q'byuseofeq･(2.2),andusingtheequivalencerelationfor

6-function:

6(9(可)-6(3-0)/響 ,

wherexoisthezeroofg(x),WeCanrewriteeq,(2.3)as

drldsdPBA(q',p')sJ+16(S-S.)

<A>β-

drldsdPBJsj+16(S-S.)

(2.4)

wheredr'-dq'dp'and

Ps?
so-expl# (E0-両 -H(q,,p,))]･

ByintegratlngwithrespecttotheheatbathvariablessandPs,wecanderive

followlngequation･

dr'A(q',pt)e-PH(q'･p')

<A>β -

/
dr'e-PH(q'･pJ)

=<A>pC) (2･5)

where<･･･>pCdenotestheaveragewiththecanonicalensembleatP-1

lnthecaseofPT-const.MD,Nos6'sHamHtoniancorrespondingtoeq.(2･1)

JS

Hn(q,p,S,p-V,Pv)-H(qVl/3,義 )+芸 +等 王lns･嘉 ･pec v ,

(2･6)
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カノニカル分子動力学における温度_shiftの方法

where-Pea denotesthesimulation･･pressure.W,V,andPvarethemass,theco-

ordinate,andthemomentumforthemotionofthevolumevariable,respectively･

There一ationsbetweentherealvariabfesandthevirtualvariablesareglVenby

(qvl/3,義 ,筈)-(q,,p,,qi,)･ (2･7)

ThefoHowlngexpressionisderivedinthesamewayasthetaseofT-const.MD.

吉./
lim 二
tー∞i did(q(i)V(i)1/3,

p(i)

drdVdPvA(qVl/3,p/svl/3)6(E.-Hn)

./
drdVdPv∂(Eo-Hn)

dVdr'A(qJ,p')e~β(H(q',p')'PecV)

/dVdF'e-♂(H(q',p')+PeaV)

<A>pC,per

…<A>β)peX

(2.8)

Consequent)y,bychooslnglnstothepotentialforheatbathvariabfesandgen-

eratlngmicrocanonicalensemblesforextendedsystems,Wecantakecanonica一

ensemblesforphysicalsystems.

TheaboveargumentappHestothecaseofthevirtualtimesampling,t.e.,the

sampHngalongthetrajectory(q(i),p(i),S(i)).Ontheotherhand,inthecase

ofrea一timesampHng,whichisperformedalong(qf(i'),p'(i')),Nosepointedout

thatthefactori+1mustbereplacedbyI.Forexample,Nos67sHamHtonian

eq.(2.1)becomes

Hn(q,p,S,Ps)-H(q,p-)･芸 .吉lns･ (2･-1,)S

W占perform asimulationona13-atom･Lennerd-Jonesclusterin§3usingthe

realvariables;thefactorI+1inaHequationsisreplacedbyI.Thedetailed
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expJanationoftherelatio'nLbetweentherealtimesamplingandthevirtualtime

samp一inglSgJVen･inAppendixA.

2.2Formulationoftemperatureslliftmetl10d

Wehaveexp]a'JnedanoutHneofNoi6.smethodintheabovesubsection.

Nepxt,Jetusco･nsider-thefoJIowlngrquantltytOformu一ate''temperatureshift

method".

<skA>β t1--i

<sk>p

･i-u吉fdis(i)kA(q(ら,p# )
(2･9)

Theright-handsideofthisequationisrewritteninthesamewayasthederivation

ofeq.(2.5).Assumingthatwecalculateboth'thenumeratorand-thedenominator

onthesameequlenergySurface,weobtainthenextexpression･.

