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I　 INTRODUCTION

熱的 に孤立 した 、粒子数
一

定の 平衡系の熱力学で は

dE 　： − pdV （1．1）

と い う公 式 が知 られて い る 。
こ れ は 、 体積 V を無 限 に ゆ っ く り動か した ときに成

立 す る式 で あ る 。 体積 を ある有限の 速 さ を持 っ て 変化 させ た ときに は 、補正項 が

現 わ れ

　　　　　　　　　　　 dE ＝ ＿pdV 十 yVdV 十 ・。・　　　　　　　　　　　　　　　　（1．2）

あ る い は 、

△E （の一
一
丿c

‘

＿ ，

dt’

P（めウ（の＋ノニ。。

　
dt’y （のウ（の

2
（1．3）

とい う表式 が期待 さ れ る （ド ッ トは時間 微分 を表す）。最大 、最小仕 事 の 原理 に

よれ ば係数 y は 、 正値で あ る はずで あ る 。

　 本研 究で は 、 （1，3）式 （特に 係 数 Y ）を第一原 理 （ハ ミル トニ ア ン とシ ュ レ デ ィ

ン ガ
ー

方程式）か ら求め
、

そ の 具体的表式 を与 え る こ と が 目的で あ る
。 結果 と し

て
、 従来 の 平 衡系 の 熱 力 学 が再現 され 、 係数 Y の 正 値性 が 示 され る 。 後者 は 、 最

大 、 最小 仕事 の 原理 の ミ ク ロ な立 場か ら の 検証 と い う意味合を持つ
。

　 こ の 目的の た め に 体積の 変化す る系を量子力学で ど う扱 うか が 問題 とな る。 こ

こ で は 、 体積変化を
、 波動関数に対す る境界条件が時間に よ っ て 変化す る こ と と

して 捉 え、多粒子系 シ ュ レ ディ ン ガ ー方程式の 第二 量子化 を考 え直 して み る。す

る と 、 用意す べ き ヒ ル ベ ル トス ペ ー ス 自体 は 、時間に 依存 しな い もの として 導入

され る こ とが わ か る 。

　 こ の よ うに して 得 られ た ハ ミル トニ ア ン を使 い エ ネ ル ギ ー
の増加 の 表式 を求

め
、 それ を体 積 v に 対 す る時間微分 の階 数 に よ っ て 展 開 （Adiabatic展開）を行

う こ とに よ っ て （1．3）式の 具体的表式 を求め る 。
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II SECONDQUANTIZATIONOFSCHRODINGER

      EQUATION  WITH  TIME-DEPENDENT  BOUND-
      ARY

We  consider  the interacting spinless  N-particle system  confined  in a  volume

whose  size  is changing  in time.  The  Hamiltonian is assumed  to take the form

                      N N

                  1-c=2T(xk)+g  2  v(xk,xi) (2.1)
                      k=1                                  k4i(=1)

where  T(xk) i  -(h212m)V2k  is the kinetic energy  and  V the 
'time-independent

potential energy  of  the interaction between two  pairticles with  g the coupling

constant.  The  vaiiable  xk  denotes  the spatial  coordinate  of  kth  particle. Spin

variables  are  also  easily  incorporated. The  Schr6dinger equation  is given by

                   o
                

'ihb7tW(xi･･･xN,t)=HQ(xi･･･xN,t)
 (2.2)

 with  appt'opriate  boundary conditions  [1].
   

'Ib
 deal with  varying  volume  V(t) we  take a  standpoint  that the systeM

 is enclosed  1)y perfectly rigid  walls  which  move  to cause  the charige  in vol-

 ume.  In this case  the many-particle  Schr6dinger equation  should  be solved  with

 time-depetident  boundary  conditions  [2]. Namely  the N-body  wave  function W
 satisfies

