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Abstract  

Concept of”optimum”collective submanifold forlarge－amPlitude collective   

motionis clarified within the f’ramevork of the time－dependent Hartree－Fock   

（TDHF）theory．It is shovn that the optimum collect．ive submanifoldis   

extracted out of the TD肝’phase space（SymPlectic manif’old）in such a vay that   

the Hamiltonian on the submanifoldis stationary vith respect to variations   

perpendicular t．0it．The submanif01d can be shovn to be classifiedinto three   

regions by means of both stability and separability conditions. It is 

displayed that these three regi甲S t｝an Characterize collective，dissipative and  

stochastic motionsin the TDI－『theory．   



COm  

§1．Introduction．‥．………………………………………………．1   

§2．Theory of DynamicalCollective Submanifold………………………‥ 5  

2．1．Taylor Expansion of、TD肝1Equation and Canonical－Variable  

Representation  

2．2．Zeroth剛Order TDI貯Equation and the Self㌧consistent Collective  

Coordinate Method  

2．3．FirsトOrder TD肝Equation and NonpC01lective Modes of Motion  

2．4．Intrinsic Hamiltonian f、orIntrinsic Excitation Modes   

S3．GeometricalStructure of DynamicalCollective Submanifold…………‥ 23  

3．1．Canonical－Variable Representation of the TDHF Theory  

3．2．GeometricalProperties of the Self’－COnSistent C01lective Coordinate  

Method  

3．3．LocalCanonicaトVariable Approximation f’or NonqC01lective Modes of  

Mot土on   

S4．Validity of Collective Submanifold……………．………．．‥‥‥．．‥ 36  

4．1．Stability of、C01lective Subtnanif01d and ApproximateIrltegralSurface  

4．2．Separability Condition betveen Collective and Non－Co11ective Modes  

of、Mot土on  

4．3．Collective，Dissipative and Stochastic Behaviors of TD肝Trajectories   

§5．Application to Three－LevelSU（3）Model……………………………41  

5．1．ModelHamiltonian and the TDfiF Theory  

5．2．Application of’the Theory  

5．3．NumericalResults   

§6．Conclus土on…………………………………………‥………‥ 53   



Acknovledgements．…………………………………………‥．．．‥．‥．54   

Appendix………………………‥．…………………‥…………… 55   

References…………．．．．‥．．‥‥‥．．‥‥‥．‥‥．‥‥．．‥‥．．‥‥‥．．‥．‥．63   

Figure Captions…‥ 

Figures…．．…………………………………………………．……．67   



－1－  

喜1．Introduction  

The nuclear dynamicsis considered to be governed byinterplay betveen tvo   

essentially different types of modes of mot．ion，i．e．，the single－particle modes   

of motion and the collective behavior of the nucleus as a vhole．In a finite   

quantalsystem such as the nucleus，Characteristic difficulties in exploring   

the dynamics involving such tvo modes of、motion on the basis or the nuclear   

many－body problem come from the folloving facts；  

（i） The nuclear c01lective motion is of large amplitude and highly   

non－1inear so that there may belarge quantum fluctuations about t．he Hartree－   

Fock（－Bogoliubov）”stable”mean field．  

（ii）The single－Particle states have to alter their features seLf－  

consisteTttl封in accordance vith the ev0lution of the collective coordinates   

associated vith the time－Variations of the mean field．  

The first st．ep to explore such highly non－1inear dynamics，requiring the   

selトconsistency strongly，VaS tO emPloy the time－dependent Hartree－Fock（TD肝）  

t．heory．1）・2）Itis vellknovn that，from the TD肝equation，Ve Can derive the  

RPA－eigenvalue equation under thesmalトamplitudeharmonicapproximation，3）一4）  

and the eigenvalue equation gives us the normalcollective mode of motion・ By  

def．inition，the normalcollective mode of motionis specif．ied by the dynamical   

condition that the Hamiltonian provides no coupling betveen the collective and   

non－C01lective modes of、motion vithin the smalトamplitude harmonic approxima－  

tion．Itis also vellknown that theTDfiFequationis si甲Iy expressed as a  

set of canonicalequations of motionin classicalmechanicsin the TDr『phase  

space（syrnPlecticmanifold）．5）～8）Namely，theTD肝equation determines a TDtiF  

trajectory in the TDHF phase space under a given initial condition. 
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We may thus suppose t・hat・the TD肝trajectory representing velトorganized   

large－amplitude collective motion may be realized on a smalトdimensional   

integral surFace embeddedin the TD肝phase space（manifold）．The approximate   

integralsurface，Called the collective surface 〈submanirold），has to satisfy a   

dynamical condition that the Hamiltonian 

Serious coupling vith the otherirrelevant motion．  

Wit．h the aim to specify such a globalcollective submanifold，the self－   

COnSistent c01lective coordinate（SCC）method vas proposed by Marumori，et al．，  

in1980．9）▼10）The method provides us the collective surface（submanifold）in   

SuCh a vay that the totalenergy of、the systemis stationarylat eaCh point on   

the surface vith respect to the variations perpendicular to the surf、ace．In   

Order to clarify that the surface obtained by the SCC methodis really an   

approximateintegralsurf、ace，aS the next task，itis decisive to investigate   

the dynami．cal conditions，Vhich are obtained by calculating the secondqorder   

derivatives of、the totalenergy at each point on the surface vith respect to   

the variations perpendicular to the surface．  

The first objective of this thesisis・tO Clarify the dynamicalconditions．   

The second objectiveis to display some specific features of the TD肝 t．rajec－   

tories derived by the dynamicalcondit．ions andis to elucidate nev concepts   

associated vith the specific featureβ．  

Generally speaking，the TDHF trajectoryis knovn to be rather sensitive to   

Sma11 changes of t．heinitialconditions at aninstant may develop very diffe－  

rently，havinglost theirinitialfocussing for alarge enough time．6） Then，   

One has to ask oneself、fo1lovingimportant question．Hov can one define the   

Very COnCePt Of”co11ectivity’’forlarge－amplitude collective motion？  

According to our theory，t．he co11ectivity oflarge－amPlitude motionis not   
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Subject to properties of a single trajectory butisinevitably related to a   

