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INTRODUCTION 

In the last years a large bod y of exper i menta l data has been 
accumulated in the (ield of deep inelast i c collisions (DIC) / I-3( 
It is known that th e es s en t i a l fe a ture of thes e col lis i ons i s 
the preservation of thp b inary charac ter of t he sys t em so t ha t 
the final fragments maintain s ome r esemblance with the i nitial 
nuclei. Theref ore, we have to discuss the col l i sion dynamics 
i n t e rms of the degrees of freedom associated wi th a t~o cen
t e r shell model ( c harge asymmetry , mas s asymmetry, neck, frag
ment de format ions and the r e l a t ive coordinates). The most cha
r ac t eristi c feature of thes e co l l isions, in addit ion to charge 
and mas s transfer, i s t he 108s of kineti c e ne rgy. 

Thes e dat a a l lows a vivid d i scussion between the t wo ext reme 
theoret ical approaches : t he t ransport theor i es which view t his 
process as being du e t o indepe ndent particle propagat ion thus 
stressing the stochas ti ng, random walk nature of t he relaxa
tion phenomenon / • 1 and t he quantum mechanical collective t heo
ries which v iew t his pr ocess as be i ng due to large scale col l ec
tive mod e s thu s s tre ss ing t he coherent nature of the relaxation 
phenomenon 1&1. 

I n the first approac h t he loss of kinetic energy is view-ed a s 
/ 8 71 " direct process based on the excha nge of nucleons - and in 

the s econd one a s a n indirect process i n wh ich col lective sur
face modes a nd g i ant r esonan ces a r e fi r st exci ted coher ent ly 
and t hen damped duc t o t~c coupl ing t o the rema i ning , non-col l ec
t i ve degrees of f re edom i / . 

I t is now widely a dmitted that the i nt roduction of di ssipa 
tion i n quant um mechanics i s (ar from tri v ial. 

One way to so lve this probl em is t o as sume that t he mecha
nism of energy 1086 is si mila r wi th the 105 s of energy of a har 
mon ·i c oscilla tor coupled wi t h a l arge number of o ther h.:trmon i-c 
osci ll ator s . This way can be simu13ted by a f r ic t ion t ~rm of 
Kost in t ype i n the Schrodi nge r equation /l0 ~ Already. on this line 
the rol e of co ll ective motion and quan tum fl uc tua t i ons , for 
charge and mass e1uilibr3tion i n deep i nelastic colli sions, ha s 
been explored 111.1 I. Also the influence of neutron degree of free
dom on the dynamics of charge equ ilibration has beE'n studi ed / 1S ,14/ 

Ano t her way i s to in t roduce in quantum mechanics Corces pro
portiona l to the ve l ocity in ana logy wi t h the fr ic t ion t orce in 
classical mechan i cs. It is known t ha t such systems cannot be 
described by standard Hamilton i an mechanics. Such fo r ces, whi ch 

I '1,r th.l": tJ l a:~; tl 'c:rm..,ii 
I "";:;.:. ~rJr.;rn~!U ! 
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cause a decrea se i n t he phll s ~ s pace vo l ume , a r e morc ~u it:ab l y 
descr i bed in the frame of t h e t heory of stoch a stic proces se s , 
In order t o p reve nt t he f a ll in lime of any finite vol ume i n 
phase space into a volume smal l er t han (.ft1 2)n .", di ff u s i on p r o 
cess ( stoc.hastic process ) whicrl i ncreases t he volume i n t h p phastJ 
space is needed. An equil i bri um s t a t e is a scate i.n which th ~s~ 
two oppos i t e t end encies ba l ance , On t h i s Un~ i l i s nccc~s.() r y 

t o unde r s Land how ari.se s lI <;. h qUilntum di f fusio n pr ocesses whic-h 
ba lance the f rict i on (orces and preven t rht., vinl.:tI: ioll o r th(> 
uncer t ainly relat i ons / 41 

We cons i der tha t the. most a ppr QpdtHt!' way I,n illlrruhll: t, dlssi,
pation in quantum lDechanics , especi.:d l y rtU rh..ur i ,·~ which view 
t hese processes as large scale damped C'oi l lcl l ve modes i s th 
Li nd bladl s ax i omat ic way. wbich r epluC"cSi l hc dYlIltmiC'rll g r oup Ut • 

unique ly d etermined by i ts generator II ( l ilt:' Hamiltonian op e r a 
Lo r of t lH!~ system) by the c; c)ttl p l~tely pos i t i v I.' dynamical sem i 
grou p ¢t with bounded sen~ra ton; V, , 

In [he presen t paper, [l ftCT ;.1 Hho rt pr esenc ac i.on of r.he: Lind
b lad r esults we obtained : n ~en(>rllLizaLion of the fundamenta l 
const r ainl s on qmmtum me:cl,allicnl dif r us i on r.-uefE ic i cn[s wh ich 
appear in the cor r espond in~ Inns t (.' r equat iuns. a general i za l ion 
of th<! Hasse pure s t ate cond i t t\.")" and a gene ralized Sc.h r od in
ger t yp e n on l inear a nd nonhcrmiti.e cquolion for nn open sys t e m, 

I n t h c n<!xt chapter s , Lhc St' hriid i nge r t lIoisc.nberg a nd Wey l 
Wigne r - HoY c'l l r cprcGc rittlLi ons of th .;:· Lindhlad equa t i on ar e givc.n 
ex-pli ci tl y . 0 1] the bas i s of lIU'·S l' r t'p r lf'tjcn l n t LOt1 S , i e i s shown 
that var iou s maste r e(IU(l l ions f or I h4.' ddmp{'d q ua ntum oscillator 
used in chc literat u re fo r t h, ' tl PS(ripl i un ilf l1w da mped c o llec 
t ive modes i n DIC are par t icular L;: aS~" nl t he- 1. indh l l.1d e qua t i 
on and that the ma:jor ; ty o f theSe! (HIllot i o n s lIr(- mH sat i sfying 
the c onstraints on qua ntum mechanical t.liffu flio n c·oc[f i c i cnts. 
Explicit (> xpr e ssions of the mean v~ ] u('s and vuri m1ces a r e. a lso 
given , 

Fina ll y we have shown Lhat tb e So l ulion II I llw I,indb l nd 
equatIon in t he \-Iey l-Wigll ~r-t1oya l r epn,,!sen t n L i nn ifil or GausS lan 
t. ype i f Lhe ini t.ial f orm or l he WigncT funct i o n j'l lol kol!' n to be 
a Gauss i an corresponding t o a cohe r ent wav(! r'H't'L j (l\.l . 

" ON QUANTUl'1 ~!ECHANICAl. ~fARKOV1AN ~!ASTER EQUAT IONS 

The s;landn r d qu.:m t um mcc-hanics i s lIamiltouilln. Th~ tllnu ~VQ
l Lltlml t'tr a (; losed pll!'Sll;al system is givE:>n by a dynnmit'11 1 group 
U, whic::h i s uni qu e l y detemined by iLs generator H wInch i s 
t he Ham j l tan la n o f'l er3tor a f th ~ sys tem. The action or the dyna
mica l group on any clens i t y matrix II . from the sel ~~(J() ofUt 

all densi ty matT i ces of t he quant um s ysLem whose. corresponding 
Hi Ibert . pace j < denoted by j{ . i s defi ne d by 
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-i..H t .LHt (2 . I ) 
P (t) ~ VI (P ) = e -II p e h 

f o r all l I;; (-00.00) . I f p is a pur e s tate ( i . e.,p2"",p ), then 
Ut(P) is a pure sta t e for all t C;;(-oo.oo). t-1e remind that, a ccor
ding t o vun Neumann, density o perat ors P G t(H} ar. e Lrace 
c l a ss (Trp < "..) self - adjoint (p*=p), positiv e (op> 0) ope r a to rs 
wi t h Trp _ 1. Al l the se prope rties are conserved by the time evo

lu t ion d e fi ned by U, . 
In the: case of open qu antum sy s t ems the main difficulty con

sists in findi ng such t i me ~vo l u t ions ~, fo~ density ope r a t or s 
p (l) =- ¢I t (P) whi c h prese rve the se von Neuma nn c ond itions f or 
a l l times. From th i s requ i r eme nt it f o llows t ha t ~ ~ mu s t ha v~ 
the f o llowing properties 

i) <l>t(hl P l+~P21. =X' <l>I(Pl )+X2<!J , (P2); hl'X,~O w!thXl+ h2 ~1, ( 2 . : ) 
I 

i . e " ¢It musC pres erve the conv e x struc ture of ~(J(). 

i i) I\l (P*) _ til (P ) * (2 .3 ) 
I , 

(2.4)iii) I\ll (P) > 0 

(2.5)iv) Tr til , (p ) =1. 

But these conditions ar.e not eno ugh restrictive in order to 
give 3 compl e te descrip tion oC the mappi ngs ¢It a s in t h e c a:!;ii e 
of the time evo luti ons VI f or c l osed sys t ems. Ev e n i n t he l a st 
case one h;qs to impose oth er restri ct ion s to U t , name ly, i t 
must be a g r oup Vt+& =U,U 8 , Also, i l i s eviden t that i n t his 
c ase V o(p) = p and Vl(p) .. pin the t ra c e nonn ""hen t . 0, 

Ot.he r proper t i e s o f c a n b e mo r e- easi l y expr(!sse d for theUt 

d ua l g roup fit act ing on the observables A~ ~ (H). i . e ., on t he 

bo unded operators on H 
_ ...L H t 

j 

Ae-::nl'lt 
U , (A) = • i! ( 2. 6) 

The n , it is evide n t tha t 

( 2. 7)o (AB) = il (A) fi , ( B) 
, I 

a nd 

(2 .8)UI(l) ~ l. 

whe r e I denotes t he i de n tity o pe ra tor on j{. Also 0 t (A) ~ A 

u l t r aweakly whe n l .. 0 and U, t s a n ultrawcakly continuo us map
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ping' I> 19~ These map pi ngs have a strong positivity pr opert y 

ca lled c omp lete positivity: 


lB; U, (AI Aj) B j ;, o. Ai . B j '< :lIO{)'.J (2 .9 ) 

which is an i Imled ia te consequence o f t be a bovc-ment i o ne J p ro
perty (2 .7 ). 

.~ B f U, (A ~ AJ ) B j - l (U, (Ai) 1\ ). l (U , (AJ) BJ ) . 
loj I J 

Because t he de tai led physical ly pl a usibl e condi t ions on t he 
systems, which correspond t o t he.se pr operties, are not known , 
i t i s much lIlore conven i en t to adop t an a.xi'lmRL ic po in t of v i ew 
wh ich is based main ly on t.he ::>impl i ci ty a nd the succes s o f phy
sic:a l a pp li. cat ions. Ac co rdingly / 1 ~19 ' i t is conveni ent to su p
po s e tha t t he time evo lut i ons ¢I t for open systems are no t 
v e r y d i ffe r en t f rom t il e lime evo l u t i ons fo r closed sy s tems . 
The simpllE!:s t dynami cs <b L wh i ch introduces a pr(lrer red din~c
t ion in t im~ , wh ich is characteriSlic for diss ipative p r oces
ses, is tha t i n which the group c ondition is r eplace d by the 
s emigr oup condit ion: 

<I> ~ <I> <I> t ') 0 . 
" & t s' (2 . 10) 

The p rope rty (2.7) of the t ime evol ut ions f o r closed s ys t ems 
which is too strong is r e p laced by t he complete positivity con
diti on : 

, .J IB,* <I> JAj AJ)B j,c O. Ai ·B, ~~j{ ) (2 .11 ) 

where ¢I t denotes tbe dual of 4lt aCling o n ~.1( ) and is de fined 
by t he dual ity co ndition : 

Tr(<I>,(p) A) = Tr (p~, (A» . 
(2. 12) 

Th en the cond it i ons 

'fr <I>,(p) 1 
(l.13) 

and 

<I> ,(I) (2 . 14 ) 

a re cqui va len t. 
ALso th~ cond i tions: 

<I> ,(A) . A ul lra".ak l y when 1.0 . (2 . 15) 

and 

4 

Il\ (p) _ p in the trace norm when t .. O. (2. 16) 

are equivalent. 
For the semi groups with t he properties (2.13), (2. )5) and 

with a more weak property of posi t i vi t y than (2. 11), name l y 
A ~ 0 .. <t)l(A) ~ O.it !.S well known tha t there exists a ( generally 
unbounded) mapp i ng L defined o n an ultrllweak l y dense doma. i n 
such th a t 

- 1 
lim ,'0 j . L(A) - -(<Il (A) - A l . o (2.17), ' 

. I . 1 15-191 L . 11 d £ ~f_o r A 1n t ~e doma Jn . 1.2 c a e the generato r o · "" t and 
4'1l t i s uni quely de termined by L . The dual gene r alor of the dua l 
s em i g r oup <1>, will be de not e d by L: 

Tr(L (p) A) ~ Tr(p L(A)) . (2 .1 8) 