< skA, β =fdr'A'q',p''e-P'k'H'q'･p''/f dr'e~βq q'･P')

' sk'β- fdr'e-β(A,'H'q',p''/fdr'e-PH'q'･pl)

-< A>pC(A))

♂(k)≡(1+fL )β･

where

(2･10)

(2･11)

Therefore,wecansayfro血 thisequationthatbycalcu)ating<skA>β/<

sk>βbytheT-const.MDatβ~1,weobtaintheaverageofAatβ(k)~l

Bydifferentiatingbothsidesofeq･(2.10)withrespecttok,Wederivethe

foHowlngexpressionforthetemperaturederivative:

d<A>pC(k)_-f+1<(skins)A>β<sh>β一 千skA>β<sklns>β

dP(k) β <sk>昌,
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カノニカル分子動力学における温度shiftの方監

whichcanbe-rewrittenas

i (誓 lns- < 等 号.lns,♂(k')(A- <A,p'k)),β(A)･ (2･13)

Theexpression(-2.13-)can~alsobederivedbytakingintoaccountth･efactthat

the･fluctuatibnofthetotalenergyofthephysica一system･jsequJValenttothat

oftheheatbathexceptforitssl.gn. UsingthiseqtLationwecancalculatethe

temperaturederivat,'veatP(k)llbytheT-const･MDsimulationatP-llFor

example,ifAequalsthetotalen9rgyOfthephysicalsystemthentherighトhand

sidesofeq s.(2 .12) and (2 .13)bec占me

-<(H- <H>pC(k))2>pC(k)･ (2･14)

Thisexpressionisfamiliartous(seeAppendixB).

Itisastraightforwardoperationtoextendtheaboveargumenttothecase

ofPTconst.MD.Wecaneasilyderiveexpressionscorrespondingtoeqs･(2.10)

and(2.13)bypayingattentiontotab一el･Theresultisthefolfowing:

<A>pC(k),Per(h)

d<A>pC(A),Pex(h)
dP(k)

d<A>pC(A),Peょ(h)
dPeD(h)

<e-β(A)VhsたA>β,peュ

< e-β(A)Vhsk>β,peX
(2.15)

i(fil lns+hV- < 岩 lns･hV,β'k',Pe3'h')

(A-<A>β(k),P ex(h))>β(k),Pea(h) (2･16)

-β(k)く(V-<V>β(A),PEG(h))

ー(A-<A >β(A),Pea(h))>β(k),PeS(h), (2･17)
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where

PeC(h)≡Pea+h. (2.18)

WehaveobtainedaIltheequationstobederived;Wecanmakethemeanmg

oftheseequationsclearerbystudyingth占behaviorofsonthetrajectory.The

totalenergyoftheextendedsystemEoistheconservedquantltyOfthemotion:

Eo-H(q,p-)･芸 +誓 ム ns･β

Fromthisequation,

Ps2

sk-exp【苦くE0-両-H(q/,pI"

-consi.exp卜(β(k)-β)PB?/2Q]
exp(-P(k)H)

exp(-β∬)

(2･1〝)

(2･19)

AsweexplainedinAppendixB,expl-(β(k)-β)Ps2/2Q】doesnotinfluencethe

averagesofthephysicalquantities･Consequent一y,skessentia=yhasthesame

functionase~β(A)H/e~PH aJldcanshiftthetemperaturefromβ-1toβ11(k).

ltisthesamewithPT-const･MD.Wecanshowthate-β(A)VhskiSessentially

equa一toe-β(A)(.H+Pea(h)V)/e-β(H+P eXV);itcanshiftboththetemperatureand

thepressurefromβ~1,pertOβ(k)-1,pec(h),respectiVely･

TableI Therelatjonbetweentheweightsatwhichtemperatureandpressure

shiftsoccur.
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§3T-const.MD SimⅦlationona13-atom IJenmard-JonesCluster

Oursimulationswerecarriedoutonasystem of13atomsinteractlngWitha

Lennard-Jones(LJ)Potential:

Ui,･千4e((a)12-(孟)6)･ (3･1)

ItisweHknownthattheLJpotentialisagoodapproximationforraregasessuch

asargon,inwhichcase亡-125kB,q-3･45A･Wemeasureenergylnunitsoff,

lengthiM ,temperaturein(q/kB)andtim占in(mq2/e)1/2,wheremdenotes

themassoftheatom･Thephysica一systemwasencfosedinat6×6×6box･

VVeusedtherealvar.labtes.Th-ls'lsbecausethebehav'TOrOftherealvariables

ismoremoderatethanthatofthevirtualvariables.Therefore,therealvariables

aremoresuitab一eforthesimulationthanthevirtualvariables.Theintegration

ofthedifferentia一equationwasperformedontheNECSX-2NatComputation

CenterofOsakaUniversityuslngafourth-orderRunge-Kuttamethodindouble

precision･Werewriteeq.(2.17)usingtherealvariabJes:

Ht-H(ql,p,)･響 +舌lms/, (3･2)

wheres'-S,Pst-ps/S.ThisquantityisnolongertheHamHtonianforthe

motionoftherea暮variables,butitisst川conserved.Therefore,Wecantakean

approprlatetimestepforintegrationbypaylngattentiontoitsbehavior･

Weperformedsevendifferentsimulationsatthefollowlngtemperatures:

β~1-0.34303,0.4288,0.536,0.67,0.8375,1.1167,and1.488.A托erapproprト

ateequit'Ibrationrun,theaveragesweretakenoverarunof1,000,000stepsat

eachtemperature.Ateachsimulationwecalculatedtheaveragesfork-10,9,

‥,-10.
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･First,wetshbw eonfJ'gurations,ofthe13-atom cluster畠t､ーthe,abovetemi

peraturesin-fig.･1.Framesi･nthisfigureshowthe-_.6¥､6×6box._From thesP

configurations,Wecanrecogmzesomedifferencesbetweentheconfigurations-at

β-1-0.34074,0.47889andothers.Jtappearsthattheclusteratthesetwotem-

peraturesisinthestatewhichiidifrerentfromatothertemperatures.Therefore,

wetreatresultsat♂-1- 0.34P43and0.47889intheendofthissection.

Wecalculated_fourphysicalquantities:thekineticen.ergy,thetotalenergy,

themeanbondlength(MBL),andthespecifiche叶 ofthephysicalsystem･

Errorsforthesedatawerealsoestimatedfrom thestandarddeviationsofthe

short-timeaverages,wh-IChwerecalculatedfrom 20,000stepss'tmuIatlIOnS･VVe

shaHunify-inthefoHowlngfiguresthatOpenSquares,f川edtriang一es,opencircles,

fiJIedsquares,andopentrianglescorrespondtothesimu,ationsatβ~1-1.488,

1.1167,0.8375,0.67,and0.536,respectively.

Figure2Lcomparesβ(k)-1withtheCalculatedtemperaturesfrom kinetic

energydefinedby

T(P,k)
2<slk写 響 ,β

f <S'k >p

(3.3)

whichareshownbyabove-mentionedsymbolswitherrorbars.Theabscissg

showsthevalueofk.ThesetwotemperaturesforlkI<8Coincidewitheach

otherwithinerrorbars.Wemaythusconcludethatwehaveconfirmedthe

temperatureshifteffectinducedbyβk･

Figure(3･a)p一otsthetota暮energyperatomgivenby

E=
< S'hH(ql,p')> p

N<slk> p

(3.4)

againstthecalcuJatedtemperature.Wep一otthedataforevenk7sateachβI1
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Fig･1Thecon毎urat'tonsofthe13-atomLJctustbratthesimulationtem-

peratures.
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Wecanseefromthisfigurethatthedataobtainedfromthesimulationsatfive

differenttemperaturesare〉on弓SJnglesmoothcurvewithinerrorbars.

Thelastphysicalquantitytowhicheq･(2:.10)isapp一iedistheMBL:

LB-

2<S'kER:･,.>p
i>)'

N(Nll)<S'k>p' (3･5)

whereRi,･.sthedistancebetweenthei-thatom andthej-th-atom･Wep一ot

theresultsforMBLinfig.(4･a)･Asthetemperaturebecomeshigher,theMBL

comes~toもesaturatedbecauseofthepresenceoftheboundary.Wefindthat

thereisatemperaturerangenearT(β,k)=0.5wheretheMBLvariesrapidly･

Thetemper早tureShift叩ethodfunctionswe"eveninthisrange･

Weca一culatedthespecificheattochecktheexpressionforthetemperature

derivativeeq.(2.13):

C=-i(slkf.net)H ,β<S,A,β -<S,kH ,β< S,hf lns,,β

N T(P,k)2 <Elk >;