Characteristic feature displayed by a group of’trajectories． If a group of   

many trajectories gathering together around the surrace（Submanifold）at an   

instant can alvays be confinedin a smallregion around the surface f、or alarge   

enough time，Ve may naturally say that the system under consideration displ・ayS   

’’large－amPLitude collective motion”along a trajectory on the surface，Vhichis   

a representative of the group of、trajectories．Therefore，thelarge－amPlitude   

collective motion has to be discussed in the connection vith not only a   

characteristic property of the surface but also vith an amount of trajectories   

accumulatingin the group．  

Thus，Our taSkis toinvestigate an amount of trajectories accumulating   

around the surface（Submanifold）obtained by SCC method．In order to knov the   

amount of trajectories，We have to calculate alot．oF trajectories travelling   

around the optimum surf、ace，i．e．，Ve have to study various properties of the   

TDr『phase space（manifold）in the neighborh00d of、it． Without directly   

calculating the hugepdimensionalcoupled diff、erentialequations of motion for   

getting the various trajectories，Our theory enables us to investigate the   

above problem by using both t．he stability condition of the surface and the   

separability condition betveen collective and non－C01lective degrees or   

freedom．1t）  

In §2，Ve formulat．e the theory or dynamicalcollective submanifold vit・hin   

the framevork of the TDfiF theory．In the theory the collective mode of motion   

is described by the SCC method and the non－C01lective modes of motion are  

treated vithin theRPA－tyPe PrOCedure．12）Ih§3，Veinvestigate the geometri－   

cal structure of the theory of dynamicalc011ective submanifold by formulating   

the TD肝’equationin the form of the canonicalequations of motionin classical   
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mechanicsin theTD肝phase space．13）In§4，Ve discuss thephysicalmeaning  

of both the stability condition of the collective submanifold and the separabi－   

1ity condition betveen the collective and non～CO11ective modes of motion   

introducedin our theory．In order t．o justify the statement in the previous   

section，in§5，Ve aPPly our theory to a modification of the SU（3）modelused  

byLi，Klein andDreizler．11）・14）section6villbe devoted to conclusion・   
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§2．Theory of DynamicalCollect・ive Submanifold  

In this section ve formulate the theory of’dynamical collective submani－  

fold vithin the framevork of the TD肝t．heory．12）In the t．heory t．he co11ective   

and non－COllective modes of motion are treated independently．The former is   

described vithin the SCC method and thelatteris treated vithin the RPA－tyPe   

PrOCedurein the neighborh00d of the collective surf、ace．  

2．1．丁也エor圧印〔lnSioT10Jm肝gquαモ・iortα托dαlJ10雨cc上トl匂r・id〕ヱe鮎p？1eSeTltαとio托  

Asis vellknovn，the TD肝theory vith the basic equation  

6＜¢（り－（瑞一恥¢（t）＞＝0，＊）  （2．1）  

is an approximation theory to a many－body system obeying the Schr6dinger   

equation  

（境一恥拍）＞＝0，  
under the Hartree嶋Fock approximation  

l中（t）＞→1¢（t）＞，   

Vherel¢（t）＞is a single Slater determinant，  

l¢（t）＞＝eiFl如＞；β＝∑（んi（t）ポbトム‡（りbi勒）  
再  

（2．2）  

（2．3）  

（2．4）  

Here，140＞ denotes aHartree－Fockstationarystate，andcLIand bT meanthe  

particle－and h0le－Creation operators vith respect toJ4）0＞，  

恥l¢0＞＝0；匹＝1，2，・‥，〟，  

＊）Throughout this thesis，Ve adopt the convention of using h＝1．   
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bi】如＞＝0；i＝1，2，‥・，凡＊）  （2．5）  

Mand Nbeing numbers of the single－Particle and single－h0le states，reSPeC－  

tively・Instead of’：紛糾variables（fpi（t），揖（t））in Eq．（2．4），Veintroduce a  

Set Of nev variables  

恥，ポ；r＝1，2，‥・，相即，  

どα，ぎ芸；α＝1，2，‥・ ，九肘－Ⅳ，  （2．6）  

Vhichis related to the originalvariables through a general variable trans－   

rormat土on，  

んi＝ん（恥，ポ；どα，∈芸）， ∫り苦＝ん‡（恥ポ；∈。，∈芸）．  （2．7）  

Here，（77，，ポ；r＝1，2，‥・，K） are supposed to describe the c011ective motion   

under consideration and are ca11ed collective variables， and   

（E。，E芸；Ct＝1，2，‥・，［GV－K） represent the rest degrees of freedom and are called   

nonpcollective variables．Such a supposit．ion may be possibleif there exists   

an approximateinvariant subspace of the Hamiltonian，Vhichis characterized by  

the variables（？7，T7＊）vithin t．he TD肝theory． For simplicity of discussion，   

hereaf、ter ve restrict ourselves to a single pair of collective variables   

（77，T？＊），Vhich corresponds to the simplest case vithK＝1．Anextension of．the   

theory to any finite number of’pairs of parametersis、Of’course，Straightfor－   

Vard．Thelocalinfinitesimalgenerators vith respect to the nev variables are   

defined by one－body operators  

鎚0－1≡e‾ eiF 鎚0＝≡－ e‾iFeiF 
， 

，   

＊）we use the convention of denotingoccupied single－particlestates by  

indices・i，3，・ ，and unoccupied states by p，L・，・・   
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∂！≡e‾ げeiF ，包≡－e‾ i戸eiF （2．8）  