The evolution equati ons by whi ch L (L) det e rmine uniquel y 

<Il,( ,I\ ) are 


d <1> , ( p) 

--d-,- ~ L( <Il, (p» ( 2.19) 


and 

d<l> , (p) _ L (~ (p»
-_.. - - t (2.20)dr 

res pe c tively in th e Schrodinger and Heisenberg picture. The s e 
equa t i on s replace in the Case of open systems the von Neumann
Li ouv il l e equat ions 

dU, (p) i 
- [H. U ,(p) ] . (2.21 )

dt 'II 

and 

dU,(A) i 
-[H. U,(A)]. (2 .22 )

d, ~ 

r espe.c tively . 
For a ny applic:at ions the e quat i on s (2.19) or (2.2Q) a r e only 

usefu l if the detailed s t ruclure of the ge ne r ator L(L) i s known 
and can be related to t he concrete propert i es o f the open sys 
temS 'Wh ich are descr i bed by s uch e qua t ions. I 

Suc h a s truc t ura 1 theorem wa s obtai ned by Li ndb lad in 18 1 for 
t he class o f dynamical semigroup s ¢l which are completely po s i 
tiv e and norm con tiuuous , i . e ., 
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l iJD II <Ii (A) -A 1\ n O (2 .23), 1 0 , 

OJ condi t ion wh ich i s more rest r ic t ive than t he u l t raweak conti
nuity impos~d above. F~r such s emi gr oups the gene ra t or L i s 
bounded. I n many ap pli ca t ions rb e genera to r i s unbounded . Ac
cording to Lindblad IIB{ the fol lowi ng a r gurlen t can be used to 
j ustify the complete pos i t ivi ty of 4', : if t he open system i s ex
tended i n a tr i vial way to a l c;rgcr system desc r ibed in a Hil 
bert space J( e K wi th the time evol u tion de fined by 

W, (A" B ) ~ 4>,(A)- B , 1.<;' $(}(), B ~ $IJ(I (2 .24 ) 

then th e posi t i v iry of t he statt;!.s of lhe compound system wil l 
be p res e rved by Wt onl y if ('ii, i S cotnpl ~tely p0 5 i t ive. Wi l h 
this o bs ervation a new eq u iva l ent dQ.finilion of the comp l et e 
posi tivity i. s ob r a in£> d . <!i , is comp1e-tely posit i ve if ~t i s 
ositivc: f or any finite dimension~l Hilbert space K. 

For comp l et~ l y positive m~'lppings (i, there e x i sts 0 mo r e 
direc t ana logue of ( 2. 7), n.1tnt.~l)' the ?~posi tiv i LY property 

<ii, (1.'1.) " d>,(A')<Ii, (Al (2.25) 

with ('quality at t_O . 
This prnpO<ly ioll ows fr<'m (2 . 11) it i . J • 1,2 and A, A , 

B 1 ::1; 1 IA2 ", I , Bt ....., -c$, (A) . l)iffcrentiOltioll of Lht:" in<!:quali. t )' 
(2.25 ) giv e s at' 0 

L (A'A ) -L (A' )" -A"L(A) o 2.16 ) 

fllr ,11 1 A ... !b(l{\. A boundpd mnrrill~ L: tllo ,~il<J(1 which "Ili, 
iios 1.( 11 . 0, [(A'j L(A ) : ,Illd (~ . ~n) i '_"illll'd d••sip",ive . 
lienee the 2-positivity o( flit impl iI":". tllal L is ,lj·lsiruE,ivc . 
L indbLJd hCl& s h ('lwn I ha t convt·nwly the dissiV~. 1 ivil.y of L im
pli(,5 t hat (J)t is 2-po~i r iv,' 18 L is ('.11 led c'omplCttely dissi
palivl' if all l ri v i a l ('xtl' n~inns cd 1:' 

RIA - D) <. L (A). lJ ( 2.2 7) 

to a compound system described by J<~ k ",· i t h any I illill ' dimen
siona l lli l ber t s pa cE' J( are dissipative. Then LiMdb1.1J 18 hns 
shown that the r p px i 5 ts a one - to-one correspondcnc(> I.H! l '-'t· ...·n 
the complete ly J'losi ti.vc norm cC!.n t inuous scmigr ou ps 4i, ':IIlJ ('0011)

l l"u'ly dis s i pative ~encratoTs L . ThE' s truc t ura l thE'orem of 
Lindblad give s the n th(· mosL genera l form of a c omp l e t e l y dis
sipative mapping r.: 

Theor em: L is l'omplete l y d issipati ve and u l t r ::.weakly conti
nuous if and only i r i l is o f t he fo m 

6 

L(A) = ~ [H, A\ + 1 (VtIA, V)l + IV!' , A\ V). (2. 28) 
2 n ) . 

where V. , l v·v . ,;;j\(H). H G-j\(l{) . 
J j J J S . Ii.. 

The dual genera t or on t he state space (Schrodinger picture) 
is or t he f o rm 

L( p): - ~ [H , pl + ~ 7([ VJ p; Vj 1 + ( V) ' pV/ l). (2. 29) 

Equalions (2. 19 ) and (2. 29) give a n expli c it f orm f or the 
most gene ra l t i me-homogeneou s quantum mechanica l Ma rkov ian mas
t er eq uat ion wi t h a bounded L i ouv il l e ope.rator 

d tI> (p) ( ».__ ~ l H , 1 

--;-d ,:-' - L( <Il, P - 1\ <Il,(p)l + 2i\ 1([V j"',(p) , vn + IV) , "',(p)Vj) ' 

(2, 30) 
We s hould like to menti o n t hat a ll Ma rkovi a n mast e r equations 

fo und in the 1 i t e r a ture are of t his f o rm afte r some rearrange
me nt of terms , even for unbounded g enera t ors. 

I t is al so a n emp i ri cal fact that f or many physically inte
resting s itua t ions t he t ime evo l u t i ons ¢It drives the s ystem 
toward a unique final s t ate p(- ) - lim "'I(P(O» for a ll prO) ," T O{)· 

F r om the 2-positivity property 0'1 <1>: (2.25) it f ol lows t ha t 

<Il'(r y ~ ) ~ r<Il, (Vj) <1>, (V j ) . (2 . 31 ) 

Because t he linear posltl ve milppi ng ~ (}O ... c: defined by A , Tr pA 

i s comp letely positive (he nce 2-poslt i v e ) it f o l l ows that 

1', ( p <1>, (l V!, Vj )) ~ 1'1( p 1 til ,(Vn <Il, (V j )) ~ 

j j 


(2.32) 

> TT' (p <l>, (Vn) T'(p<l>, (Vj» 

or by dua li ty 

Tr(~(p) l: V' V ) > l Tr ( <I>,(pI Vj' ) T, ( tI>,(p)V j), (2 .33 ) 
C j J J -J 

Th i s inequality can b e con s i dered as a generalization of the 
i nequality (11) f rom/20/ t o any MArkovian master equati on (2 . 30). 

Now the e qual i t y i n (2. 33) i s a necessary and suffi cient con
d ition for pe t). ¢It(p) t o b e a pure state for all time s t ~ a.In
deed, the necessary a nd s uf fi c. i ent conditjon for p(t) to be 
a pure sta t e i s Trp (t)2 . 1 (o r all t~O 00/. Thi s condition is 

7 

http:J'lositi.vc
http:LiMdb1.1J


equivalent with the condition 

:t 	 '!'r p (t)2~ , for all t ~ 0, (2,34) 

i . e ., with the condi tion 

Tr pet) L(P (t)~. for a ll t ~ O. 	 (2.3:;) 

Wi th t he expl icit form [ o r L(P(t» g i ven by (2,)0) it follows 
t hat 

Tr(p(t)L(p(t») ~ _I- l: (Tr(p(t) V p(t)V * ) _'!'r(p(t)2 V' V ». ( 2,36 )2!1 J J J J J 

Bu t (o r a pure state p2( t) ~p(t) a ml p (tjAp (t) ~ Tr(p(t)A) pet) 

f o r any A ~ !B(){) •. The n (2.36) c an be wr i t t e n a s 


l: '!'r (p(l) V ) '!'r(p(t) V*) - '!'r(p (t) l: VJ' VJ) 	 (2.37)JJ 	 J I 
which is exac t ly the equality si tuat ion i n (2.3 3) and is a ge
neral ization of the pure state condition/23-251 to all Markovian 
mast e r equations. 

Moreover, if p ( t)2 = p (t) for all t 2. O. t he re exist s a wave 
func t ion'" C; J{ s uch that 

pet) ¢= (,p (t), ¢ ) ,p (t ) (2,38) 

for any cP ~}{. Then, it is interest ing to ob t 41i n the evolu ti on 
equa t ion of ¢(t) wh i ch fo l l ows fr om the evolu t ion equa t ion 
(2.30) forp(t) . From p2(t)=p(t) it follow s th a t 

dp2(t) ¢ = L (p(t» pet) ¢+p(t) L (p(t» ¢ = j£ill ¢ 
(2 . 39)M 	 dt 

f or any ¢ ~){ and any t ~O. Now us ing t he ~xpli.c it form Jor L 
( 2.30) and p 2(t) = P (I) ; p(t)Ap(I) ~ Tr ( p (I) A ) pet) j t fo ll ows t h a t 

(d,p(t) .¢),p (t) +(,p(t).¢) dt(l) ~1 [ p( t). Hl¢+ 
dt dt u 

+ ~ l: (2 T r (p(t) V ) pet) V;' -2 '!'r (p(t) V; V ) p (t ) + 
J 	 J 

+ 2VJ '!'r (p(t)Vj)p(t)-vtVj P(t)-p (t)VjV )¢j 
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= ( ,p(1) , (J.. H +...!c l: (,p (t) . VJ,p(t» V* -.2 (,p (t), l: V .*V ¢(t)) I 
JII n j 	 ~'J I I 

- _1_ l: V ' V ) ¢) ,p(I) + (,p (t) , ¢)( - LH+ l... l: (,p (t), V* ¢(t»V J (2,40) 
2!lJ J J i\ nJ J 

__I_(,p(t),~V·v . ¢( t» __l_l: V*V ),p(t) 

2!1 JlI 2!lJ J J 


for any ¢ ,;}{. He nc.e, 

~I) 1 	 1 
- - =(- .LH+"l: (,p( t) ,VJ*,p (t»VJ- --,--(,p(t). l: V*V ,p(t» __l_ l:V·V ),p(t) . 
dt i\ "J 2h I J J 2!1 j J I 

(2.4 1 ) 

This is an equation of Schr odjn ger t ype for !/J (t) '-l i th the Hami l
tonian 

H+Il: (,p(t) . V' ,p(t) v. _i. (,p (t) ,:;: V*V (I', (t» - i.l: V·V . ( 2. 4 2 ) J	 JJ J J 2 JJ 2 JJ 

whi ch i s dependen t of !/J(t) , i.e., thi s Schrodinger t ype equat i on 
is nonlinear. This result is a generalization t o al l Markovian 
ma s t e r equati ons of the r esu lt obta ined for the particular mas 
ter equations in l 21 1 and 124-25 / , 

3, 	MASTER EQUATI ONS 
FOR THE DAMPED QUANTUM HARMONIC OSCILLATOR 

In this sec tion the case of damped quantum harmoni c oscilla
t or is cons ide red in the spirit of t he ideas pres ented in the 
previ ou s sec tion. 

The basic assumption is that the general f orm (2.29) of 
a bounded c ompl e t e ly dissipative mappin g L given by Lindbl ad 
t heoreml 1S1 is also val i d for an unbounded complete l y di ss ipat ive 
mapping L : 

L(P ) __ L[ H , p 1+_l_l: ([ V P . V " l· [ V ,pVj D, 	 (3 . 1 ) 
J J Jfl 2.fl J 

This as sumption gives one of the simpl es t way t o constrUCt an 
appropriate model f or thi s quantum diss i pat ive s ys tem 13 / . 

Another s i mple condi tion imposed t o t he operators H
Vr i ~ that they ar e functions o f the basi c observabl es 

VJ 
of 

the one dimensiona l Q\lancum mechanica l system q and p (with 
[q,p 1 - 111 I. where I is the ide n t i ty opera tor o n J( ) of s u ch 
kind that the ob ta i ned mode l is exac t l y so lvab l e . A precise 
version fo r thi s las t condi t ion i s t hat linear spaces spanned 
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by the first degree and r e spect ively second degree noncommu ta
tive polynomial s· in P and q are invariant t o the a c ti on of the 
completely diss ipative mapping L. Thi s condition implies / I7 ! 
that Vj are at mos t the fir s t degr ee polynomia l s in p and q 
a nd H is at mos t a second d eg ree polynomial in p and q. Thes e 
a s s umpti ons are of the !lame k i nd as t hose mad e in c lassic al 
mec ha n i cs when one takes t he f ri c tion f o r ce proportional to 
t he ve l oci t y . 