Theresultsareshowninfig･(5･a)･Theva一uesofspecificheatobtainedas

derivativesdE/dT(β,k)fromfig･(3.a)arealsogiveninthisfigureasfivecurvesI

Exceptforthedatawithlargel軒S,thesevaluersareconsistentwithoneanother･

Thisfigureshowsthatthereisapeakinaspecific′heatcurve,andthatitisinthe

above一mentionedtemperaturerange,wheretheMBLchangesrapidly.Therefore,

wemayconsiderthispeaktocorrespondtotheme一tingofthecluster･Wecan

seefromth')sfigurethatforasufficientlyh'lghtemperature,thespecificheatper

atomapproaches3/2.

lnordertostudytheinfluenceoftakingweightedaveragesonthedis-

tributionsofphysica一quantities,weshow histogramsoftheabovecalculated
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andthefivecurvesshowthespecificheatcalculatedfromfg.(3.a)bydE/T(♂,L･)

⊂⊃
〔⊃l■
:;==1

0･20 0･40 0･60 0.80
T(β,k)

Fig･(5･b)Thetemperaturedependenceofthespecificheatpe.atom.The

correspondencebetweenthesymbolsandthetemperatures;sthesameasthatin

fgt(3･b)･Thesymbolswitherrorbarsdenotethevaluesobtainedusingeq･(3.6)

andthe月vecurvesshowthespec-,fieheatcalcu-aモedfromGg･(3･b)bydE/T(P,A)
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short-timeaveragesofthekineticenergy(seefig.(6.a)～fig,(6.e)).Ninefigures

correspondtodistributionsfork--4,-･4･lnthesefigures,thelong-timeaver-

agesarealsoindicatedbyverticaHines,andthemaximumandtheminimumof

short-timeaveragesareadditionallyremarked.-Wecanseefrom thesefigures

howthevyeightsskshiftthedistributionsofthekineticenergy･

Fromtheabovesimu一ationcalculationresults,wecouldchecktheva一idity

ofeq.(2.10)andeq(2.13).However,itdosenotalwaysworkweH.Next,We

showtheresultsofMDsimulationatβ~1-0.34303,0.4288,and0.534.Figure

2,fig.(3lb),fig･(4･b),andfig･(5･b)plotthedataofthecalculatedtemperature,

thetotalenergy,theMBLandthespecificheat,respective一y.Thecorrespon-

dencebetweensimulationtemperaturesandthesymbo一sisthefollow暮ng:the

closedcirclesandopenrhombuscorrespondtoβ~1-0.4288and0.34304.The

consistencybetweendatainfig.(3.b)andfig.(4.b)becomesworsethanthatin

fig.(3.a)ムndfig.(4.a),stillmore,fig.(5･b)showsthateq.(2.13)doesnotwork

weJlatthesetemperatures.Thiswouldbebecausethatthebehaviorofthe

c一usterisnotsufficienlychaotictosatisfythequasトergodichypothesisatthese

temperaturesbe一owtheme一tingtemperature.
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Fig･(6･a)～ Fig･(6･e)Thehistogramsortheshorttime

av e rageso川 lekineticenergy･Figure(6 ･a)- fig･(6･e )

Correspondtothedistributionsca一culatedbythesimulations

atβ-1-0.536,0.67,0.8375 , 1.1167 , 1.4889respectively.
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§4Conclusions

WehaveshownthatーinthecaseofT-const.M D,theweightedaveragesus-

ingskgivetheaverages-ofphysicalquantitiesatβ(k)-1,whichisdifrerenJtfrom

thesimu一ationtempPratureβ~1･andthatffuctuatiolnOfthefunctionlns･which

isthe0-thpowerofs,yieldsthetemperaturederivat盲vesinsteadofthetemper-

atureshift.暮tiseasytoextendthesere一ationstothecaseofPT-constMD:the

weightwhichproducesthepressureshiftis(e~βV)h,andthatwhichgivesthe

pressurederivativeisln(e-bvh)--βhV.Wehavecheckedtheusefufnessof

thesemethods.Equation(2.10)Showsthatbycalculatingtheweightedaverages

usingsた,Wecanobtainthetemperatureshiftw-Jthamagn.Itudek/(i+1+k)β.