If the non－COllective modes of motion described by（EcL，E芸）are or sma11  

amplitude，Ve．mayintroduce aTaylor expansion ofa＼DVvariables（fpi，fH‡）vith  

respect to t．he nonpcollective variables（EcHE三）around a c01lect．ive surface  

（叩，が；∈α＝ぎ芸＝0），  

（2・9）  ん㍉〔揖＋∑｛どα〔驚〕＋ど芸〔豊〕｝十…，    α   
Vhere the symbol［f〕 for any function f（77，77＊；Ea，ぞ芸）denotes the value at the  

COllective surface（T7，7？＊；Eα＝E志＝0），  

〔∫〕＝∫（†刷＊；ぎα＝ぎ芸＝0〉，  （2．10）  

andis a f．unction of the c01lective variables（丁），77＊）alone．In the same vay，   

the Taylor expansions of the2［AV one－body operators（2．8）vith respect to the   

non－COllective variables are vritten as  

包0バ＝〔包o11〕＋∑｛ぎq〔竪〕＋ど芸〔聾〕｝十・ 

飢＝〔飢〕・∑｛糾瀞＋針〕｝＋…，  
β  

（2．11）  

Forlater convenience，Ve uSe the f’olloving notations for the zeroth－Order   

quantities vith respect to（E。，E芸），  

e≡〔β〕＝∑（〔ん加弼＋〔揖〕b呵」，  
再  

鬼olて≡胤て〕＝e‾ie〆e，鬼忘≡〔∂忘〕，  

＆o11≡〔良川〕＝－e‾ie志eie， ＆≡抱〕  （2．12）   
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Using the above notations，Ve Obtain an expansion form of the time－   

dependent Slat．er determinant．，  

e｛Fl如＞＝eie（1＋∑（ぎ。鬼！－ぎ芸亀）＋‥・）l如＞．  
α   

By substit．uting Eq．（2．13）for Eq．（2．1）and by using the relation   

＜紬e‾iF境eiF・如＞  

（2．13）  

＝＜紬＝娘。1トげ鎚0リ＋i∑（きq択一㌫泡）il¢正  
α   

＝勅｛鶴lト侃1十戒（ぎq〔畿ユ〕十∈芸〔聾〕） q  

′ヽ  

－げ∑（ぎα〔驚〕・震〔籠⊥〕）＋i∑爾！灘）＋■・・｝・如＞，（2・14）      ¢〉⊃u）ゝqq   
ve obtain an expansion form of the TDfiF equation vith respect to（Ea，E芸）． The   

zerothrorder equation，Vhich is called theinLrlricmce priTICiple of抽e ti］ne－  

depenc～錯亡鮫加茂g土間e†へequαとlon，ヰ）・9）・10）is vritten as  

∂＜¢い‡l洗。lトげ＆。‖－e－ie鮎ie）l如＞＝0，  （2．15）  

and the firsトorder equationis given by  

⊥〕＋∈芸〔⊥〕） 〈ノヽ  

6軸｛成（ぎα〔聾川芸〔聾〕トげ∑仏〔驚 ヽノ ゝq  q  

十i∑（さ。屠！－さ芸＆）－［e‾ie鮎te，∑（ぞ。又忘－ぎ芸鬼）］）l如＞＝0．（2．16）  
α α  

IngettingEq．（2．15），Ve 

that of（Ect，琵）in accordance vith the smalトamplitude assumption on the   

non－COllective modes of motion．   
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Except for the small－aJnPlitude assumPtion on the non－COllective modes of   

motion，Ve have not yetimposed any condition on the variable transformationin   

Eq．（2．7〉．Here ve require that the nev variables 〈77，77＊；Ea，E芸）should satisfy   

the canonica・lequations of motion vithin the firsトOrder of（Eα，E芸トexpansion．   

Then，Ve Obtain the canonicalequations of motion for the collective mode of   

motion  

∂2打、．一＊′ ∂2〃  tカ＝＋∑（どq〔  
q  

〕＋ど喜〔  〕），  
∂が∂ぎαノ ■－■U【＋し∂が∂∈芸  

∂2〃、．，＊′ ∂2〃   げ＝一旦凪－∑（ぎα〔     ∂り   

α  

〕＋∈芸〔  〕），  （2．17）  
∂丁？∂∈αノIゝ…∂り∂∈芸  

and that for the non－COllective modes of motion  

∂2〃、．メ＊′ ∂2〃   
塙＝〕・∑｛ぎα〔  

α  

〕＋∈芸〔  〕），  
∂ぎα∂郎ノ■、…∂ぎ芸∂ぎ蓄  

∂2〃、．－＊′ ∂2〃   
凋＝－〔ト∑（どq〔  

q  

〕）   （2．18）  
∂ぎα∂むノ’、…∂∈芸∂む  

Vhere the classicalHamiltonian His defined by  

打≡＜如Ie－iP鮎iFl如＞－く¢い釦¢0＞．  （2．19）  

We further demand that the classical Hamiltonian sat．isfies the maximal－  

decoupling condition，ヰ）・5）一9）・10）  

〔豊〕＝－＜頼［鬼！，e‾触e］一拍＝0，  

〔＝＜紬［亀，e‾囁e］Ⅰ如＞＝0，  （2．20）  

vhere ve have used the definition of the operators（亀，鬼！〉inEq．（2．12）．Then、   

Eqs．（2．17）and（2．18）are reduced to   
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iニ＝主－・  