Beca use in the linear s pace o f the firs t de g r e e po lynomials 
in p a nd q the operators p and q give a b a si s , there exis t 
onl y ~~o (- l inea r independ ent opera t or s V , Ve which can be 
wr i tte n in t he Co rm o f 

t 

v = a j P + bl q • i = I, 2 
( 3,2 ) 

/l71wi t h <I i , hi = 1,2 c omplex n urnb e-rs . The c on s tant term i s 

omi t t ed beca us e its con t ribution to t he ge ne rator L i s equi 

v a le n t to terms in H li near in p a nd q which f o r si mp l i c ity 

are c ho s e n t o be Ze ro. Th en H is c ho sen o f t he fo rm 


H _1_p2+ mW \ 2 +.l. (pq;qP), (3 , 3)2m 2 2 

\-lith these c hoices (3. I ) he comes 

. 1 
L(p) = - ~ [H, pl +2rj' f [( a jP + bJq ) p, ( a JP' b)q )1 + 

(3 , 4 ) 

+[ (ajP + b Q ) , p (;j P + b jq ) l),
J

whe re a j ! b J de ~o t e the c ompJ (' x con j ugAt e of bj" Th.e n witha J9t.he notat ~on s of ' 20-291 

2H 1 2 2 ft 1t 2 
o <) P + mw 2 3 2 . I. m -2- Q ; Dq\l ~ Dpp • ~:!: I b

J j2 J- I 2 j _ 1 

2~  ( 3,5 )o pq "0 qp -1\ Re ~ 'J bj ; A - ' m :!: a b l ,
2 i'-I j "'"' 1 J 

/ 17 /
wh ich a re di f fe r e n t f r om t he Li ndb l ad no t a tion s L (p) take s 
the fo l l owi ng most symme tr ic form : 

iii 
L(p) = - ~ [H ' P 1 - 2iP + ~ l[ Q , (p p + p p ) J + -u; (A - ~ )[p, (pQ + q p ) I o 

10 

Dqq 0 pq D qp 
Dpp [q , [q , pll  ...". I P , [ p, p JJ +-. [ q,' p, p 11 , -.rP ,[ q , p lJ. (3 .6 )
fl 2 ~ . 11- i\ 

Because t he ( ol 1owing l dentities are true: 

[q , [p, p Il - I pI q , pII 

[q, pp + p p 1 + [p, pQ + Qp1 - - [ p, PQ + QP J 

[Q. PP + PpJ - [p, pq + q pl . 2 [Q, PP + p p l t [Po pq +qp l 
(3.7) 

I q , pp + P pJ - l p , pq • QPI - - 2 [p, p Q + q pl -[,· , pq , qpl 

L(p ) can be flut: al so in the fo llowi ng eq u iva lent form : 

I i tA - I') iA 
L(p) - - i"' 1H", PJ - '" { p, pq • Qp ] - -:fi [ Q, P p + p p I 

(3 . 8) 
o Dpp (Dp q + Dqp !..- [ p , [q , p 11.--.!!.!!. [ p , { p , pll - -. [Q , ( q , p ]l; 1\ 2 - -1\ 2 f. 

In t h is l as t fo rm (3 . 8 ) a d irec t compa r ison with Eq , (l ) f rom/ • o l 

' 3)' is po ss i ble. I t f ollows t ha t eq.(l) f r om i s a p a r ti cu la r ca s e 
of ( 3. 8) when It .. A, Th is i s a ne ces sary and suff i cient cond i 
t i on fo r L to be t r anslati on invaria n t ' 111 Tr ans l ati on invlI 
r i a nce mean s rha t 

I p, L( p) J = L (I p, p i) . (3 . 9) 

I n the follow i 9fr ftcnera 1 v al ucs f o r .\ and p- wi 11 be c on~ ide r ed , 
as in Lindb l ad " 

Now t he fi r sl impo r t a n t consequ e nces a r e t he f ol lowi ng fu n
da men ta l cons tra i n t s on the qu an tum mecha n i ca l d i f fusion coef
fic i en t s D pl) ' D qq t Dpq 

( i) D qq > O 

( ii ) Dpl' ' 0 0, 10) 
~ 0 

e A .fl " 
( " ' ) 0qq I)I II pp D" tl 4 

h ' h ' ' I ' f ' !!Il l d 
Jw l C ti r e I d en t lca wIt h t h e r esu l ts 0 ref . Indce t I le 

f irst t wo i ne qua l it i es ( i ) and (ii ) t o l low di r ect l y f r om t he 
de fi n i t ion s (3 . 5 ) and t h e l a s t one ( i ii ) rol l ows f r om tlU! 

Schwa rtz inequality : 

l! _ 2 .. 
... - 2 ~ 2 :! 2 

(Re:!: a I b 
ll~ 1 

) 1 (1 m :!: "J b .) 
j31 J 

< ~ 
- J- I 

" I :!: 
J . , ' 

I ~ 
J 

( 3 , I I ) 
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and the definitions (3.5). The equality in (3.10) (iii) is sa
tisfied if and only if at = zb l' a2- zb.e. where z is a complex 
number.Then from (3.5) it follows that D~ -I'I'D ,D ~D 

TI. pp pq qp 

~ -(Rez) Dpp and Ac-i-(ImZ) Dpp . Moreover, if the conditions 

(3.10) are satisfied, then there exists a J ) b J C;; C , 1 = 1,2 so 
that the diffusion coefficients Dpp ,D qQ , D pq and the friction 
constant A are given by (3.5). It follows t hat the Dekker mas
ter equation (see reI. (I) from 120-2S /) suppleme nted wi th the 
fundamental constraints (3.10), obtaine d i n ' 201 from the condi
tion that the time evolution of this master equation does not 
violate the uncertainty principle at any t i me, is a particular 
case of the Lindblad master equati on given in /171 

Because the final scope of this paper is the study of the 
collective coordinates as open systems in heavy-ion collisions 
it is interesting to consider various master equations studied 
in conne c tion with this subject in literature. 

Thus, the quantum master equation (12) considered in /261 is 
with notations of the present paper of the following form 

dp (l) __ l..[Ho.p(t)l 
~- -II 

(3. J 2)_1y(w) [q.pp(l) +p(t)p1- y(w)T"(w) [q,[q.p(C)]]. 
2~ 	 1IE 

i.e., >. -y(w) / 2m ~~ and DQQ~O,Dpp _y(w)T"(w) and DpQ-O. Then 
evidently the fundamental constraints (3.10) are not satisfied. 

The quantum master equation (A.36) considered in / 25/ i s 

dp(t)) =-.L[Ho,p(I)]-.!..r...- [q,(p(t)p+pp(I)]
dl iI 2-11 

(3.13) 

_ D.[q,[ q,p(t)]]- ~[q, [P.p(t)]].
-II. 	 i1 

.;- 1 where - +2"m(w2 -k 2 )q2 .HO 2m 

Hence in this case A=JJ.= f ,0 coO,O ... 0 ,DpQ=D g =-} 
and also the fundamental constrain~s (3.IO)q are not fuI~illed. 

In a more recent paper/f81 two kinds of quantum master equa
tions (eq.(S.J) (ansatz I) and eq.(5.6) (ansatz II ) o f ref. / ES/ ) 
written for the Wigner transform of the density matrix are ob
tained. Translated back in equations for the densit y matrix we 
get for the ansatz I the following master equation 

~ (I) c - i [H, pet) 1- ~ [q.(p(t)p +p p(l) 1- !£ [q. [q,p(l) lJ+ :.! q, [p, p1h. J4) 

12 

whe re HoHo- A~w q2 + ((t) Q . Thi s equa t i on can be obta ined 

from the eq . (3.6) by replacing Ho wi t h M and sett ing >'~~c f. 
Dnp . D/ 2 , Dqq_ 0 and D q - Dqp= B/ 2. Then , the cons traints 

( ~. 10) are not sati sfie.J. For the 8nsatz II th e corres pond ing 

ma s ter equa tion i s II 


II 	 .~
d (t) . . i r 	 . 1. R 
-p- c _ .l..[H.p(t)l- .:..:.JL[q. p(t)p+p p (t) 1+ -21\ [ P.p(l) Q+Qp(l)l 
dt ·n 211 

fI DlI (3. 15) 
- ~[q.[ q.p(I)]] - =- [p • [ p • P (I) 11. 

21\ 	 21\2 

All mcu AIl 	 II IIII"he re H=HO- 2 Q2_ -2- p 2 + t(l) Q and r =r
R 

, D I mllw = mw p P 

== DII mcu / fi . It fo l lows tha t th is equati on obta ined f rom (3.6) 


0by tu tt ing H i n stead o f Ho and (>'+~) c r pII ~ ril (>. _ ~) 

. II II DII DII


(l. e ., ~ ~ 0 and r or ~>. ) and D _+ "'-i>o , D _+ .::..Ji. 
p R pp 2 lI.q 2 

Dpq = O. In the concrete model deve l oped i n / 28 / 

lI r ·lI 2.Wo . h.J\w II 	 .. . . II 2.W o llwr	 . ... 8m --. D =2trWo mc.JCOBh.J.1...!&L, DR'" --cosh-
p R Ii 2kT p 2kT mw 2kT 

Ev identl y D - .WomwCOBh-i1<U>Oand D c·v.oCOSh~ > O i f 
pp 2kT qq IDw <kT 

Wo > 0 a nd the co nd i ti on (3.10) (iii) is sati s fi ed f or a ll va 
lues o f the pa rame l ers m , cu Wo ,T because 0 pq = 0 andI 

~ >.2 2
Dpp DQQ - -4-~ (.Wo ) > o. 	 (3.16) 

Now i n order to deve l op fur- the", t he compa r i son of the resul ts 

obtained from the. Lindblad mas t er equa ti on (3. 6) vith the re 

su lts obta ined in litera t ure for o ther various master equa t ion 

a c. onc rete part i.cular form of the general equations (2. 33 ), 

( 2 .37) alld ( 2 . 4 1) wi ll be given . 

The f ollowing notations wi l l be. used in the fo l l owing : 

" (t)~Tr(p(t)q)
Q 

u (t) ~Tr(p ( t) p )
p 

"qq(t) ft Tr(p(l) ql!) _ u (t)2q 
(3 .1 7)"pp(I) - Tr( p(t) p' ) - op (t)' 

P(I+ QP
"PQ (I) = Tr(p(l) ( 2 »- <7'I(t) "P(t). 
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- -
Then Trp(t)V j ~ Trp(t) vt ~ 'j" ~(t) + bju q(t), hence 

f Ti(p(t)Vj )Tr(p(t)Vj ) = 1('jUp(t) + bjU Oq(t)XajUp) + bjuq(t» ~ 

(3.18 )
2 2 2 2 4=; DqqUp(t) + {; Dppuq(t) - i\ Dp<f'p(t)uq(t) 

and 

2 2 2 2 
Tr p(t) ~ V + V ~ fi D qq Tr( p (t) P ) + 1\ D ppTr( p (t) Q ) 

(3 . 19) 
4 (pc! + Qp) 

- - D Tr (p (t) ---- ) - 1 
0 

~ Tr p( t) (pc! - Qp) . 
~ pq 4 

Then the equality (2.33) becomes 
2 

-fi ~ 
Dqq u pp(t) + Dpp U qq(t) - 2Dpq u pq (t) ;:: - 2- , (3.20) 

·where the equality co rrespond s to the eq.(2.37). We should like 
to remark that the inequality (3.20) has been obtained in 
ref. t 201 (see. eq. (8» in a completely different way and the equa
li ty (3.20) co rresponding to the so- called pure s tate condition 
was obtained in ref.t 25/ for the particular master equation (3 .13) 

11\
(Du o (t) + du (t) _ 

qq pq 4 

With the present nota t ions the Hamil tonian of the nonlinear 
SChrodinger equation (2. 41) becomes: 

D 2 

H+~(u (t)q-u ( t)p)+i(Hi-~«P_7 (t~ +u (t)) 

P q 11 p pp 

(3.21 ) 
Dpp 2 2Dpq (p -, p(t»)(q -u q( t» + (q -u q(t»(p -up( t» 

- - «Q -, (t» + U (t» + -- (-fi q qq fi 2 + 

+'pq(t». 

It is interesting to remark that the mean value of thi s Ha
miltonian in the state pet) i s equal to the mean value of the 
Hamiltonian H if the equality in (3.20) is valid . In thi s 
last case the Hami ltonian is equal to 

H + ~(u (t)q - U (t)p)
p q 

. 2 2 (3.221 
- ~ (Dqq(p-u,,(t) +Dpp(Q-'q(t» + Dpq«P-up(t»(Q-Uq(t»+(Q-Uq(t)~(P-up(t)) 

14 - ~~ ). 

This re s ult , Cr am the pbysi c al point of vi ew, is qui te na 

tural since t he average value of the new Hami ltonian, of t he 

nonlinea r Sch r odinger equa tion descri bi ng the op~n s ystem mus t 

give t he energy or the open system. 