Therefore,thismethodworksweIlforareTativelysmaHsystem;a13-atom LJ

clusterwaschosenin§3･ltistobenotedthatattemperature_muchlowerthan

themeltingtemperature,thepresenttemperatureshiftmethodmaynotwork

wellbecauseofthebreakingofquasi-ergodicity-Whenwetakeweightedaver-

agesusingskwithlargelkl,manystepsarerequilredtoattainconvergence.The

methodisusefulbecausewecan一getinformatioヮaboutvarioustemperaturesby

oneMDrunatacertaintemperature.Wecansaythatthesere一ationsexp一ored

anunknownpossibHityofNos6'smethod.
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Append ix A

Wesummarizeequations､ofh10tionhere.InHamHtonianeq(2.1),wetakeH -

p2/2S2+¢(q)_Theequationswhichthevirtualvariab暮esobeyare

豊 sp2,dd; aa雲,芸 告 ,筈 -;(pi 一等 )･ (A･1)

Usingeq(2･2)ands'-S,P:-pus,Wecanobtainequationsforrealvariables:

富 -pf,富 憲 一p,E,蛋 -S,ぐ,誓 -吉(p,2-言上 Ps,(,(A･2)

whereC-S'pbl/Q･Wereplacedi+1byganditisdetermined一ater.AsHoover

showed.ifweta-keぐasanewvariabletodescribetheheatbath,theeq･(A.2)

canberewrittenas

芸 5 (p,21芳)･ (A･3)

dq' ∂¢
- 尋 ,富 一一di' aq'
壬 -p',÷ -一三三一plぐ,芸

TheseareVlasovtypedifferentia一equations,inwhich-theheatbathactsasa

thermodynamicfrictionandhaveacanonicaldistributionasastationaryso一ution.

WhenwecalculatetheaverageofAuslngtherealtimesamp一ing.

11im二f'ー∝'iI
1

= lim -
t-ooi

/

/

dlIA(ql(i'),p'(i'))

di

<β-1A>β′

A(q(i),p(i)/S(i))

S(i)

<β-1>β′

-<A>PCI(-1))

/ tli-～U d i去

(A･4)

whereβI(-1)- (1-1/(i+1))β'fromeq.(2.3)andβ'- (I+1)β/9.gis

determinedbyPF(-1)- P;gisequaltoI.Therefore,whenweusethereal

variables,thefactori+1mustbereplacedbyI.
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AppendixB

Thedetailedderivationofeq.(2.14)isgiveninthisappendix.Forsimp一icity,we

considerthecasethatk-0.Fromeq･(2.12),

d<H(q,p/S)>pC
dP 一旦計 <(lns)H(q,p/S),β-<H(q,p/S),β<1ns,β]

王±l Tfdr(hs)Hb(Eo-Hn)_Jdr(lns)6(Eo-Hn)fdrH6(Eo-Hn)

β L Jdr6(Eo-Hn) JdrS(Eo-Hn) Jdrb(Eo-Hn)

(B.1)

wheredr-dqdpdsdPs.BytransformlngthevirtuaJvariablestothercafvari-

abfesandintegratlngWithrespecttos,wecanrewritetheright-handsideof

eq(B.1)asthefoHowing:

-<(H- <H >pC)2>pC

- <(H(ql,pI)-<H(q,,p,),pC')(嘉 一<芸,pc'),pc'･ (B･2)

Theaverage< ･･･>pC'isdefinedby

<a(q',p',ps)>pc'-
IdPsdr,α(q,,p,,Ps)e-P(H(q'･p')･蛋)

JdPsdr,e-♂(a(ql･p,)･g) '
(且3)

wheredr'-dqldp'.H(q',p')dosenotdependonPs.Therefore,thefluctuation

oftotalenergyofthephysicalsystemdoesnotcorrelatetothatofthekinetic

energyoftheheatbath.Consequently,thesecondtermofeq･(B･2)isequa暮to

zero,andeq･(2.14)canbederived.Thisisnotonlyinthecaseofthetotal

energy,.I.e.,aHofthephys'lCalquant'It-leSdonotdependonPs andhaveno

correlationtothefluctuationofP82/2Q.Forthisreason,theweightwhichgives

thetemperaturederivativeisnotthetotalenergybutthepotentia一energyof

theheatbath.
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