げ＝一旦，  （2．21）  

and  

∂2〃、．メ＊「∂2〃  
緩β＝∑（ぎα〔  

α   

〕＋ぎ芸〔   〕），  
∂∈。∂∈さJ■ゝuし∂震∂ぞき  

∂2〃、．メ＊「∂2〃   噂＝－∑（∈。〔  
α  

〕＋震〔  〕）   （2．a≧）  
∂∈α∂ぎβノーゝuし∂ど芸粥β  

The expanded TD‡『equations（2・15），（2・16）and the canonicalequations of  

motion（2．21），（2．22）vith the maximal－decoupling condition（2．20）play essen－   

tial r0les in our theory．Comparing the expanded TDfF equations（2．15）and   

（2．16）vith the canonicalequations of motion（2．21）and（2．22）vith（2．20），We   

Can find some consistency conditions under vhich t．he expanded TDfiF equations   

are equivalent to the canonicalequations of motion vith the maximal－decoupling   

COndition． We may thus expect that these consistency conditions and the   

expanded T工）肝equations properly specify thelarge－amPlitude collective motion   

as vellas the non－COllective modes of motion under consideration．  

2．2．Zero抽－OTてIer TDfF EqucltioTICmd tたe飴Lf－COnぶLsモeTtt CoLIect・Lt｝e Coorclin   

脆tれod  

First，Ve discuss Eqs，（2．15），（2．21）and t．he maximaトdecoupling condition   

（2．20），Vhich are of the zeroth－Order vith respect to（Eα，E芸）．Equation（2．15〉   

Can be reduced to Eq．（2．21）under the fo1loving condition，  

＜如l［鳥。Il，鬼。11］l如＞＝1．  （2．a）  

By taking61Qo＞∝：＆。11：lQo＞and：＆。11：lQo＞，and then by using Eq．（2．23），Ve   
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Can eaSily see that the zeroth－Order TDI貯equation directly resultsin the   

CanOnicalequations of motion（2．21）for thelarge－amPlitude collective motion．  

Equation（2．15）can be reduced to the maximaトdecoupling condition（2．20）   

under the folloving．condition，  

．＜如l［亀，亀。11］l¢0＞＝0， ＜如l［曳忘，鬼。11］l如＞＝0．  （2．24）  

By taking 61Qo＞∝：芳志：lQo＞ and：鬼：lQo＞，and then by using Eq．（2．24），the  

zeroth－Order TD肝equation（2．15）leads to the maximaトdecoupling condition   

（2．20）．  

The SCCmethod4）・9）▼10）is formulated just vithin the zeroth－Order approxi－   

mation in our expansion method． Vith the aid of the theorem of、  

Frobenius－Darboux，15）in the SCC method，the condition（2．23）can be specified   

in a more convenient form  

＜細島。11●如＞＝去が，＜如胤l－如＞＝去叩，  （2．25）  

because the necessary condition（2．23）stillallovs us to have the freedom of   

choice of （77，T）＊） within the canonical transformation satisfying  

Eq．（2．21）．4）・10）・16） From Eq．（2．25），Ve Can eaSily obtain the condition（2．23）   

throughtherelation  

去（去小舟去が）＝去＜頼＆011＝叛＞十暮＜細＆o11■頼  

＝＜如l［鬼。11，＆。11］l両＞＝l．  （2．訪）  

In the SCC method，furthermore，the maximaトdecoupling condition（2．20）is   

expressedintheform，  

∂＜紬（e‾鮎e一＆olト旦＆oll）－如＞＝0，  （2・㌘）  

Vhichis derived from Eq．（2．15）vith Eq．（2．21）．The advantage of the use of   
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Eq．（2．27）instead of t．he maximal－decoupling condition（2・20）is that ve can  

evaluate the condition（2．20）without having to knov the explicit forms of the  

operators（鬼，倉吉），Vhich can be obtained only after havingdetermined the  

collective mode of motion（＆。1l，＆。11）．  

Equations（2．25）and（2．どア），Which consist of the basic equations．of the  

三文に method， enable us to umiquely determine the functional form of  

（〔fui〕，〔fp芋〕）inEq・（2・9）as wellas thecollective Hamiltonian〔H〕 vith  

respect to（T7，が），PrOVided that a specific boundary condition appropriate for  

the collective motion under considerationis set up．ヰ）・10） Namely，Ve Can   

Obtain a mapping  

㌦：い7，が）→ピ‥（〔んi〕，〔ん；ぎ〕）  （2・28）  

vhich defines a tvopdimensionalcollective submanifold＝2，i．e．an approximate   

integralsurface ernbeddedin the2［GV－dimensionalTD肝 maniFold（Phase space）  

M2MN （See Fig．1．）In the generalcase，Ve emPloy a perturbative treatment  

for determining functionalforms of（〔fpi〕，〔fu苦〕）with respect to（77，が）・  

The perturbative t．reatment vith respect to（T7，T）＊）is giveninAppendix．The   

traject．0ry determined by Eq．（2．21）is thus mapped on the collective submanifold  

E2by the mapping〈2．28），anditis ca11ed theSCC trajectory herearter．  

The maximal－decoupling condition （2．20）demonstrates that the classical  

HamiltonianHis stationary at each point on the collective submanifold＝2vith   

respect to the variations tovard non－COllective directions characterized by  

（＆，鬼！），Vhich have to be orthogonalto the variations tovard collective  

directions characterized by（＆。11，＆。11），i．e．，the tangentialdirections of the  

collective sub111anifold‡二2．  

In determining the collective submanifold vithin the zerothqorder of our   

expansion，the condition（2．24）has not been explicit．1y used．Asis shovnin   
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the next subsection，hovever，the condition（2．24）plays a crucial role in  