I n t he Heisenbe r g picture t he master equation has the f o l 

lowi ng symmetric form; 


dcii ,(A) ~ L( .$ (A» • .LlH ' cii (A)l _ _i_ (A+~)([oii (A)qlp+p[<f (A)q)),
dl t 1\ o , ~ , , 

o - - _D 
+ ~ (;' -~Xq [ <1>, (A),p 1. [ <1>, (A). P lQ) - :;::- [ q , [ q, <1>, (Al n_ (3.2J) 

Dqq - D pq _ OdD _ 
- - 2 [ p ,[p ,<I>, (Al )]+-[ p, [ q, <1>, (A)l] . ~l Q. [p, ~t (A) n. 

-tl M llo 

Denoting by A any selfadjoint ope rator \ole have 

U ...(1) Tt p(l) A • U (I ) - Ttp(I)A~ -u (I)~.
AI. A 

It fo llow. that 

d U (I) 

~~ TtL (p(t» A _ Tt p(l) L(A)


dt (3.24) 

and 

daH(t) _ TtL (P(t» A2 -2 da.(t) o .. (t) _ Trp(t) L(I>.")_

dt dt 


(3 .25 ) 
-2 0,,(1) 'I'rp (t) L (A) . 

An important COTI6cqucnce of t he pre.cise version o( SO lV8bility 
condi tio l'l f ()rmulated at the begi nning of the prc8c!Ot section 
is the fac t t hat when A i s pu t e qual to p Ot q in (3 .24) and 

(3 . 25) , t hen ';-o (I) and did " (t) are functions on l y o f op(l)
I P q d 

and Uq(l) and L " (I) • -dd "q.(t) and _ " (t) a r e functions 
M ~ I dt M 

only o f upp (t) .0 q (I) and "'pq (t). This fact a l l ows an immedia t e 
determination of :'he functlons of time up(t) , 0 (t) , up (t) , 
Uqq ,t) 'O'pq ( l ). The results are the fo llowing: q p 

d uq(t) 1 

dl - -(;'-~)"q(I)+ iiiop(l) (3.26 ) 


d "p(l ) --m..~" (I)-(I.+~)o (I)
dt q p

and 

d ~tqq(t) ~ -2(;'-~)aqq(l) , ~ "p,/I) ,eD 
qq 
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do (t) 2 

pp ~-2( A+~)o (t) -2m", 0 (t) +~Opp


dt PP pq 

(3.27)
do (t) ...1. 
~~_m.,20 (t)+ 0 (t) - 2>'0 (t)+20 ' 
- QQ m pp pq pq 

From the eq . (3.27) al l e quat ions o f th is type considered i n 
variou~ papers i n eonneclion with damping of col l ective modes 
in dee p inelastic collisions , are obtained as particular c ases. 
For examp l e , equations (6 .3 ) from/28/ co r respond to the master 
eq. (3 . 14) wi th A_~ e r / 2 ; Opp - 0/ 2 ; Oqq_O ; Opq - 0 qp _ B/ 2 

21lind A_ - p2, !IlO>(....A) q! + t (t) q and are obtained f ,onl (3 . 27) 
00 2 

fo r the s e particuLllr v a l ues of A . ", , Dqq , 0 pp • D q and by 
setting mt.) (lIJ-A) instead o r ro w 2 . The equat i ons c.o rr~sponding to 
the an s a[ z II in /28/ 

, i.e ., to the mas te r equation (3.15) and 
wh i ch are not written in /28/ a re: 

All 
dO qq (t) II 2(1- - ) II- = --.:.. ~ - 2 r: 0 (t) + ., 0 (I) ... 0 

dt R qq In pq R 

d.op",(t) II I! I! 
----:=-'-'-~_2[' 0 ( t)-21n",(",-A )0 (1)+0

dt P PP pq P (3.28) 

IIdo pq (t) 
II.L A UI!~-m.,(",-A)+ (1--)0 (I)-(r p+r)o (I).

dt m w PP R Pq 

The integration o f the eqs. (3.26) is s traightforward. There 
arc two cases : a) t h e case ~ > '" ( overdamped ) and b) the case 

oq(t») 
~ < W (underdamped). If Set) denotes th e ve c t or ( O"p(t) and M 

the 2x2 matr ix 

M ~(- < .I.-~ ) 
1 

(3 . 29 ) 
- m(U 2 -~. ~J 

then (3.26) becomes 

d S(l). MS(t ). 
(3 . 30)dl 

-I 
NoW' M can be written as M= N FN with F a diagonal mat rb::. 
It fol l ows that t he solution of (3.30) is 

I
S(I ) =N- ." , N!I(O) . (3.31 ) 

16 

In the c ase of a) wi th the notation v2=",2 _w 2 t be rna trices 
N • N- 1 and F are given by 

C",2 
; (-(p-:) ~ H2 )N~ ~+v ) N

-1 
~ 1 

2m w 2 vm .,2 
~- v mG> -In ", 

(3.32)-(A .~) o 
F = ( 

o -(A -v) ) 

Then 

cosh v t + ~slnh"t 
v ;;;Sinhvt ) 


N-1e '" 
 N=.-At( 
2 (3.33) 

row 8inhvt cosh v[ - LSinhvtv 
" 

1. e. , 

o U) =e-A'«COBhvt+!:.Sinbvt) 0 (0) +_I_(Slnhvl)o (0» 
Q v Q rncu p 

....\ t 2 " (3.34)
0(1) =e (-IlI.O.l.(s lnh vl)o (O) +(ooshvt- "'-slnhvt)o (0». 

P v q v p 

IfA>v. theno~(.)=op(.)=O. If A<v. then ';tI(.) -ap (.) _- ' In 
the case of hj with t he notation n2 ~ w2_11 t he nla cric es N 
N- 1 and F are g iven by

c.,2 ~ + in ) 
N = 2 

00", ~ - 1 0 (3.35 ) 

( - (P-IO) c,,+iO» )-I !
N = (3. 36)2im",,2n mw2 -m w 2 

F = ( -<A: 10) 
(3.37)-<:-(0) ) 
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Then 

cos Ot + 1f!sinOt _1 sin 0 t )m!l 
-1 f~ -~t 

N e N=e 2 (3 . 38 )( nmw . cosO t - :; sinO t- ---n Sin L 

~ . e . , 

• (,) ~ .-.\, « (;OS 0 t + ~O sin 0 t) ~ (0) + _1_ (sin 0 t) up (0)) 
q q mO 

(3.39)• 
? ( I) = e - A' (_ """n (sin nt) " (0) + (cos nt - ~n sinn t) u (0» 

p Q P 

and • (~) =. (~) -o. 
q P.

In ord e r t o integrate the eqs.().27} it is convenient t o con-
s id~r the vector 

mOl ~ ( t)
q q 

1X( t) _ C1 ( I) (3. 40)pp
111<" 


~ ( t)

pq 

Then the sys tem of eqs. (3. 27 ) can be writ t e n in the fonn 

dX (t) 
_ RX(t) • D. (3 .4 1) 

dl 

where R is t he foll owing Jx3 matri x 

- 2(A - ,,) o 2<1' 

R = o - 2( .\ + ,,) - 2", (3 .4 2) 

- H- '" '" 
and D i s the folloYing vector 

2IU ltJ DQq 

o _ f 2 o pp (3.43)DI<u 

2 Dpq, 
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Then there. exis ts a matrix T with property T 2 .... I whe re I is t he 

o 0)
identity mat r i x ( i I 0 and a !lisgDna l matr ix K such t bat 

o I 
R _ TKT . From t hi s it follows t hat 

Kt Kt-l 
X(I) :(Te T )X(O) + T(e - 11K T D. (3 .44 ) 

In the overdamped case (p ') w) the matrice s T and K are given 
by 

+ v Jl - II 
2", \(

~ 

T 1 
~ - v " + ,... 20 (3 .45)

2v -2,. )-w ""'" 
and 

I 
- 2( .\ - ,.) 0 0 

Kj 0 - ~(.\ + ,. ) 0 (3.46 ) 

0 0 - 2.\ 

• h 2 2 2
101'1. t p::: IJ - W • 

In t he unde rdampcd cas e (,L < w) t he rna [r i C"es T and K a rc 
given by 

" - W ,. )

T~ _I_ ~ _ ,0 jl + if] 2111 (3.47)(" '" 2 ill 

- (d - oj -2,1 

and 

I 
- 2,.\ - .11 1 0 0 

K _I 0 - 2(,\ • II! I 11 \ 0.48) 

0 tI - " .\ 

.. 
wi t h o• .,. (IJ " " . 

From n.M, ) iL foll"",s t lo.ll 

- I -I 


X(_) = -CTK TID~-R I) 

(3.49). 
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(in the overdamped case the restriction >.. > v is necessary) Then0 

the eq.(3.44) can be WTitten in the form 
K t . 

X(t) = (T e T)(X (O) - X(~)) + X(-). (3.50) 

Also 

_dX(t) Kt 

dt 
= (TK e T)(X(O) - X(~» - ~X(I) - X(-» (3.51 ) 

and 

dX(I)- I = (TKT)(X(O) - X(-» ~ ~X(O) - X(~». (3 .52)dt t=- 0 

The formula (3 .49) is remarkable because it gives a very simple 
connection between the asymptotic values of oQJ..t) , 0pp(t) • 

OpQ(t) and the dif f usion coefficients 0 QQ' Dpp , DpQo As an 
immediate consequence of (3.49 ) this conne c t ion is the same 
f or both cases - underdamped and overdamped and has the fol
l owing explicit fo rm: 

1 2 2 " 2 
a · (-) « mw) (2,\(~+") +w )Dqq + w Dpp +2mw (~)Dp~ 

qq 2(mw)2~(~2+w"_"") 

1 2 2 2 2 
a (-) = 2 2 2 «mw) w Dqq+ (2~(~ -") + w )Dpp -2mw (~-")q,q) 

pp 2~(~ + w -" ) 

1 " 2 2a (~) = ---;:--.,,--~-{~ +" )(mw) D + (~ - ")Dpp + 2m(~ .." )Dpq).pq 2 2 2 qq
m,\(~ + w -" (3 . 53) 

These relations sho...... that tl1e asymptotic values oQQ(oo), opp(oo) , 

'1iq (~) do no t depend of the initial values 'qq(O) ,app(O) ,0pq(0) . 
In other words, 

-1 
R 

-1 
2 2 2 

41(~ +w -" ) 

(",..,.. 
2 

w 

2 2 .. 
2 

2,\(~ -") + w 

,,(> .. , ) 
- 2t,, (~ -") (3 .54) 

-{~+" ) w (X-")w 2(~2 _ /) 

Conversely, if the relations D::a - RX(oo) are considered, i.e 0, 

qq2';" D) (-2(~ -") o 2t" ) (mu, oqq(-») 

( '"'" 
- D 

pp 
- 0 -2(~+")-2t" ~ a pp(-) (3.55) 

2 Dpq - w Cd -2>.. opQ(oc) 
20 

then 

D =(~-" ) " (_)_.1. 0 (_)
qq qq m pq 

D _ (,\ , ") " (_) +m .,"u (_) 
pp PP pq (3.56 ) 

D =.!..(mw2 o (_)_ 1.. " (_) +2'\ 0 (_». 
pq 2 qq m pp pq 

lie nee , from (3. 10 ) fo l lows the f undamenta l cons eraines on a qq (_) . 
,,(~) ; a (_) : 
pp pq 

D " (A -" ) 0 (~) - ..l. 0 (_) > 0 (3. 5 7)q Q QQ m pq 

D _ (A".)a (_)+mJ" (_ » 0 (3.58 ) 
PP PI' p q 

D D -rr = (,\2_#2)0 (_ )" (_ ) - ",20 (- f + 
~Q pp pq ~ pp pq 

+(~_" )mw2 " (- )0 (.l- ~o (_)" (_)
qq pq m PP PQ 

0 . 59) 
-l. (mw" f. (_1' __ I _u (_12 _,\20 (. f • .L .,2. (_) " (_) _ 

4: qq 4m 2 PP pq 2 qq p p 

2 ,\ A21\2 -m., ~O (_). (_) , - 0 (_ ) 0 (_);, --
QQ PQ m qq PQ 4 

The constrain l ( 3 .59 ) can be put i n a more c l ear form. : 

2 2 2 -2
4(~ .. w -~)(. (~)o (_) - u (-1) -

Qq PP PQ 

(3 . 60) 