                         or(xi-･･xN,t)=O  (2.3)
 if any  one  of  xk  is not  included in the  volume  V(t). Since the introduction

 of  mode  variables  which  is time  independent is essential  in our  argument,  we

 reproduce  in what  fo11ows necessary  steps  in the pathway  to the second  quantized
 form of (2.2),(2.3).
   Tb solye  the Schr6dinger equation  with  time  dependent boundary conditions,

 we  first expand  W  in terms  ofa  complete  set of  function cbE(x,t) at  any  instant

 of  tirne that satisfies the boundary  condition.  Explicitly V,E(x, t) is given by

               cbE(x･t) -  t9., ,,(,)sin("il",(ff

'

)
                           (j' 

--
 1,2,3;n,･ =  1,2,...,co) (2.4)

 where  E  =  (ni,n2,n3),x =  (=i,x2,x3) and  we  have assumed  that the system

 is in a  big box with  sides  Li(t) (i =  1,2,3). The expansion  of  sp(xi - ' ･ xN,  t) is

 thus given by

     W(x,･･･xN,t)==  £  C(E{･･･Ek,t)thEt(x,,t)･･･cbEN(xN,t). (2.5)
                   El･･･Ek

-
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We  call  this  expansion  the  mode  e rpansion and  thE the mode  function. The
in}por-tant fact here is that the mode  is specified  by the  time-independent  index

nj-. We  sometimes  call  E  or  nJ･ themselyes  the mode  andices] in what  fo11ows.

   We  put this expression  into (2.2), multiply  ipE,()ci,t)･･･3bE.(xN,t) and

integrate over  xi  ･･;xN  inside V(t), Then we  get a  set  of  equations  for the
coeMcients  C's;

ihOC(Eis'iENit)  =  IIS2)<Ehl7'-ihlliltTIvpr>,c(Ei･･･Ek.iWEk+i･t･EN,t)
                    k.1  W

                        N

                 +  g £  £ 2)<E,E,IVIV7W'>,
                      k#l(=1)                            W                               W,

                 × C(Ei･･･Ek-IWEk+:･･･El-.iVVtEl+i･･･EN,t),  (2.6)
wliere,  using  dot for time  derivative,

<Ek IT-zh 2111tT Iw>t =  <Ek IT-ihi;' oOv lw>t 
=  f

"{`)

 dxthE, (x, t)(tr(x)-zh8t  )cbvv (x, t),

                                                            (2.7)

<EkEdV[WVV,>, =  f
V{t)dx

 f
V(`)dxtcbE,

 (x, t)thE, (x', t)V(x, x')thlv(x,  t)abw, (x', t).

                                                            (2.8)
There are  some  itnportant differences here compared  with  the case  of  time-

independent boundary  condition.  Indeed we  notice  that the mode  function
depends on  tleading  to the appearance  of  the term  <Eklihi9FtlW>t. But the
coticept  of  mode  itself is independent  of  time.

   We  have to incorporate the statistics  of  partic!es. For simplicity  we  tem-

porarily vestrict  our  argument  for non-interacting  boson, but  the  similar  discus-

sion  applies  for interacting bos'on or  fermion. The  wave  function Q  is symmetric
under  the interchange of  the coordinates.  Then  the symmetry  of  C  under  inter-
change  of  ipode  indices fo11ows, npinely,

              C(･-･Ei･･･Eli･･･,t)=C(･･･Ei･･･Ei･･･,t). (2.9)
We  arrange  al1 the  Ievels (specified by three-component  vectors  n)  available  for
Ei in an  appropriate  order  arid  call these levels state  1, state  2,...etc. Sup-

pose that, in any  one  of  the sets  (Ei-･tEN),(E{･･･EN),..., the state  1 oc-

curs  ni  times, the state  2 occurs  n2  times and  so  on,  Then  we  notice  that,

even  if (Ei･･･EN),(E{･･･EN),..., are  different from each  other,  coeficient

C  for all these sets  have the same  value  C(UtJ;;l}ZtJ.:;･･･,t) which  we  cal1

                                       nl  n2

C(nln2･･･n.,t).

   Intro(lucing the normalized  coeMcient  f

       f(nin2 ''noo,t) =  (ni!n21 1.n..T)
}if(nin2

 'neo,t), (2･10)

-
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 (2,6) can  be  written  as fo11ows (for noninteracting  case),

 inOf(nin2o'i'noo,t)  .,  E<iE7'-ihllltTli>,nJ(nin2･･･nco,t)
                        i

                   + Z<ilT -  ihijlt lj>t ni(nJ･  +  1)f(ni ･･-  ni  -  1 ･･･  nj  +  1･･+n.e, t)

                       il2'

                                                                      (2.11)

 Hetbe the  summation  over  i or  2' implies the summation  over  the states.