specifying the functionalform of theoperators（＆，又！），tOgether vith the  

firsトOrder TD†『equation of’our expansion method．  

2．3．Firsトorder TD肝Equcltio托αnd鮎）托－CO乙乙ec士it7e〃odes・0∫〟0壬io托  

As the next step，Ve discuss Eqs．（2．16）and（2．22），Vhich are of first－  

order of（Eα，Eま）．For the purPOSe Ofobtaining theself－COnSistencyconditions  

under vhich the first－Order TD肝’equation（2．16）is equivalent t．o the canonical   

equations of、nonqco11ective motion（2．22），itis convenient to start vith the   

follow土ng relat土ons，  

∂往。1て ∂鉱  
一－－ 

∂∈α  ∂丁7  
＝［缶。11，飢］，  

′ヽ  
＝ 胞，鎚011］，  （2．a）  

vhich are derived from the definition（2．8）provided that（fpijJ，苦）are analytic  

functions of（77，77＊；Eα，E芸）．By applying the expansion（2．11）t・O Eq．（2．29），Ve   

Obtain the relations among the zerothqorder terms，   

〔竪卜票＝［鳥o11，鬼！］，  

〔〕鳶＝［＆鳥11］                                   ′ヽ  （2．30）  

Vith the aid of Eqs．（2．21）aDd（2．30），the first－Order TD肝equation（2．16）can   

be reduced to  

∂＜頼（i∑（さα片忘一紙ト［e－i秘eie，∑（ざ。鬼！－∈忘恩）］  
α  α   
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十i鴫＋（ぞq鬼忘一紙）｝・頼＝0，  

vhere財is defined by  

e爛壱e≡e‾囁e一＆0－ト旦＆0】－  

（2．31）  

（2．32）  

Since W satisfies the HartreeTFock equation（2．Z7），it defines aset of  

Single－Particle statesin the generalized moving frame and ve callit．hereafter  

theHamiltonianin the generalized moving frame．4）・10）  

In order to obtain an explicit expression for the f’irst－Order canonical   

equations of’motion（2・22）for thepon－COllective variables，Ve uSe the rela－  

tions such as  

∂2〃  〕＝＜¢射［恥［e－ie財e，鬼h］j如＞                                ′ヽ  
∂㌫∂ぎ責  

十軸［〔語〕，e庵e］－¢0＞・  （2．33）  

The second term on the right－hand side of’Eq．（2．33）is revritten，Vith the aid   

Of the zeroth－Order TDfiF equation（2．15），aS  

′ヽ  ＜¢0旧譜〕，e一触e］l如＞＝榊［〔認‥胤ト調ふl）］一拍・（2・飢）  

′ヽ because the operator〔∂Q／∂Eα〕is a one－body operator．With the aid of the  

relation，   

〔熟＝溝助－〔卦，  （2・35）  

Simi1年r to Eq・（2・30），the first term on the right－ha：nd side of Eq、（2．34）can be  

expressed as   
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〈 榊0・［〔豊〕，鳥。1て］一拍  

＝iカ｛勅［［描］，＆。11］・如＞一朝［〔篭〕，鬼011］1佃  

＝裾＜紬［（〔〕＋箸潤…0＞－＜紬［恥［鬼o11，餌一拍                                                                                ノヽ  ′ヽ  

－勅［〔〕，鬼o11］・頼｝  

＝・iカ｛勅［碧，舘・如＞－軸［恥［鬼o11，甑］・頼                                                                                                               ′ヽ  

＋㈲［往ol㍉飢］一拍〕｝，  

vhere ve have used theJacobiidentity，  

［［恥倉吉］，亀。11］＝［［鞄，＆。11］，鶉］－［［鬼忘，＆。Il］，範］，  

（2．36）  

（2．37）  

and then used Eq．（2．30）．In such a vay，Ve f、inally obtain the folloving   

expression For Eq．（2．22），  

埼＝＜紬［恥（［e－i卸eie，∑（ぎα鬼！一紙）］  
α  

ーi鴫十げほα倉吉一紙）｝］一拍  

＋∑ぎα勅［（鵡olト職oll），飢］一拍〕  
α  

－∑E霊勅［（ibQ＝0・ト鵬oll・），a］lQo＞〕andc・C・，（2・38）  
α   

vhere the Hamiltonianin the generalized moving fra血eW also explicitly  

manifestsitself．   
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Vith the purpose to find out the conditions under vhich the first－Order  

TD肝equation（2．31）is equivalent to thecanonicalequations ofmotion（2・22），  

ve take the variations of Eq．（2．31）tovard the non－COllective directions  

（＆，鬼！；α＝1，2，・・・，榔－1）．We then obt・ain  

塙＝＜輔弼，（［e－ ie裾e，∑（ぎ。鬼！一紙）］  
q  

－i鴫・群（Eq鬼忘一紙））］lQo＞  andc・C・，（2・39）  

provided that the veak boson－1ike commutation relations among the non－  

c01lective modes of motion  

＜如‡［鬼，祁］Ⅰ如＞＝∂αβ， ＜如董［亀，鞄］l¢0＞＝0，  

are satisfied．  

（2．40）  

By comparing Eq．（2．38）vith Eq．（2．39），it becomes clear that the first－   

order TDI『equation（2．16）can be reduced to the canonicalequations of motion   

（2．22）under Eq．（2．40）and a set of、additionalequations，   

〔＜紬［往o11，銃］】如＞〕＝0，                                                         ′ヽ  

〔＜如＝強011，∂！］■頼〕＝0，  （2．41）  etc．   

Similar to the r0le or condition（2．24）in the case of the zeroth－Order equa－   

tions discussedin52．2，the condition（2．41）is not necessary for specifying  

the operator（亀，片！），but plays animportant rolein specifying the higher～  

order operators（〔∂包／aEβ〕，〔∂∂レ∂Eβ〕）inour expansionmethod，after having  

determined（鬼，鬼忘）．  

In order to uniquely define the non－CO11ective variables，Ve further   

suppose that the non－C011ective variables（E。，E芸）are of the norrnalmodes   
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Satisfying  