- (m ., "o (M) + l. a (~) +2~a (.'I' ) ,> fi·>.2
Oq m pp pq

1£ I' < OJ (the unde r damped case), then >.2 +Q> 2_1'2 >,\ 2 , If I' > w (the 
overdamped case) . then 0 ~ ).2. w 2_ 1J2 < .\ 2 (.\ ;;. 11 ) .and l he 
constraint (3 . 60) is more slrong" then the uncertainty inequa 
lity 0qq(-l upp(- l - 0 (_)" ,,;,1\2/4 . Also from the inequali ty 
0 . 20) which musL bl't,alid [or 011 values of t '" (O._ ) it fol 
lows that 

fi~'\ 
DOq appl-) . Dpp "qq (- ) - 2Dllq up'l (-) ~ (J.61)2 

21 
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Using (3 .56) this inequality ~s e~uivalent with the uncertainty and 
inequality O'qq<oo)opp(oo) - Opq(oo) > r.. /4. A restricti on conne c 
ting the initlal val ues Oqq(O) , O'pp(O) , O'pq{\) with the asymp ( A +~ ) 1Iw ( A -~) 11 1Iw 

o - -Ii m w colh -- ' 0 _ -- - colh - ' 0 _ 0 (3.68)
totic values 0pp(oo) , (1qq(oo) • upioo) is also obtained: pp 2 2kT' qq 2 rn" 2kT' pq 

2 
1\ A 	 and the f,)~?fIDen t al c onstraints (3.10) are satisfied only ifo 0 (0) + 0 o · (0) -20 0 (0) > -2-' 	 (3.62 )

qq pp pp qq pq pq -	 A >fl and :I 

More expli c itly 	 , 

(A 8 _ ~"l (COlh 	 lI w )2 ~ A ~ (3.69)
2kT 

N.? (~)a (0) + 0 (~) 0 (0) - 20 (0)0 (M) - ~ (0 (~)a (0) - 0 (~)a (0» 
qC} pp pp qq pq pq qq pp pp qq If the ini tial state is the ground ::;t:lte of the harmoni c os

c i IIa tor, then 

- 1.. (0 (~)o (0) - 0 (~) 0 (0» + 	 (3.63) -Ii m1\w m pq pp pp pq 	 a (0) ~ - , 0pp (0) 0pq (0) - o. 	 (3.70)
qq 2mw 2

1\ 2A 
+ m,,, 2(0 (_ )0 (0) - 0 (~) 0 (O»:!. - 2- . 

pq qq qq pq 	 Then (3 . 63 ) be come s . (-) 	 (~)As was remarked in'201 if for a fixed va l ue to of t '<' (oo)mw 	+~)-~(o (-)mw ~);>. 11~. (3.71 )qq met) qq mw o o 
o (I) ~ --'!.'l o ( I ) ~ pp 0pq(\') = Opq 	 (3 . 64 )pp 0 -A-'qq 0 ~ . A 	 For example, in the c a s e ( 3.67 ) this implies coth -fi'cu ~ 1 which 

T. 1 l'd 	 2k~s a ways va ~ . 
then the inequality (3.20) in to and also the uncertainty in Another example is taken from / 28 1 for the solutions COfjrespon
equality are both equivalent to (3.10) (iii), i.e., this is ding to the ansa tz II: ~ It 0, A c r, Opp - 0/2, Oqq_ 

2(mw) 2an admissible choice. In the particular case of the fol (for simplicity we put A = 0) . Then~ ~ 00 

lowing relations are obtained from (3.64) and (3.56): 
o o 

a H - ---2 a (~) - - ; 0 (-) - 0;pp 2 r p q mwO - _1_ ~p' Opq _ -ml'0qq _ - -L	 (3.65) q q 2(l!l(,,) r qq	 2 0 pP ' mw 	 ~, 
(3.72) 

a (00) m '" + ~(oo) 0
The n , the fundamental cons traint (3.10) (iii) implies that 	 QQ - - - mw mwr ' 

2 2 

2 2 2 2 ~ 1\ and (3 . 71) becomes 


m(w -~)Oqq~-	 (3 . 66)4-' 

01 r ~-IImw : 3 . 71) 
wh i ch can be sa t isfie d only if w > ~ (undeTd~mp cd ca s e). I f 
t he a&ymp t o tic sta t e is a Gibbs s t a te whi c h is t he s ame conslrajnt ob t ained f r om the fundamenta l cOn

2- 11o/kT -11o ' kT 	 0 £.r.:'I s traint 4(ruw) 2 .a 4 . I t f oll ows a lso that the Heisenbe r g un
Pa(oo) ~ e I~e ) 

certaint y i nequality 0qq(-) r1pp c.",,) ::! fi2/4 is also sa t is f ied by 

then (3. 72), 


For the case corresponding to the ansat z I. IJ. • A - r 12 

1\ 1Iw 1\""" "" o 0 / 2 0 


Gq 21Il<. 2kT PP 2 2kT pq (3.67) pp 
c 

qQ 

o \_) _ - - coth -- . 0 Coo) - --coth -- :? (_) - 0 	 = 0, Dpq _ 0/2 i t (01 10115 that 

0 00 o (_ ) 2 + --2 : II (1)01) . - ; rr (dO) "" a 
qq 2( mw ) r ..,' PP 2 ]' p q 

22 23 



"pp(~) D B . 	 O'pp(~) B 
a 	 (00) mw ..... - --- =-- + --. " (~) ro", - - • (3 . 74 ) 

qq lUtu wqq mw mwr Q.I 

so 	tha t (3.11) gives aga in the inequal ity (3 . 73) in spite of 
the 	f act t hat in t his case t he fundamental cons traint is not 
fulfi l l ed. For ( 3. 74) t he Hei senbe rg i nequal i t y imp l ies 

B > 1 	 (3. 75 )
2 A m w I'i sin h E.E!. 

kT 

For t he. mas ter equation (3.1 2) which is t aken from' .61 the fo l 
lowi ng values for a ( _) • a (~). a (w) f ollow f r om (3.'>3) : 

QQ UP pq 

\ .. ) _ __T· ___ · cot h _ n",a n _ 
qra m",,2 2m", 2kT 

a 	 (_ ) _ mT'~morllCOlh~ ( 3 .7&) 
pp 2 2kT 

a 	 ( .. )_0 . 
PQ 

i.e., t he values co rre s pond i ng to ,] Gibbs state p a t l=- oo. 

Now, t he exp l i ci t t ime d epende nce o f O'qq (t) • a~D(t ) u ( t)1 

wil l be gi ven for both under- and ove r damped cases. From PO.SO) 
it 	foll ows t ha t i n order ('.0 ob t a i n thi s explic it lime depen
denc e it is necessary t o ob ta in t he matrix ele ments o f 'reKt T. 
In 	the averdamped clise ( fJ > (U), '" 2 • ,,2 - w2 we have 

12 13 
a'l a a )2

TeRt T ,. 0 - .\\ 
I\Wa2 1 8222v ~ 

(
 
[\J:l
a 31 a32 

with 

n 11 .... (u. fl '" II 2 ) ooS b 2v t + 2u. v sin h 2 1/ I _ (U 2 

3 _ (;.12 _ v 2 ) cos h 2v t _ ru 2 
12 

2fA.1(pCOSh2v l + v s1nh2vt-u)813 
3 _ (~2 _., 2 ) cosh 2v( - (,)2

21 
4 	 !) 2

3	 =(U" .. v") oosh2vt-2uv sinh2~,t-w
e2 

a~s 	& 2.. (" COSh 2,·, - v Sin h 2. " -,,) 
(3.77)

llSl 	.. - w(u.cOSh2vt+vsinb2vL-u) 

- -~y,. COsh2IJt- v sJnb2" t -j.t ·1a 32 
2 ..ss=-2(w2coSh 2 a/ ," u ) . 

In the underdamped ca se (~< w), (12 =- ",2 - ~ 2 we have 

b 
'2- 21. , 

Te
g

, T = - e (
bll 

'" )b21 b22 b23
20 2 

bSI b32 b3a 

with 

b	 = ("2_02 ) cos20,_2"Osin·20t_",2
ll 

b	 = ( •. 2+02 )c0820, _ ",2 
'2 

b	 =2", ( " cos 20t-0 Sin20t-")
' 3 


2 2 2

bel 	~ (" + 0 ) cos 20, - '" 

= ("2 _ 0 2 ) cos 20, + 2" 0 sin 20, _ ", 2 be2 
(3 . 78) 

= 2", (" cos20 ,+ 0 sin2 0, -" )b23 

hal 	--'" (" cos2 0, - 0 BiD20t-" ) 

~-'" (. cos20t+0 sin20t-" )ba2 

b	 ~ - 2 ('" 2 cos 2 0 , _ "e )a3 

4. 	 THE EXPLICIT ACTION OF THE DYNAMICAL SEMIGROUP 
ON THE WEYL OPERATORS 

in /171As 	 was shown by Lindblad the equati ons of motion (3.23) 
f(~Q-(p ) 

written for Weyl ope r a t or s (A - '11((, ~ ) - e ) can be integ
rat ed in a very simple and elegant way. This fact is important 
from both point s of view: pract i cal and the oret ical. From prac
tical point of view, it gives i n a new way exp l ici t f ormulas 
for 	u ( t) , u ( t ) , (t Q( t) and moreover, it gives . the .. -: tion of 

QQ • PP • P ;;; 	 ( )the dynam1cal sem1group ~ l gene r a t ed by 3 . 23 on anYJPo l yno
mi~l in _the noncommu tative variabl es p and _Q . Because ~, (AB ) l
f 4>, ( A) II>, ( B ) it i~ not suffici_ent to k.!'ow 4>J ( D) and ~, (q) a s in 
the case of dynami cal groups U ( AB) _ U, ( A)U ( Bl.where eviden t 
ly it i s s uffi c i enl l y to know tb e action of \j on p Bnd Q in 
order to know chi s ac t i on on nI t noncam:nutativ~ pol ynomials. 
From theoreti cal poin t o f v i ew , t he explicit action of ~t on 
Weyl operators W(e . 11 ) allows , as wa s shown by Lindblad in the 
Appendix o f 1 111, t o give a d il"Pct proof for the fa c t that th e 
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semigr oup ¢I t is i ndeed a semigroup of completely posi t ive map
pings. Thi s as ser t ion canno t be cons i dered ~s a consequence o f 
the s t ructura l theorem of Lindb lad becaus e L is unbounded. 

Fir s t l y t some f ormulas for Weyl opera t ors which wi 11 be used 
in the f ol l owing are gi ven 1 17.18,SO/ : 

I( q _ L( I qq

W « (.~ ) ~ • 11 P il er

e e (4. 1) 

_ .ll!L I _ -1.( p

W«(." ) _ eil ~q -Il .. l!1I
• (4.2 ) 

and 

- ::., (~l q 2 - ~2q l) 

W(~ . " )W (e .~ ) . . W(e +e . " +0 )


L 1 22 1 2 1 2 (4. 3) 

The foll owi ng consequenCe . of ( 4. 1), ( 4.2) an(l (4.3) are essen
t ially us ed 

W (" • q ) p W (-( , - ~ ) _ p _ ~ I (4 .4) 

We e .0 ) qW(-e.- q) - q - (l. (4.5 ) 

( [ is the identity operator on 1< ) 

[p,W « , o )] - 0 '1. «(, 0) (4.6) 

[ q , w«( .o)]~ ( W( ( .0) (4 . 7) 

(p 2. W«(. o »)-"(pW(".~) f W( {. ")p) ( 4.8) 

( q2 . W (e .0 ) ] • e( q w«( , ") +W«( , ") q) (4 . 9) 

[pq.W(e,~) ] - "w(t',")q .e p W(~,"l (4 .10) 

[qp , W(e , ~) ( - eW(f.")p + "qW (e." 1 (4 . I I) 

oW«(. o) ____ (pW(e .o ) .W (f. ~)p) . _12)I (4 
-- 211 

aW(e.~) t-L-- .2ft'(qW « .~) +W ( .f . ~ )q) . ( 4. 1J) 

. . / 17 /The.n, _c can WTllp liS ldndb lad 

- I (I)
<III (W(f . o)) . W(f(I), ~( I». , (1•• 14) 

26 

where ~(O) =e , 0(0) ~ 0 , 8 (0) = 0 and 

d e(l) _ 
-- ~ - (h +~) ~ ( I ) _ -1. 0(1) (4. 15)dl m 

d O(I) _ lDW 2 e(l) _ (h-~ ) 0(1) (4. 16 )dl 

dl (l) 1 2 2 
--- a - - (0 e(l) +0 ~ (I) -2 D e(l) ~(I)). (4. 17)dl -1\ 2 pp qq p q 

The proof o f this fact is st raigh tforward: with the use of a. bove 
prope r ti es o f \/ey l operators ( 4.6 )-(4 . 13); 

d't\~W (e.o»~.g ( l ) (_ 2!\t (p W(e(l).o(I» + W(e ( I).o(t)) p de(t) + 

dl 


(4 . 18) 

+ _1_ (qW «((I) ,0(1» +W «((I) , o(l»q do(l) + W (~(t), 0(0) dE(t) 

~ dl M 


and 

- - . 1 

L ( <III (W(~, o» - ~ « h+,,) W) + m o(,»(pW (e('l, o('»+ W(~(I),~ (I» p)+ 


+ _t_ (m"'2( I)-(h - ~ )"(I» )(qW (~(I), ~ (t» + W(e(ll , o (l»qJ _ (4. 1i()
211 

-!. ( Oppe(,f + Dqq~(ll2 - 2 0pq«t)0(I» WCe(I), ~(I». 