    Let us  introduce time-independent  operatois  whlch  satisfy
                            '

                 [gpi, g,t･] =  6i,jJ, [gi, goj] =  [spl, sp i･] =  O. (2.12)

 witlL  i,j corresponds  to the niode  of  expansion  (2.5).
    The  eigen-state  lnj･> for the number  oper,ator  g]qe' becomes

                P;･ epJ'lnJ'>=nJ'lnd> (nJ･ -- O,1,2,...,oo). (2.13)

 Tlten the time-independent  abstract  state  vector  is defined as

                    lnin2 ...neo>  =  lni>[n2> ... In..>. (2.14)

 We  now  rewrite  (2.11) as  the equatio'n  ol"motion  fbr the state  vector  IV(t)> E

 £ nin2･･･n..  f(nin2 '''noo,t)lnin2'''`neo>.  Noting the relation  .

       (n;･ +  1)n; lnl ･･･nl･  +  1-･･n;･ -  1･･･na>  =  pfo,･ln: nS  ･･･nk),  (2.15)

 we  finally arrive  at

                ihOIWo(,t)> =  £ <ilT-ih8t lj･>,gi. gjlul(t)>. (2.16)
                          {,J'

 This is the second  quantized  Schr6dinger equation  for free boson system  with

 moving  wall.  The  case  where  the  interaction potential V'is present and  where

 the particles are  fermions  can  be discussed in a  similar  manner.  We  find that

 a  set  of  equations  (2.6) with  the statistics of  particles included is equivalent  to

 the following second  quantized  equation.

                       .o

                       thblIW(t)>=H(t)IW(t)>,  (2.17)
                         '

      H(t) =  £,
 <qT -in8,  lj>,ql･ gj +  g Z  <i2'lvlkl>pt･ glgigk, (2･ls)

             t,u i,Sk,l
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              [q`,q;･]± ==  6i,j, [qi,g2･]± =  [gS･,gi･]±  =O  (2.19)
where  [-･･,･･･]+ denotes  the anticommutator  for fermion and  [･･･,･･･]- the

eommutator  for boson. We  stress  here again  that the operators  and  abstract

space  (Hilbert space)  have been  introduced time-independently.

   Now  we  specify  the system  to be considered.  Fbr this purpose  the mode

function (2.4) is employed  with  L2 and  L3 independent of  time  for simplicity.

Keeping in mind  that <il8,lj'>t becomes  the integration of  ipi(x,t)Oabi(x,t)let
which  is the pL'oducts of  trigonometric functions lnside V(t) we  get

          H(t) =  H(V(t),V(t))
                                     .

               
=

 :ll)nwn(t)vellgn-th}l[3.2,.,fun'plLepn'

               +  g Z  <nin21Vln4n3>gk,pA,gn,gn, (2･2e)
                    nl-･n4

where

          hw"(`) =: ;.ll, S,X.(}?i,T))
2,

 (2.2i)

           fnn, =  (-1)"'-":nint"n'112(1-6ninP6n2ni6n3ns･ (2'22)

We  htwe also  recovered  the mode  index n  : (ni,n2,n3) for.E (or i). The  oper-

ator  pL  or  gn  does not  depend on  time  so  that time-independent  Hamiltoniau                           .
contains  t only  through  V(t) and.V(t)  because the potential V is assumed  to be
                                     .

time-indepe!}dent. The  term  proportional to V(t), which  ,is 
Hermite of  course

because fun, is an  antisymmetric  matrix,  describes the effect  of  mixing  among

difft]rent niodes  brought about  by moving  wall.