∂2〃  ∂2〃  ∂2打、  ′ ∂2打  〕＝0， （2．42a）  〕＝〔   〕∂。β，  〔  〕＝〔  
∂ぎ芸∂ど方   

¶  

∂ざ。∂鶉」  し∂ぎ。∂ぎ芸ノ〉qP’  し粥α∂ぞβ  

∈αくt）＝ぞ。（0）e－i山a亡 ， ぎ霊（t）＝ぞ芸（0）el山aた  〈2．42b〉   

The assumption of small－amPlitpde oscillation denoted by Eq・（2・42b）is con～  

sistent vith that usedin deriving Eq．（2．16）andis the same as those usually   

employedin getting the RPA equation from the TD†『equation・  

By substituting Eq．（2．42b）for Eq．（2．39），Ve Obtain  

＜¢い［恥［e－i勒eie，鬼h］l如＞＝揖α∂。β，  

＜如l［恥［e一鞠′eie，亀］］I如＞＝0，  （2．43）  

under the condition  

＜頼［射場＋力）栗］座0＞＝0，  

＜輔摘出璃＋が詰）亀］＝毎＞＝0・   （2．44）  

Thisimplies that，under thecondition（2．44），the one－body operator（亀，鬼！）  

may be described by the RPA－tyPe nOrmalmodes of’the Hamiltonianin the genera－  

1izedmoving framee－eWeie vithintrinsicexcitationenergies（塙．  

sincetheHamilt。nianin thegeneralizedmovingframe e－ie舶ie satisfies  

the Hartree－Fock equation（2．2T7），it does not contain any particle－hole（p－h）  

components（Ct弼，b勒）．Without anyloss ofgenerality，therefore，the solu－  

tions of Eq．（2．43）vhich・Call hereafter intrinsic excitation modes can be   

Vrittenin the f、orm   
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芳志…∑（雌（恥り＊）如卜線（…＊〉bi舶  
再  

（2．45）  

Thisisinsharp contrast t．o the fact that the c011ective mode of motion  

（＆。11，＆。11）has been uniquel・y determinedin the．form（2・12），Vhich has the  

part．icle－particle（p－P）and hole－hole（h－h）．parts as vellas the p－h part・  

Ve callthe condition（2．44）a separability condition between the co11ec－  

tive and non－C01lectivemodes of motion herearter．12） The physicalmeaning of   

the condition（2．44）villbe discussedin34．  

2．4．f几汗insic放肌・i之to雨α几Jorれ士rins・とc且rcitαt■ioTュ肋des  

Equation（2．43）shovs that the Hamiltonianin the generalized moving frame  

財 plays adecisiverole tospecify theintrinsic excitationmodes（亀，芳志）and  

theintrinsic excitationenergies uα．Hovever，the operator 紺 generally  

cannot be the proper intrinsic Hamiltonian associated vith the collective   

motion under consideration，becauseit contains a collective component．vithin   

t．he RPA boson approximat．ion，i．e．，  

＜如l［鳥。11，［e－i勒eie，＆。11］］‡如＞キ0．  （2．46）  

By contrast，t．he properintrinsic HamiltonianHi。ヒr Should satisfy  

＜如l［鳥。Il，［e一旬。treie，＆。11］］l¢0＞＝0．   （2．47）  

In this subsection，Ve derive theintrinsicHamiltonianHintr Vithin the RPA   

boson approximation．  

Corresponding toIhefermionpair cIperators（cl弼，biCLp）in the RPA boson  

approximation，Veintroduce the boson operators  

αヱb子→鴎， bi恥→軋i，  （2．48）   
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Vhich satisfy the boson commutat．ion relation  

［β直弘］＝∂世∂り， ［恥，恥］＝0・  （2・亜）  

Forlater convenience，Ve eXPreSS the p－h part of collective mode of motion as  

晃。11＝∑仲山（…＊）扁bト申直（…＊）bi恥）  （2・50）  

再   

With the use of the boson operators（2．48），theint．rinsic excitation modes  

侃，又！）as wellas（芯。11鳥。11）are representedas ～  

斉！→裏＝∑（雌βト織恥），  
再  

晃。11→ぬl＝∑（中山種一丸i恥）  
再  

（2．51）  

TheHamiltonianin the generalized moving frameW vithin theRPAboson approx－   

imationisthengivenby  

e－ほ鋸e→〆 
（2・52）  ＝∑（軋再妬軋∫一基軋粛虹去昧淋恥1， 阿り   

Vhere api．vj and亀〃iI再 are defined by  

α両∫＝＜紬［bi恥［e－ i秘eie ，ポbH］I如＞，  

町，再＝＜紬［bi恥［e一瓶′e｛e，bブ恥］］‡如＞．  （2．53）  

In order to obtain theintrinsic Hamiltonian，Veintroduce the f、ollowing   

PrOjection operator expressed by a甜郎★分針 matrix，  

p≡ト［冨］［が中†］［去ヱ］十［富津◎＊†げ］［去ヱ］・（2・弘）  

Here Zis t．he2［郎×卦肘 unit matrix，andland O are the♪肘×♪郎 unit and null  

matrices，reSPeCtively． 中，◎ and 中†，◎† are♪釦×1c01umn－andlx♪N rov－   
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matrices defined vith the amplitudes of（甑，軋j）（in Eq・（2．51））in t・he fo1lov－  

ing vay，  

「
」
 
 