Then the equiva l ence betwe~n the. mnste r equation 

d <ll (W«(,~» -L(i (W ({ .~»)J ~ t (4.19 )
dl 

and the different i al oquations (4. IS) , (4 .16) and (4 . 17) i s evi
denl . _ 

N~ the explici t determination of <II (W«(.o» a8 a function 
oft reduces to the integration of dirrcre.ntia l equations (4.1 5
4 . 17) . 


The equations (4 . 15) ~nd (4.16) can be obtained fTom the 

equa t ions ( 3,26) by the r"l lllwinil identifications IT (I) -mw e(l) 


0(1) . 1 ( f(l) ) . p I
and Dq (I) - --- , 1 • ~ . t l H_' vector V(t) _ .is re ated to 

mw ~(I) 


0q (ll ) ( 0 _1)
the ve.ct or S(t) _ by t he M.1 tr i x 0 _ mw 

( 0p(t) mw 0 
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S (I) cOV (I). (4.20) 

Becaus e 0 2_ 1- (~ ~) it foll ows fr om (3.3 1) t iut 

1 FtV(I)=OS(I)=( ON- • N O ) V (0) 
(4 . 21 ) 

and [ r om (3. 33) it follows t ha t 

,,-'." "'..~, (cosh vt- .!...&inb vt - -' ,m,>, )" OJv 

2 (4.22 ) 
1lhl sinh v t coshvt + ~ smbvt v 

The f o l l ow i ng notati ons wi ll be al so us ed 

( a (t) /3(1) ) .
ON- I/t NO = 

(4 .23) 
y (t) 8 (I) 

Then 
.; (I) = a (t) .; (0) + /3 (t) ~ (0) 

(4.24) 
~ (I) c Y (I)'; (0) + 8(1) ~ (0) 

and 

dg (l) 
- - _1_( ~';(0)2+..£!!.ill. ~ (O)" + 2 ...1Q.ill.';(0) ~ (0» . (4.25 )dl 1\2 dt dt dt 

where 

dArt) 2 " -- = D aCt) + D y (l) - 2 D art) yet)dl pp qq pq 

dB (I) = 
o 13 (1)2 + 0 8(lf -20 /3(1) 8(1)

pp Qq pq (4 . 26) dl 

.!!£&. - 0 a (I) /3 (1) + 0 yet) 8(t) - 0 (a (I) 8(1) .. l3(t) y (t» .dt pp qq pq 

I nstead o f integr a tion of (1•• 26 ) it is preferable t o make fi rst 
l y the connection wi th t he sec l io'D 3 and, if t his wi l l be done, 
the solution o f ( 4 . 26) wil l be. writlen more s impl y us i ng the no
tations of Sec t i on 3. For thi s the acti on of the dynami ca l s emi 
group fb , on p ,q and p2 , q2 i s determi ned in t he f ollowing . 
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From 

{- (~ (,)q - ';( ')P ). g( LI 
_ e~L (W ( ';(O) . ~ (O») -WWI). ~ ( t» e g(<) (4 .27) 

and from (4. 24 ) i t fo ll ows that 

_ i- (~ (O)(~ \ <) q - /3 ( ' I pl - ';IO)(-YI ' )q+a( ') pj) • III 'I 

"', (W ce(O) . ~(O» - e (4.28) 

But from (4.1 2) and (4.1 3) it fo llows that 

~O) , ~CO)) t _ _ ~ P 
(4 .29)

a.;(O) , (0) -'1<0) - 0 n 

and 

awwo), ~CO» I i 
q (4.30 ) 

a ~ (O ) ';(0) - I)(O)-(l 11 

r esEec t ively . Th en f rom (4 . 28 ) and (4. 30), (4.29) the acti on 
of C1l~ on q and p r e spect i vely i s obtained: 

"', (Q) = 8( t) q -I3 Ct) p ; "', (P) ~ - ye t) q + a ( t) p (4. 3 1) 

or with a matr i x notat i on 

( ~,(q ) \ ~ N lertN ( (4. 32 )- q ) 

"',(p) } p 

which i s the expected result because f rom thi s by t aking che 
mean values the e QuatioQ (3.3J ) i s reobta i ~ed. An immediate con
sequence of (4 . 31) i s [ qJ,(q), "'I (p» • 111 1e-2 1. Also fr om (4 . 12) 
and (4.13 ) iL fol l ows that 

2 a WWO) , ~(O» 1 2 
~ - - p (4.33 )

';(O)~~(O) - O .,fa .;(O) 2 

2 

a WW O), ,/ (0») 2 


- - - q (4.34 )
2 1£ 

a ~ (o) ,(01 - ,/(0) - 0 1\" 

and 

a 
2 

wc.;cO). ~(O» I 1- ---e (IJ/j + qp) (4.35)a .;(o) a~co) ';(0) a ,/<0) - 0 tJf\ 
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Then fr om (4.28) and (4 . 34), (4.33) and (4.35) i t Collows res
pec t ive l y: 

- 2 - 2 
<Il ,(q ) • <Il , (q) + 28(1) ( 4 . 36) 

(4.37)<ii, (p~ c (i;, (p) 2 .. 2A(I) 

a nd 

<Il ( I>Q • qp ) _ <Il (p) <Il , (q) - 2C( 1) (4. 38 ), 9 , 

Now b y defini t i on, f or any state p ~ TO(): 

- I) -- 2 
a ('l- Trp<ll (Q") - (Trp <Il, (q» , (4. 39) 

qq , 

- 2 - 2
0pp(t) . 'l'tp<!>, (p ) -('l't p<!>,(p» ( 4.40 ) 

and 

U (t) _ 'l'tp ~ (PH QP ) -(Tr p~ (p»)(Tr p cii (q). (4 .41 )pq ' 2 t t 

Then, the equati ons (4 .36), (4 . 37), (4 .38) and (4 .31) give res

pective ly 


Uqq (I) . 0 (If Uqq (0) + /l (tl' app (0) - 2 0 ( t) /le,) apq (0) .2 B(t) (4.42) 

U (I) .y(t' U (0) ... (1)2" (0) -2 Y (I) • (I)" (0) +2 A(t) (4.4 3) 
pp qq pp pq 


and 


" (1) __ 0 (1) y(l) " (O) - /l(I) .(I)o (O) +(o (I) . ( I>+/3(t»{I» o (0) - 2C(1). 

pq qq PP PI 

(4.44 ) 

Because . (M). /3(M).O(~)-><_)_ O it fa Haws from (4 .42 ) , (l•. 43) 

and (4.44) tha t : 


" (_) _2 B(_), " (_) -2 A (M) , " (-)- -2C (_) . (4.45 )qq pp pq 

f rom t he comparison o[ (4.1.2 ) , (4.43) and (4.44) with (3.44) 
one ha s the following re la t i ons: 

30 

8(t) 2 ( /l(t)al",)
2 

-28(t)/3(I) Ill'" 

K' (
Te T . (y(t»2 - 2 . (t) Y( I)• (I) 2 (4.46)

m", alw 

8(1) y (t) 
-o(t) f3(t) mw .(t) 8(tl+/l(I)y(l)

al ", 

and 

2B(t)al'" 

2 A(t) ~ T(e K' -I) K-1TD. (4.47)
al'" 

-2C(t) 

Their validi t y can be verified by direct ca l c ulations. But from 
(4 . 26) and (4.46) it i s evident tha t 


t- (2al w B (t» 


~(2A(t) ) cT.K' TD (4.48 )dt mcu 


~( -2C(I» 

dl 

Then (4.47) is obtained by integration from (4 . 48) . 
An interesting consequence of these observations is that 

the time dependence of the variances O"Qq ( t) upp (t) , u (t)pq
decomposes in a c lassical part given by TeXt T X(O) (becau se the 
relation (q,q6) is exactly the clas s i c ally expected re l a tion 
between the "qq (l ) ,op (I) ,Opq(t) a nd 0q(t) ,up (t) ) and 
a quantum par t given by T(eK l _ 1) 1\1 TD, Exactly this quantum 
par t governs the asymptot ic behaviour of t he va r iances when t "'0., 

From this point of vie~ it is inte r e sting a n d will be also 
useful to put the ah ove result s in a new form. Let us denote 
by a(t) the correla t ion mat rix 

m",,, qq (I) a pq(l) ) 


u (t) _ ( 
 (4.49) 
a ( I)pp ~ '" a pp (I) 

Then from (4. 42)- ( 4 . 43 ) it fo ll ows that 

u( l) - 9\ (I) " (0) 9\ 1(1) + Z(I) • (4.50) 

31 



where 
o ( t) -mw!l(t) 

91 (t) ~ ( (4,5 1)yet) 
a (t) 

mw 
) 

91 T(t) is the matrix obtailled from ~(t) by l rans posili on , and 

ID w D(t) - Cit) 

Z (t) ~2 (4,52 )
-Cit) ~ )( mw 

Then. 

Z (~)- a (~) (4.5 3) 

and rTO~ comparison of (4.46 ), (4.41 ) and (4. 50) it Col l ows tha t 

Zit) ~ - :R(t)u(~)!R T(t) + u(~) . (4.54) 

1. e. , 

aCt) ~ 'R( t) (u(0)-u(~ » 9! rt) +u(~). (4.55 ) 

Because , 

. d:Jl(l) ~ y!R (t) (4.56)
dl 

whe r e 

-(A ,, 1 

Y~ -<» _(~ w+ ,,) ) (4 . 51) ( 

it fol lows that 

do ( t!. Y (a( t) _ Z(I» ; (,, ( I) Z(l» Y T + dZ (t) (4.58 ) 
dt dt 

and the compar ison with (3.27) gives 

dZ (t) _ T ; YZ(I) + Z(t) Y T (4 .59) 
dt 
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where 

IDw D qq 
Dpq )X_2 (4 . 60) 

( Dpp 

Dpq 


IDw 

From (4.54) it follows that 

dZ(Q T
--Y(Z(t) -a(~» + (Z(t) - a(~»Y (4.61 ) 

dt 

and the comparison of (4.61) with (4.59) gives 

Ya(~) + d~) TT ~ - '1>' (4 . 62) 

From (4.48) it follows tha t 

dZ(t) _ 9!(t) 'iY.R T(t) . (4.63)
dt 

Now, from (4 . 25) 

1 2 2 
g(t) ~ - ~(A (t) ,(0) + B( t) ~ (O) + 2C(t) , (0) ~(O» 

t (4 . 64 ) 

or 

IDw B{t) -Cit) trr;;;.!15!!)) 
(4 . 65 )

g(t) - -:2 -C(t)- 1 (2llQ)C"" .[iiJW ,(0» ( _A(I) ) ( JIDw '( 0) 
-tI Vffiw rnlU 

~ (O) ,
If the vector (.,_ • v",",,,O» is denoted V(O) . then 

v""" 
g(t) = __1_ ViOl Z(t) ViOl T (4 .66)

2t 2 

or from (4 . 54) 

1 T T 
g(t) • - (V(O) 91 ( t) a (~)9! (t) ViOl 'r - V(O) " (_)V (0) ). (4 .61)

2!)2 

Usinf the relations (3.53) and (3.56) lhe fo llowing interes ting 
f o rmulas are obtained 

2 2 2. 1 1 1 "",,20 D) 2
(A +w -p)deta(~).~et~+-:-2(TrnDpp+-2- qq+~ pq (4 .68)

4 A 
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and 
222 1",(I. +w -I' )det o(") ~-det", + . 	 4 

(4 . 69 ) 
1 2+ (-2 0 (~ ) + Lm w 0 (~ ) + ~ o (_ ))2
m PP 2 qq pq 

Comparison o f (4. 68 ) with (4 .69 ) gives 

2 
_1_0 (~) +1..m w2a (_)+~o (_). 1..(..L0p + -0 + pO ). (470)
2m PP 2 QQ PQ A 2m p 2 qq pq . 

But , the left-hand side of ( 4. 70) i s exact ly t he asymptotic mean 
valm~ o[ the. ene r gy of th e open harmonic osci lla tor. Be.nce 
(4 . 70) gi~e. t he va lue o f E(_ ) as a function of diHus i on c oef
fi ci ents : 

., Rio}E(_ )= .... (-'- O .1 - 0 . pO ). 	 (4 . 7 J ) 
A 	 2m pp 2 QQ pq 

Another expression f or E(_ ) which also follow. from (4 . 68) a nd 
(4 . 69 ) is 

2 2 2 1 'hE (_) ~ «A + W -~ ) dot o (~ ) - - do, 5)) . 	 (4.72)
4 

TIll.!: r6:! a l i t y condi t ion fo r E(M ) i mp l i es 

2 2
det,,(_).? 1 dot'll ?, A n ( 4. 73)

4 (A2+w 2_ ~2) 4(A 2+w 2_~2) 

which is more res tric tive for th~ ove rd a.mped case ( Q) < ,i) than 
dot " (~ );Z fl 2 i4. 