   The  second  quantized  Hamiltonian given by (2.20) is our  first result  describ-
ing the system  confined  in a  box with  sides  Li(t), L2, L3,

IIIEXPRESSION  FOR  INCREASE  IN  EN-
ERGY

Let iis assume  that the system  described by the Hamiltonian (2.20) is in a

thernial equilibrium  at  initial time ti and  then evolves  into non-equilibrium

state  fbllowing the Schr6dinger equation  under  the  time-dependent  Hamiltonian
(2.20). For such  a  case  we  derive below the expression  for the increase in energy
at  time  t {AE(t)) compared  with  that of  the inltial time.

-
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    First, define the time  evolution  operator  for the state  in Schr6dinger repre-

 sentation.  Using the time  order  operation,  it is given by,

                u(t,t') :Texp{-kyll

'dsH(v(s),V(s))}.

 (3･1)

 Differentiating the Hamiltonian in Heisenbevg picture  with  t we  get

              8, u(t, t,)tH(t)u(t,  ,,) =  u(,, ,,)tag5t)  u(,, ,,). (3.2)

 Tliis leads ns,  by integration, to the following formula;

      u(t, t,)tH(t)u(t, t,) =  H(t,) + L
t

 dttu(tt, t,)tD llli,t') u(t,,t,). (3.3)

 Now  the expectation  value  of  any  operator  O  is defined as

                     <O>t=Tr[piU(t,ti)tOU(t,ti)], (3.4)

 where  pi is the initial equilibrium  density matrix.  We  choose  in what  follows

 pl wliich  represents  the grand  canonical  eusernble.

                      '

                        pi =  e-PH'ITre-PH'  (3.5)
                        Hi =  H(ti)-pN  (3.6)

 Here we  have  assumed  V'(ti) =  O and  N  is the  number  operator  and  T  =  (k5)'i
 denotes the iuititLl temperature  aiid  pa is the chemieal  potential.

    0perator  O  in (3.4) can  explicitly  depend on  t which  is called  kinematical

 tin)e developinent (for exainple,  the  explicit  dependence  on  V(t) and  V'(t) if O

 is tlte Haniiltonian). The  dynan)ical tin)e evolution,  on  the other  hand, is the

 one  caused  by  the  Hamiltonian.

   
'
 The  increase in cnergy  AE(t)  is given by  using  (3.3) as

                                                                   '

     AE(t)  =  <H(t))t-(H(ti)>t, (3.7)

            = YfJdt'TT{piU(t,,t,)teU,`')U(t',t,)} (3.s)

            ==  Ylldt'Tr{piU(t',ti)t[V(t')Xi(t')+V(tt)X2(tt)]U(tt,t,)}(3.9)
 where

                                          .

                                 eH(V(t),V(t))
                       Xi(t) =                                                               (3.10)
                                     ov(t)

                                 OH(V(t),V(t))
                       X2(t) =                                                               (3.11)
                                     olPr(t) .

-
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The  operator  Xi  is related  to the usual  pressure operater  while  X2  is a  new                                                .

operator  which  appears  because H  depends explicitly  on  V. It is one  of  our

main  purposes  to prove that X2  has no  effect  up'to  next  leading  term  in the

adiabatic expansion  (see Sec. VI).

   The  similar  discussion to get the expression  (3.8) or  (3.9) has already been
made  in Ref. I3] by ai}other  approach.  The  crucial  difference from the cor-

responding  expression  in Ref  [3] is the  appearance  of  the term  X2. This is
the opeL'atot'  corresponding  to the force exerted  on  the system  by  the external

parametev  if it has non-vanishing  second  time derivative V.
   Before closing  this section  we  show  below explicit  forms of  Xi(t) and  X2(t).
Thcy  arc  thc  force operators  conjugate  to V  and  V  respectively  and  are  given
ius follows.

     Xi(t) 
==

 \ 
OohvW?t()t)gXgn

 + g.i},}..., 
OVSIi"itn)""3

 gX,pl,gn3gn4  (3･12)

           +  
ie\t:t2)

 lll.l], An'gSgn' (3･13)

                      Vr(t)
           E  X?(t)-                         X2(t) (3.14)
                      V(t)

     X2(t) 
=  

mvi?t)
 ll.ll, fnn'gXgn' (3･15)

Here the definition of  XiO(t) and  the simplified  notation  may  be clear.  The
conventional  operator  of  pressure is X?(t) as  will  be shown  below. Both  Xi(t)
and  X2(t) are  Hermite operators  of  course.