，  

〃
 
－
 
 

）
 
 

ヽ
〃
 
 

．
▲
て
 
 
 

P
・
．
．
．
．
1
 
仲
 
 
動
 
 

ト
 
 

ニ
 
 

▼
W
・
 
 

r
」
 
 

l
 
 
 

）
 
 
 

l  

加
 
 

◆
l
 
 
 

‖
ド
．
◆
 
．
．
．
1
 
坤
 
 
動
 
 

卜
 
 

◎ ＝  

中†＝［（略）l   （略）佃］， ◎†＝［（帆）1   （軋）酬］．（2．55）  

Since thecollectivemodeof motion（＆。11，＆。11）is determinedin the SCCmethod  

SO aS tO Satisfy the orthonormality relation（2．33），Ve Can eaSily prove the   

relation  

P2＝P．  （2．繋）  

With the aid of the condition（2．24），itis clear that the projection operator   

Psatisf、ies  

P［冨：］＝［冨：］，P［三菱］＝［三宝］，  

P［芸］＝0，  ポ］＝0，  （2．57）  

Vhere  

「
 
 
 
 
－
 
 
 
．
 
 

（1臓）l  
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軋
 
 

（申告l、Jl  一
 
 
 
」
 
 
 

中q＝  （2．58）   
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．
 
 

Equation（2・57）shovs that the projection operator P plays a role to project   

Out the collective mode of motion vithin the RPA boson approximatiqn．  

Nov，Ve eXPreSS the intrinsic Hamiltonian Hi。ヒr Vithin t．he RPA boson   

approximationin the form   
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恥「＝∑砿，滅恥一去軋滅βト去吼朋リバ      脚り  （2．59）  

Withtheuseof theprojectionoperatorP，then，VeObtain軋リiand 転両 aS  

follovs，   

［ヱ＊ヱ＊］＝ヰ＿急＊＿笠＊］p，  （乙60）  

Vhere thematrixelements of the在Ⅳ×♪郎matrices C，亀，d and亀／are givenby  

（α）直十再≡恥十両，  （剛直両≡恥十両，  

（G／）直∴再≡d∠i，再， （亀／）直∴再≡亀んりい  （2胤）  

and a＊，臨幸，a／＊ and 亀／＊ are complex conjugate matrices ofa，亀，a／and瓜／，  

respectively．  

From Eq．（2．60），the intrinsic Hamiltonian Hi。tr Vithin the RPA boson   

approximationis given by  

玖。い．＝〆－‡［〆，亀‖］）範。‖＋島】－（［正，範刷］）  

十（［［基。Il，〝］，亀1f］）・栗山範招  

＋去｛［［〆，ぬl］，ぬl］）∴‰。l晶。Il  

＋去｛1［酢晶。11］晶。＝］）・私l払l  （2．62）  

Theintrinsic excitation modes（乱，Xi）as vellas theintrinsic excitation   

energies ucL are Obtained by solving the folloving RPA equation vith theintrin－  

Sic Ham土1ton土an，  

［〃i山，裏］＝山α裏，  

vith the orthonormalized condition  

［‰粛］＝∂。β， ［端，範］＝0．  

We also obtain  

（2．63）  

（2．64）   
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叩i血，裏。11］＝0，  （2・65）  

vhich corresponds toEq．（2．47）and demonstrates（‰。1l，XE。Il）tobeaneigenmode  

of．Hinしr Vith zero energy，implying that t・he condition（2・24）betveen the  

collective and non－C01lective modes of motionis automatically satisfied．  

Namely，the effects of the projection operatorPin Eq．（2．60）is effecti）ely  

expressed by the terms（玖。tr－H／）in the bosonrepresentation．  

In such a vay，Eqs．（2．63）and（2、6A）enable us to determine theintrinsic  

excitation modes（‰，Xg）and theintrinsic excitation energies u。under the   

Separability condition（2．44）．   
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§3．GeometricalSt．ructure Of DynamicalCollective Submanifold  

Within the framevork of t．he TDI貯 theory，in the previous section，Ve   

formulated the theory of dynamical collective submanifold． The essential   

COnCePt introduced in the theoryis the approximateintegr・alsurface ernbedded   

in the TD肝’manifold．In this section，Veinvestigate the geometrical proper．   

ties of the approximate integral surFace embeddedin the TDr『manifold，by   

formulating the TD壬・『equationin the f’orm of the canonicalequations of motion  

in・classicalmechanicsin the TDfiF manifold．13）  

3．1．α1r10rlicclト†briclble鮎p†｛eSe托tCけioT10J仇e TD肝耶teor主J  

As vas statedin §2．1，the TD†『equationis given by Eq．（2．1）．We f－irst  

introduce a nev set of time－dependent variables（qi（t），q苫（t））through a  

Variable transformation  

ん＝んi（qいq亨），  ん苦＝轟芋（qi，q苦）．  （3．1）  

The symplectic structure of the TD肝theory alvays enables us to choose the  

Variables（qli，q，‡）to beofthecanonicaトvariable representation，5）～8）in vhich  

the TD肝 equation（2．1）can be expressed as t，he canonicalequations of mot．ion   

in classicalmechanics，  

喘＝j旦   ∂q昔’  瑚＝一叢，  （3．2a）  

1．e．，   

∂〃  ∂〃  

恥＝石，  恥＝ ∂・恥   

恥≡義郎＋qi）， 恥≡透（qトqi），（3・2b）   
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Vhere the classicalHaLmiltonian His given by Eq．（2．19）．  