5. 	 'THE MASTER EQUATION I N THE IffiY L-WIGNER-MQYAL 
REPRESENTATION 

The l~c y l -Wigner-Moya l representation i s a remarkable phase
space representation of the quan tum mechan i cs . Roughly ~rcnk ing. 
a phase space representa t ion of t he quan t um mechani (5 i q ;') ma p
ping f rom the Hilbe r t s paC'e opera t ors to t he func t ions on t he 
cl as sical phase space whi ch is suc h that if A is mapped on t o 
'A('S ) and r is mapped onlo fp("Y) ' then : 

~ 	 ~ 

Tr (pA) ~ r { t p (x • y) rA (x • y ) dx ely • 	 ( ;. I ) 

In rea l ity, i t is Do t exactly 50, because [he We.y l mappi ng is 
a mappi ng trom tha f unc t i ons on th e phase s pace lu t he Hi l be- r t 

. 	 . / ~1 / . space operators . This mappIng W ~.;ra s defInet! by Wey l 1n the 
f ollowing way : 

.... 00 00 001 - L (Dl1 - r() 
W(C)=_l_ f[(f f e ~ f (x.y)dxdy)W «( .~)d(d~ . (5 . 2) 

(2n!1)~ -- 

From thi s it f o11 ows very formally that fo r any p C 9:(}() 

~~ -- -.L (X~_ y() 
TrpW (C)= _1-2ff f(x.y) (f r 0" Tr (p W (".~» d (dq ) dxdy (5 . 3)(2 n1'I) __ __-0. __ 

and that (5 . 3) ca n be put in the standard form (5 . J) if the fol 
lowing f uncti on on the phas e space i s as s oci ated t o any pC;; :D (}{) 

1 ~ - -~,q- y6
lp (x.y )~ __ r {o ft Tr (pW ({. ~»)d(dq. (5 . 4) 

(2nfl)2 --:'- 

The mappi ng p - fp de fine d by (5. 4) i s exac t ly t he lIi gne r map
ping/29 .s21 . ·hich i s lhe dua l or the Wey l mapping , _ W(0 
(hence i t can be d e no t ed by Vi ) and Ip=W( p) i s t he lligne r 
(unction correspond ing to the quantum s t ate p~ ~(H). But the 
quantum nature o f t he expect ation value i s not los t because 
~(%,y ) is not a probability distribution on t he phase s pace. 
taking positive and negative values. The fact t ha t t he Wigner 
function is positive onl y f or the wave functions given by Causs
Cornu functions Has prov ed rigorously 138 / 

In the follolo."'i ng, the phase spa ce representation of th e mas
ter equation (3 . 6) is obtained hy usi ng the Wi gner mnpp i ng 
(5.4). De~oting by 

t (x. y • , ) ~ f p ( ' ) (x. y) " I <I> ,(P fx • y ) ( 5.5, 

it 	follolo.'s from the de fini tion (5 .4) t hat 

1 - - ~I~- '()
I(x.y.!) { (o ~ Tr ( p( t' W«( . ~) d (d~ . (5.6)

(2 nII)2 - 
Then , 

_ 	 01> -~JnJ-Y! )af(xS.t) 
 1 r r 0 " Tr(L(p(t»W({ . ~))d{d~ ( 5 . 7)
at -(2 " n)2 

and by dua l i r:y 

af(x.y.t) - +- - ~Iq- y() 
_1 _ r f 0 11 Tr(p(!) L(W(~ .q»d ( dq.at 	 (5.8 )(2rr11/ - -_ 
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But from (3.23) in the ca se t = 0, A .W«(. ry) and from the equa
tions (4.6)-(4.13) it fo l lows that 

aW(f•• ry) 2 aW(~. ry)

L(W(~. ry)) ~ _ ..!l. .. "'" ~ ----__ 

m a ~ a ry 


aw(~. ry) _ (A +~) (aw(~ ry ) Oqq ry2w«(. ry) _
-(A-~ )ry ( 5.9)1\2ary a( 

20pq°PI) lW( ~. ry) + 7 (ryW(~ ry).
- h 2 

Putting this in (5.8) and denoting Tr(p(';' ~'(r, ry » by O( e, ry. r) . 

(5.8) be comes : 
1 + ~ QQ iaf ( x. y. t) (2.fl) (( d~drye-1i(xry-y() x 

2 
at -~-

x ( _ ..!l. ao«(. ry. t) +mw2~ aO(( . 9' t) -(A _~)ry aG(~. 'lot) _ 

w a~ ory ary 


aO(~ ry.t) Oqq 2 Dpp 2 

-(A+~)(; --2-ry O(~. ry. t)--2 ~O(~.ry. t)+ 


a~ fi fi 

(5 .1 0) 

20 pq
+ 7" ~ ry O(~. '10 t». 

Using the well-known identities for the Fourier transformat ion 

7e
I,~ ~ !li.
fl aO(~ ry. t) iy ft 
--.-- d~'-T (e O(~.", t)d~ (5. I I ) 

a~ - I y ~-llt 
~ ~ a r; 00 

(e ~O(~. ry.t)d~=-ih-(e O(~.ry.t)d~ ( 5.1 2) 
_ -1 %TJ ay - 00 _1 rq 

-ft- ao( ~ ry. t) ix ~ 
J 
~ 

e 
h _ 

(5. 13)dry_-(e • O(~ ry. t) dry 
ary 

-I Xl1 -"'" -l X71 a ~ -. 
ryO((. '10 t) dry = ih -ax_r e O(~. ry. t) dry (5. 14)-(e • 

lyry. ~~ 
~a n

(e • _ _ ( e t) d() (5. 15)~ _ - - -(y O(~. ry, 

dy 


-~ 11:77-i xTl 
~ a ftb aG(~. ry. t) _ ~ 

( e ry-- dry=-(x(e G(~. '10 t)dry) (5. 16 ) 

- ary ax 
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- i :r.TJ -ix1J 

~ -fi- 2 a2


2 ..., -.-
Je ryO(~, ry. t ) dry - - h --:---2 (e G(~ 'I, t)dry
ax _ (5 .1 7)- ,,. ( Iy ~ 
2 a2 ~ -n~n I?.. . 


(e ~ UI,~ , '10 t) d (; = - 11 - l e G(~ ry. t) d ~ (5.18)

2 

iJy 

the eq uation" (5.10) is tran s formed in the following evolution 
equation [or the Wi gne r func tion 

af(K, y, t) y a Qx. y. I) 2 ,1f(x . y , I) 

- - -. - - ------ + mw x 
 ----- 1at m ax ~y 

a a,«(; -." ) -
f 
)-
x

(xf(x. y. I» • (A + I') - (y f ( x, y, I) 1 (5.19)dy 
o P
,,- ~x, y . t) 
 af(x ,y,t) 2 . 

+20 o l( x .y.l) .. Oqq + Op ax 2 p pqay 2 xay 

This equation l ooks ve ry c lassical. In fac [ ~ it is exac t ly Rn 
equation of t he Fakker-Planck t ype. But at t enti on, not e v ery 
function rex, y , 0) on the phase space is the Wigner LT.:m sform 
of a den s ity operator. Hen ce , the quanlum mechanirR appears now 
in the restrictions imp osed by this la s t condit ion on the i ni
tial condit i on r(x, y, 0) for the equation (5.19). Un ( o r tu lI:ltC"ly , 
these conditions are not known explicitly. 

Because the most frequently used choice for r(x, y, 0) is 
a Gaussian function and because t he equa t i on (5. 19) preserves 
this Gaussian type, i .e., f(x, y, t) is a.lso 8 Ga ussian func tion, 
the differences betwe en th e. qu.:mt um mechallic s LInd classi ca l 
mechanics are c ompletely l ost in t his repr es entilt i o tl o f the milS

ter equation. This is a po s s i b l e e xpl anat i o n fo r the f requ ent ly 
occurred ambiguities on t hi s s ubject in ] i t e ratuTc . 

The master equati.on (5.1 9) i s direc;yy comp!'lrah l e with the 
master equations (5 . 1) and ( 5. 6) f rom" " Bo t h these equatio ns 
can be obtained f rom the e quat i on ( 5. 19) i f the- values of the 
parameter s m , (() , ~, II, Dqqt Dpp. D take the part i cul ar vu

f g lues indicated in §3 (sec t h e eqs. (3. 4) and (3 .1 5) . rc"pcrr i 
vely) . 

Now from (5 . 6) by dual i t y i t fo l lows th:tl 

f(x,y.t) _ 
1 

" r (' .-i<nr-)'(;~~P(OI ;;,(W(~. ~»)df.d ~ ( 5.20)
(2"~) 

and from the results of §4 i.t fo ll ows that 

_ !.t -Y': l1 "" N> n, D? g'(1) 

f(x. y. t) ~ --2' ( (e Tr(p(O) W(';(I) .>/:1». ) df." ry, (5.2 l) 
(2.~) - 
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where 

~(O) ~ { , ~(O)~~, 	 get) ~ _ ~2(A(t) ~2 + B(t) ~2+ 2C(t){~), 

~ (t) ~ a (I) ~ + fJ (t) ~ and ~ (t) = y et) ~ + 8 (t) ~. 

I f t he i nit ia l sta t e p (0) is a pure state corr espondi ng t o a c o 
herent wave f unc tion p (0) ... (<l-Oq (O) ,ap(O) , 4» o/aq(o),a (0) cent e r ed 

ill I=aq (0) • y ~up (O) , i.e., if <l-a (0) U ( O)(X)~(W(~ (0 ),0 (O»"'o)(x) 
'" q • p q p

whe r e </'0 (x) - (2" a (O)r elp (-.e / 4 q (0» t hen qq qq , 

Tr(p(O)W (~,~» - (o/Oq (o),ap(O) ,W«('~)"'aq(O ) ,U p(O) ) = 

(5.22)
- ( >/I ,W(-a (0).-0 (O» W(e , ~) W(a (0) ,0 (0» >/10)'

o q p q J) 

From (4. 3 ) i t fo ll ows that 

.L(q (O)~-q (Ole ) 
W(- a (0) ,-ap(O»I'(~,~) W(aq(O) ,a/O»= W«(. ~)e 11 q p ,q 	 (5.23) 

i. e. , 

{ (aq (O)~ - ap (Ol~lTr(p(O) W( (.~»~e 	 ("'0 ,W(~,~)",o ). (5.24) 

But 	 for any wave func t ion if; f rom (4 . 2 ) i t fo llows t hat 

_.!.f!.. + ..!... . ~ - ~(p 
ell ~ " (W «(. ~) '" ) (x) ~ 	e (0 ¢ ) (x) (5 .2 5) 

and 	because P "" -itS.d~ t he final r es ult is 

-h+.L.~ 
(W (~, ~) >/I )(x) ~ e l!!> 6 "'(x -0. (5.26) 

Then 
2 2 

, I~~ I (.-{ ) 
toqq (O) -~+r;I1J1 ~ 

-("'0 ,W«(,~)",o)= ¥ ( e e • 4aqq(0)dl (5 . 27) 

(2"a (0) qq 

and with the well-known f ormula 
+<><> _ax

2 + b:z: 	 '" b2 / h _ 	 aJ e dX~v'''::'e 
(5.28) 
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the final r es ult is 
{ 2 'qq ( 0) 2 

83 (0) -;nrl1 
('-"D ' W( ~. ?) !,lo) - e 

qq (5 .29 ) 

t 
!\ 

I,ith the Mta tion op / O) - 'l'I)q (0) (rom (5 , 29) and (2. 29 ) it fol

l owS that 	 2of 2 
'1 i 

--_. -4 -,0 to l q . a 1'(0 ) ()8<1. q(O, 8,\>p(0) • q 
Tl{p(O) W( ~. ?) • e (5.30 ) 

rin d 

Tr ( p rO) ~1 ~(I) , '1(1) = ~xp( ( .-!!..!.2. 
2 

r!..'.! " ) ( " 
8.. (0) B·, (0) qq pp..2 

fl(t) 1)11) ' 2 a(IIf1JI) rill fil II - ( -  • . --- ) '1 - (--- - (5 . ) 1 ) 
Sa (0) Sot (0 ) ~, (0) la (0) ) (~ • 

'1'1 PP (Iq I'P 

I . 	 I 
, - (0 (0) , (II to 	 (01 .(1)) f, -(OJ JO)I>(I) -,' (0)//(1))) . n q' P fl" I' 

Sow th(! Uign~T 	function 

- ~II,, -·.'e j t b11 i 

1( >, y, I ) , ---;; r i d[dq P T'lP(OIW(flrl. ' /(1 ))) 
('i. 32 )

(2"' '' 1 

can he anillytica l ly calculaled becLluse the i ntegrand is 
.In e:xron(·nt ial funrtinn wilh t hL. t'xpollr'n l hn v in ~ 11 qundrntir 
r1)rn1 i n .:: anJ 'I ., ,.! " ,~;! - :! ~.,n (I)' h ,[II 	 ft' hll)~ I (~II • ~, (()I ) I. j (/3(1) ~ ~(I) ' ),,:! I- h" ~ 	 r r .. --'~.