IV  ADIABATICEXPANSION

Now we  concentrate  ou  the  adiabatic  expansion  of  AE(t)  assuming  that the
time  variation  of  V{t) is small.  For this purpose  we  expand  AE(t)  according

to the total number  of  dots (time derivatives) in each  term  of  expansion.  First
                      - -- - --- q-4  -

few terms  are  given by; V, V, (V,(Y)2), (v, VV,(V)3)...,  etc.

   In the expression  (3.9), U(t',tJ) is .seen to depend on  V(s) aJid  t]'(s) in the
interval ti <  s <  t. We  expand  V(s), V(s)  in U(t', tJ) as  foIlows.

                                .

                 v(s) ==  v(t')+v(t')(s-t')+-･･  (4.1)
                 I;'(s) =  V(t')+･･･ (4.2)

Ofcourse, we  can  take other  expansion  scheme,  but later we  will  see  that  the
above  choice  turns out  to be particularly suited  for our  purpose.
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   Keeping up  to the order  V, the expansion  of  H(V(s),V(s))  in U(t',ti) is

 given as  follows,

   H(v(,),v(s))  =  H(v(tt),v(tr))+OH(Vo(e'!i,Y(t'))v(t,)(,-t,)+...
           =  H(V(t'),O)+V(t')Xli(t')+X,O(tr)V(t,)(s-t')+･･･.

                                     (4.3)

 Then U(t', ti) becomes

          M  M .

  U(tt,t,) =  TnU(tbt,.D==Tn(1-iAtH(tD)
         i=1  i=1

         M .

       =  H(i-£AtH(v(t'),o))
        i=1

       +  ]Il.k, [.fi.,(i-iAtH(v(t'),o))] [-gAtv(t,){(t, 
-t,)x,o(t,)+x,(tt)}l

         ×[ll.l(l(i-kAtH(v(t'),o))] +･･･ (4.4)

  wliere  we  hewe  discretized the time  interval into M  steps  of  size  At.
   Lct us  introduce
                             '

           U'(ti,t2) =  exp  {-t(ti -  t2 )H(V(t'), O)} (4,s)

  which  realizeB  the time  evolution  with  volume  fixed to the value  V(tt). Thus  we

  get

  U(t',tJ) =  U'(t',tr)

       - il Y(1
'

 dt"ut(t,, t")l;r(tr){(tU - t,)x,O (t,) + X2(t,)}Vt(t", t')U,(tr, tl) + ･ ･ ･

                                         (4.6)

  where  the relation  U'(t", tl) =  U'(t", t')U'(t',tl) has been used.  From  (3.9),(3,14),(3.15)
  and  (4.6), up  to the order  (V(t')2, V(t')), the fo11owing expression  of  AE(t)  is

  obtained;

  AE(t) =  Y[ldt'V(t')Tr{piU'(t',ti)tX,O(t')Ut(t,,tJ)}

      +  ylj dttiV(t' )2 JCj

'

 dt"

-
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×
 Tr{piu'(t', ti)t [u'(t', t"){(t"  -  tt)x,O (tt) +  x2  (tt)}u'(tt, t"), x,O(t')1 u'(t', tl)}

                 L J

+  
.)(jdt'(t7(t')-Vv

'

 
((ti?)2)Tr{mu'(t',tJ)txi(t')u'(t',t,)}

 (4.7)

Let us  discuss the operator  Tr{pl V" (t', tJ)t ･ ･ ･ U'(t', ti)} appearing  in the above

formula. The time evolution  operator  U'(t', tl) is the adiabatic  limit of  U(t',tJ)
in tl)e sense  that we  have made  all the derivatives of  V(t') go to zero  (see (4.1)
to (4.5)), The  expectation  value  in the form Tr{piU'(t',ti)tOU'(t',ti)} ==

Tr{U'(t',tJ)plU'(t',ti)tO} can  be interpreted as  a  thermal  eguilibrium  average

at  time  t'; Tr{p.g.(t')O}. The  state  characterized  by  p,g.(t') is obtained  from  pi
by an  adiabatic  change  effected  by Lr'. Therefbre by a  standard  argument  (see
for example  R.ef. [3]) about  the adial?atic theo:-em, pea.(t') represents  an  equi-

librium state  characterized  by parameters  which  take  different values  from that

characterizing  pi. Het-e peg,(t') corvesponds  to  the grand  canonical  distribution
of  certain  temperature  T' =  (icP')-i and  chemical  potential "' into which  the

system  1ias developed  through  the  acliabatic  change  of  the external  parameter
V(t).

   Now  employing  the notation

<' ' '>,g.tt  =  Tr{e-P'(H(V(V)P}-"'N) . . .}ITTe-P'(H(V(t'),O)rep'N)

we  rewrite  (4.7) as

AE(t)==  Yljdt'V(t
+  y(l

tdtt

+ y(li
tdt'(vr(t,)-

')<XiO
 (t')>eg.t'

kV(t,)2 L
t'

 dtn{(t" - t')xlt, (t" - t', v(t')) +  x5', (t
.V(tt)2V(t,))<X2{t')>eg#'

n
 -  tt,v(tt))}

(4.8)

Here we  1iave defined

xl',(t"-t',v(t')) =  <[.itg(t"),Xre(t')]>,,.,,                                 '

XS'i(t"-t',;l(t')) =  <[R2(t"),RiO(t')]>eg,t,(4.9)

where

                     .)?'(s} ==  U'(s, t')tX(t')U'(s,  t') (4.10)
In (4.8), at  every  instant tt of  the time integration, all the  averages  are  taken
by equilibrium  thermal  state  which  is obtained  by an  infinltely slow  change  of

the volmue  V(s) from s =  ti to tt. We  arrived  at  this picture because we  harre
chosen  the expansion  scheme  (4.1), (4.2).
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    Equation (4.8) is our  main  result.  The  first line describes the  adiabatic

 limit, that is, the equilibiium  thermodynamics  while  the second  and  third lines

 represent  the leading non-equilibrium  correction  to the equilibrium  thermody-

 namrcs.

V  EQUILIBRIUMTHERMODYNAMICS

 In this section  we  examille  the  first line of  (4.8), or

                      AE(t) =-  
.L:i,

t

i dVP(V)  (5'1)

 where  -p(V(t'))  : <XiO(t')>,g,t,. The  expression  p(V) is interpreted as  the

 pressure of  the system.  Indeed  noting  that X?(t) =  OH(V(t),O)/OV(t), we  see

 that
                       '

                       10

          
NP(V)

 
=

 
-BT,ov(t,)

 
F,,T,ln{Tre-e'(H(V(t'),o)-ptN)}

                      ost

                 
"

 ov(t,) 
.,,T,

 (5･2)

 where  st is tlie therinodynainic  potential.

    Indeed, for non-interacting  case,  it is easy  to show  the well-known  expression

 (for example,  see  Ch. 2 of  Ref. [1]),

                p(t') ==  4i2 (2n';)
g:y: co

 de 
ep,(.Ei

 
-.

 (s･3)

 where  rc =  1 for Bose system  while  K  =  -1  for Fk]rmi system.

VI  NON-EQUILIBRIUMCORRECTION

 In this section  we  discuss the second  and  the  third  lines of  (4.8). First, it is

 easy  to see  that the third line should  vanish.  Tb  see  this, consider  the Iileynman

 rule  for <.X'2(t'))ee.t,. Let us  define the fo11owing non-interacting  part of  our

 Hamiltonian H(V(t'),  O) -  is'N,

                     Hb=2hw.(t')pXp.-pa'Ar  (6.1)
                           n

 and  corresponding  density matrix,

                       po=e-fi'HOITre-P'HO.  (6.2)
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Then we  notice  that

                      Tr{poAB･･･C}=real  (6.3)

where  A, B, . . .
 