S'q(O I 8 (711'/0) g" PP (0) 

• <, 
r,'a(l)fll ll n ')(IJhlt, j 1~ . 33), 2(C(I) , 

- -- . ' (~[ ••( , (D)y") -a(O ' a ( I, I,V' !;+ 
~L7 (0) Sf1' (0) u It It 

'III pp 

• .2.. (, (0) ;;(1) - • 	 (0) (J(I, . ' x)~.
fi q p 

rt'om the ....ell known f ormula . n n 

- }, " r I ., .. ~ lmxm ~ 
k r.... I k k n~= 1 	 11 1 r1 ,,\

( .. . ( e . dx dx ... dl - -=.oxp(_ 1 h ), ___ ) 
12 n V I 4 I Uk',J '''r (5. 34 ) 
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with /).-det(akf) it follows for n 2 and wi th t he obvious iden
tifications that 

2 () 2 2· 2
f(x ,y .1 ) ~ " exp 1__l_«A(t) + fl a 1 + fi y(t) )(X-o (0) B{tl+ 

(2",,)2 '(; 4~'", 8 a (0) 8 a (0) q
v Qo. pp 

2(3 2 2 2
+ 0 (0){3(t»2+(B{t)+!!.....J!L+~ 8(t) )(y+u (O)y(t)-o (0) a (t»2 (5.35) 

p 8a (0) 8a (0) q p
qq pp

-2(C(tJ+ fl".(t) $(t). f>2y(1)8(t) )(x-o (0) 8(t) +0 (0) (3(t»)(y +0 (0) y(t) -0 (0) a(t») I
8 0 (0) 80 (0) q p q P

0.0. pp 

h'ith the he l p of this Wien~ r function t he coord i nil te and momen
tum probabil l t y di s t ribution are defined respectiv ely by 

~ 

P (x, t) r (x,y, t) dy (5. 36) 

and 

P (y, t) = i' I(x,y,t) <Ix. ( 5 .37)-
From (5 .35) and with use of (5.34) for n = J it follows res
pectively 

P(x.l) = 1 exp(_(X-ag(t)\ (5.38 )
J2na (t) 20 (t)

o.Q 0.0. 

with the notations defined in Sec.3 and 4 

a (t) =8(t) 0 q (0)' _ (3 (t) a p(O)q (5.39)
aqq(t) =8(t)20 (0) + (3(t)2a (0) +2 B(t)

qo. pp 
and 

1 (y - ap ( of ) . P(y.t )_ o.p(- (5.40)
2 app (t)J 2 "app (t) 

with 

ap (t) _ a (I) a p (0) - y( t) cr q (0) 

a ( I) ca(t)2a (0) ry(I)2 0 (0)+2A(t).
pp pp qq (5.4 J) 

Wi th thes e nOlalions the Wi gne r f unction t ake s the followi ng 
more suggest i ve form: 

l(x,Y,I) 1 oxpl- 1 x 
2"Ja (1)0 (t)-cr 2 ( I) 2(0 (t)a. (t)-a (t)")

pp qo. pq PP Q Pq 
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2 2 
x (app(t)(x-aq ( t» +aqq(y-ap(t)) -20pq (t)(x-oq (t»)(y -ap(t))I, (5.42) 

where. 

a pq ( t) = y(l) 8(t) 0 q " (0) + a (t) !3(t) a (0) + 2 C{t) . pp (5, 43 ) 

!;v ident ly 

( ( f( x , Y. r) dx dy ~ (5,4 . ) 

and 

~, ~ 

( r xf( x ,V , t)dx dy . a~(tJ 
( S ." 5 ) 

~ ~ 

r r y I( x, y, I ) dx dy n a (t) (5.46)p 
- ~ 

~ ~ "r ( x 1(x, y , t) dl dy - " (t) ( 5.1. 7)

qq 

r x y 2f ( x , y, t) dx dy "n ( t.) (S.4R ) 
PO 

-~ -
:..., "" ( r xyf(x, y, t)dx dy _ 0 (I) . (5 . 1. 9 ) 

p q 

6. CONCLlISIONS 

In the pre sent paper we have s o lved t he probJem of t hp dam
ping of onl y one co l l ec tive co ord i na t e . The gene ra lizat i on t o 
many dimensions is s tra i ghforward. Consequent l y ~l f ull quan t um 
description of large scale damped collective mode s could now be 
formul a t ed . 

Uc c onsi der t hat t he next prob le:m~ whirh h;J.ve t o be so lve d 
are rela t ed to t he three dime nsional ~ys.tems Li ke the: openi.ng 
of a spin 5yslem and o f a. r igi d body, o r the illclm;ion o f tr\('l rc 
collective coo rdi nates like c harge aSytmlct ry. t1laS8 nsymnet r y 
and t he neck degrees of Creed om. Al so ~ vcry import an t prob It.'m i!{ 
to des c ribe correc tly the decays ""here not tlnly l he energy If> 
c hanged bu t a l so the numbe r o f part i c l es, 

W'e shoul d l ike t o mention that, by cons ider i ng OOl! dimensio
nal quant um. e quati.ons in t he new co l1 ~ct i ve coordi nates ( charge 
asymme t r y, ma ss asymmet ry and neck) we al r~ady obtained la r r,{' 
s ucce s ses in t he descrip t ion of some phenomena r~lated t o t he 
col lis i on dynamic s. Thus t he maximum o[ th~ f u!;;iun c ross sec
tions f or prod ucing new elf!nlf!nt9 were rc l a t pd no t only t o t lw 
minimum excitation energy but a lso t o t he rela t i ve stahi lity t o 
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the charge and mass trans fer iu the presence of the she ll effec t s 
of t he co 11 iding partne rs / 34 - 37/ 

The existence of a plateau in t he width di s tri but i ons f or the 
equilibrat ion o f th e neutron to pro t on rat io of t he fragJn(ln t s 
f rom binary di ss i pative heavy i on colli sions cou l d be. inte rpre
t ed in a natural way as t he zero poi nt v i brat iona l mot ion in 
this degree of ( recdom/ t1-U!:;He hope tha t a l so the mass trans fer 
in DIG at the top of th e nuc l ea r barrier will reveal some quan
t um mechan i ca l characte ri sti cs . 

Also the in t roduc ti on o f the neck c oor dinate a l lowed us t o 
/ 38	 401describe t he a -d ecay as a superasymme.tri c fi. ss i on proc-ess 

and 	 t o predic t t he ex i stence of nllY de c.ay modes interme.diate 
beu...een alpha de cay and fi s sion/4 1/. 

The experimen tal discovery of l'lC and 24Ne emissi ons f r om 
some nucler 42- 48/ s upports our qu an tum mechanical description of 
collision dynamics. Recently, we in t e rpreted one of the two comr 
ponen t s observed in the spontan eous fis sion of t he v e ry heavy 
e l emen t s as an ev i dence (or Sn - emission and t he cold fragmen
cal l on o f th e ~33u af t e r ne utr on c.aptur e a s a heavy c l us ter 

100 /49/emis sion with mass a round - . 
Fi na lly we shoul d like t o st ress that the collective fluc 

t ua t ions hav e not been r evealed with c lari t y by e xpe riment . 
No",", 	 it i s c lear that, duE' t o t he s imilar i ty of lhe equa tions 
and 	 s olu tions in both extr eme theoretic a l a pproache s ; trans port 
theories and quantum collective theor ies t he e ff ects a re s imilar. 
We 	 consi de r tha t is ~rema t ur e t o concl ude 1 like t he maj ori t y 
of 	th e re cent paper s 11 , that t he presen t da ta s uggest t ha t the 
dynami ca l evo luti on o f th e d i nuclcar system may be seen as an 
i ndependent particle exc han ge process c on stra ined by th e under
ly i ng potentia l ene r gy s ur face ( PES). 
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C3l1AYMCk), A•• CkYTaPY X. E4-8S']05 

OT~PW1we ~••HTOlwa tMCttMW " 3'TY~H~e KanneKlM."~X HOA 

• rny60w~eynpy~x CTonWMO'.H~X 

B p~~k.~ reOQ"" nH~A6"OAa AnA OTWpWTW~ KaaHTOBW~ eWeTCK 6wn~ no"y~."~cne
~y~Ke Oe~yn~T.Tw . 06~c"~e COOTHO~. ~ orpaHHucHHA K~MU~.KtO. A»~ 

r :WM • ~.JojliOe yG"o...e A/'IIII cytitect.o......A ~"CTWX COCTOI'II'M~ " o606IriIettHOe 

)'f1""'.j~HMe , Hna .p~to1l"1re&la AM 01l(C*TWJ( CMc.Telo4. Sw.nK i1O.n)'~e~ Taoe • "'IHOI'1 

.JojJIe nlX"llt....n.Kft. I!IP4AIAHrep.a. re;'aeH6epr.a M B~Hna-f1to1r~eoa-l1oM"na rQa.ttClI"IMR 

n.1I~lr:lll"A>4. Ha oc;,oee 'T"~ nPGACTaal'leHHH 6 .. 00 nOKa;JaHO, t.lfO ,,,"or101t: )'P"I»Ol1I1. 

A"" ".P"~",ueCKoro OCUHJt/lATOg,3 c AMCCHnau ....et1 ~Hepr\'l"", i+C"On"3o.aH.H~ II I1I!11Tc 

~llype Qn_ on~.""A 3aTyxaHHR ~onneKl""BMWX ~, npeACTaBnAOT (060" ~acTHWe 


tnyw~" YPIIH_MMA n~~~na~ ~ 6on"~"k'~ .O 3r~~ ypa.HeH"~ ~I .~nO~AaT COOT~O

-.t.HH" An" o r QII1Ml4e.HM" tc03¢¢lH4,HettTOa ,DtI"y3HI4 •••n CU(a".Mx H.] n!)MIiI,l,II1na naonj)E!:

,aenDHHOC''''. Pe~eHHe A~eceoe~UHanb~x YP••WCHKM A~ n"'nepc"" np~CTa'l1e"O 0 

~~nakT~ cop~e, QnMpa~.eMC~ Ha np~~M p3C~eT A"cnepe"~ c n~.o 3al~C~~Q


ro OT BfJC!MeHH On8p3TOD6 8a~n" . PeUH..e )'paUlleHM'- n...HA6ne~a • 8.1M"III-0...rHepa 

-~ana nQCACT••neH"M kMee~ ~PH~ ~&y(C ...aHa . ec~ H~~4n..~aA ~aPHa ~~HkU~H 

BKrrlcDa 83Rfa • 'H~e raYCCMiwa. COOTaeTCT.y~ero KorepeHT~ eon»o!~" eyHK
...... 

Pa60Tol IwngnHeH_ a no6oQ8TOPMI1 TeoQe'M~eCKO~ ~3"'Kk OM~~ . 

Cood_eMMe O&.e~ReHHoro ""CTMTYTI _nepwwx MC~~••NMA. ~y6•• 1985 

S'ndule~cu A.• SoutlfU H. E4-8~-105 
Open Quantum SYJtems a~d the Damping of Collec t ive Mode~ 
in Deep I~el.stlc Col115ioo5 

In the framework of t he LIndblad Lheory for open qu.ntum svst~ the 
following results ~ra obtained: a ge~eraJIZItlon of the fundamental con
s t raints on quantum rnech4nical diffusion coefficient, which appear In th$ 
corre5pondlng mU~:.f equatlon" a 9~erallz~tlon of t he Hasse pun stlte 
condi t ion and & generalized SchrOdlnger tYP~ nonlinear equ~tlo" for an open 
~ystem. Al$O, the Schn5dinger, Heisenberg and Veyl-~Igner-Moyal representl 
llon~ of the Lindblad equation are gIven ~pllclt l y. On the ball, of these 
rept~~entatio"s . It Is 5hown thlt various r~5ter equations for the d~ped 
quantum oscillator used In t he l iterature for the deicrlptlon of the d~ped 
collective modes In DIC are particular cases of the Lindblad equltlon and 
that tbe majority of thesl equations are nOt sali5rY'n9 the constraint~ on 
quantuM mechanical diffullon coefficients . The solotlon5 of tho differential 
equations for t~e vlrlances are put In a new synthetic fonn. suggested by a 
direct computltion of the varIances rr~ the t ime dependent Weyl operators. 
The solut ion of the Lindblad equ.t!on In the We~t -Wlgn.r-Hoyal representatic 
is of Causslan type If Ihe Initial fOt-1t! of the ""'Jner funellon Is tek4ltl to 
be a Caus,lan corre5ponding to a coheren~ wave funct ion. 

The tnvestigatton has been performl!ld at the Laboratory of 
T~retl~11 pnysfcs. JINR. 
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