,
 C  represents  qX  or  g.. This is simply  because the contractions

(propagators) are  real;

          PX' 9;i =  hs' (Wn)6n m,  9;9Si' = (1 +  rc Le' (Wn )) fin m}  (6･4)
where
                                   1

                     fh'(CVn)'= 
ep,(hw.-",)drc',

 (6'5)
                                   .
Calcnlating <X2 (t')>.g.t, by perturbation  in terms  of  interaction V, which  is also
real, we  end  up  with  the sum  of  the terms  each  of  which  is represented  by  a

diagram.  These  terms  are  real  except  for the over  all factoricoming  from the

definition of X2(t') given in (3.15). Therefore <X2(t')>.g.t, is a  pure imaginary

quantity. This contradicts  with  the ftvct that AE  is real,  therefore <X2(tt)>eq.t,
vani$hes.  Neting tliat fh., is zero  if n  =  n'  (see (2.22)) it is a  trivial task  to

confirm  <X2(tt)).g.t, =  O for non-interacting  system.  We  have also confirmed
this fact by a  divect calculation  up  to first ordev  of  V,

   Next we  go to the last term  in the second  line ef  (4.8) and  evaluate  the
      .

expresslon

 L
oo

 dttte(t, 
-
 t,,)xg,(t" 

-
 t,,v(t,)) =  zpyClll  

-g\
 
X2i.(W)

 +  ix,,(w : o) (6.6)

where

           xS'i (t" -  t', v(t')) =  
.Llll

 -S.l x2;(cv, v(t'))e-iw(t"-t') (6.7)

and  P  denotes the Cauchy's principal value  integral. Here we  have considered
tl as  

-oo.
 This is natural:  in order  to get finite energy  increase AE,  the

infinite time  interval is required  
'because

 the rate  of  the change  in volume  V  is
very  slow.  The  simplified  notation  x2i(w, V(t')) E  x2i(w)  is employ'ed  in what
fo11ows. Note that we  have used  the fact that x2i(t" -  t',V(t')) is a  function of
t" -  t' and  V(t') which  is clear  from its definition (4.9). We  can  shoe  that x2i
has tl}e fo11owing properties.

                         X2i(W)  =  X2i(-W)  (6.8)
                     x2i(w ==  O) =  O. (6.9)
Thus  the  expression  (6.6) also  vanishes.

   Tlie on!y  remaining  contribution  from the  second  and  third  lines of  (4.8) is
thus

X)
OO

 dt"e(t,-t")(t"-t,)xr, (t"-t,, v(tt)) =  ,p  
.Zlli;

 
-g;
 
Xie(,W)

 
-;

 
dX}i.(w)

 
.=,

 .

                                                           (6.10)

-
 195 -



Bussei Kenkyu

NII-Electronic Library Service

BusseiKenkyu

blZksuk

 Here the definition ofxn  (w) is the same  as  (6.7), Since it is known  that xn(w)  =

 -xn(-w),  the first integral on  the right-hand  side  of  (6.10) vanishes.  Now

 the second  and  third lines of  (4.8) of  the entire  first order  correction  of  non-

 eq'uilibriuni  therinodynainics  to the equilibriuni  one  becoilles

       .11i.. dt'V"(t')2y(t') with  y(t')= tiitT 
dXii(ZbV(t'))

 
..,.

 (6,n)

 The  function Y(t') is proved to  be positive as  follows. Let us  observe  a  well-

 known  fact [4] that .

                             wxu(w)2O,  (6.12)
 then  we  reac]i  the conclusion  that

             
d)C'i(ZisV(t'))

 
..,

 =  iii", 
Xii,,(`")

 =  iiff',", 
`"X:i2(W)

 )O (6'13)

 because xii(w =  O) =  O.

    We  have ass"med  above  that xlti(w) is continuous  at  w  =  O. However,

 stvictly  speaking,  this property depends on  detailed form of  Hamiltonian (and
 the dimension of  space).  For example,  if x"(t" -  t',V(t')) has a  long time  tai1

 as  tt' -  +co  then  Y  can  be negative  or  even  negatively  infinite depending

 on  the shape  of  the tai1. 0ur  precise statement  is thus  there is one  to one

 correspondence  l)etween non-negativeness  of  Y  and  the continuity  of  xl'i (w) at

 tu =  O, which  may  be checked  experimentally.
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