The procedure of a choice of the canonicalvariables（qji，qJ苦）is  

folloving．5）we adopt the nev variables so as to satisfy  

揖≡‡｛糾e‾｛FeiF】¢0＞吼汁＜頼e‾i戸eiダー¢0＞瑚）  
〃l  

＝去Tr｛C†・正一dC†・C），  （3．3）  

vhere C and C† denote an〟xN matrix andits Hermitian conjugate，reSPeC－  

t．ively，defined by  

（C）直＝q＝  （C†）頼＝q苦，  

and the matrix notation on the right－hand side represents  

Tr（C†・dC－dC†・C‡≡∑（q‡cJqi¶qidql苦‡  
直   

After direct calculations，Ve have  

（3．4）  

（3．5）  

∂F ∂F†s土n2  ＜両＝e‾iFeiF一拍＝Tr（F†  ▲J （3．6）  
卯†  a守▼ト  

’   
ac,i ac,i 

vhere the matricesFandF†are deFined by  

肝）再＝んi，  肝†）毎＝ん苦．  

By substituting Eq，（3．6）into Eq．（3．3）and by u畠ing  

邸＝冨｛叢dqi十蒜瑚｝，  
Ve Obtain  

（3．7）  

（3．8）   

山＝去Tr｛〆  F〉  
押†  

▲  

＝Tr膵  
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S妄：F  
－d（F  

～屑打  

＝去Tr｛C†・正一疋†・C）  

Thisimplies that the nev variables（qli，堤）given by  

（3．9）  

旦F  ， C†＝戸  （3．10）  
へ席F  

’  

satisfy the folloving canonicaトvariable condition，  

＜付録t¢0＞＝去q芋，＜¢0・狛頼＝去qi，  （3．11）  

ノ＼ vhere theoperators鋸 andqliare thel。Calinfinitesimalgenerators vith  

respect to qJiandq▲‡respectively，defined by  

鋸≡e‾iFeiF ，軋i≡－e‾ i斤eiF  
（3・12）   

In order to see that the variables（q，i，q，苦）obtained byEq・（3・10）really  

satisfy the canonicalequations of motion（3．1），Ve first notice the folloving   

relations，  

＜如l拍か鋸］l如＞＝∂脚∂り，  ＜如＝強か鋸］l如＞＝0， （3・13）・  

vhich is obtained from Eq．（3．11）provided that the TD【『manif01dis a complex  

analyticmanifoldsatisfyingtheintegrabilityconditionヰ）・9）t10）  

∂2  ∂2  ）eiFl如＞＝0，  

∂2  ∂2  ）eiPり0＞＝0  （3．14）  
∂qi∂㍍ブ ∂GJ∂qi  

N。V，the TD肝 equation（2．1）can be vrittenin terms of．the variables  

（qli（t），ql‡（t））in theform   
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∂＜¢0】（i∑（qi鋸－q‡恥トe－iF鮎iF）l¢0＞＝0．  
再  

（3．15）  

By takingI紳0＞∝‥鋸：lQo＞and：qi：］Qo＞andbyusing thecanonicaトvariable  

？Ondition（3・13），Eq・（3・15）is simply reduced to t・he canonicalequations of  

motion（3．2a）．  

3．2．（お0け‡eモーへtcα！Properties oメ モれe鹿げ一COJば・istertt Co乙乙ecti℃e Coordi．mモe♪血仇0亡！  

The solution of Eq．（3．2a）generally give trajectories in the a＼郎－  

dimensionalTD肝 manifolddenotedbyN2［tN：（qli，qlこ‡）．Ifagroup ofmanyTD肝  

trajectories gathering together around the collectivesubmanifold∑2：（77，T）＊）at  

an instant can be alvays conf、inedin a smalldomain of’the submanifold for a   

long enough time，Ve may naturally say that t．he system under consideration   

displayslarge－amplitude collective motion along an optimized trajectory，i．e．，  

theSCCtrajectory on the surface＝2，Vhichis arepresentativeof thegroup of  

TD肝trajectories．  

Under such arlaSSumPtion，Ve COnSider a generalvariable transformation  

from the canonical variables （qji，q芋） to a set of variables  

（77，77＊，E。HE芸；α＝1，2，・‥，愉Ll）including the co11ective variables（り，n＊），  

qi＝qi（叩，が；ど。，ど芸）， ql‡＝q苦（丁7，が；∈。，∈芸），  （3．16）  

Vhere（Eα，E芸；C（＝1，2，・‥ ，相V－1）are the non－COllective variablesintroducedin   

§2・If the transformation vere an exact canonicaltransrormation satisf、ying   

iカ＝， げ＝ 
，  

兢＝ ，蟻＝一，  

the transformation vould have to satisfy the Lagrangian bracket17）  

（3．17）   
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｝＝1，  （3・18a）  

一 

｝＝∑｛掌驚一鴬著｝ ＝0， （3・18b）  

∑｛欝畿譜豊 再Uり）ゝq）ゝqUり 

一 膚驚一驚驚 

吉｛譜驚寓語 ｝＝∂αβ， ｝＝0・（3・18c）  

Our theory does not require such an exact canonical transf’ormation，but  

demand that the non－COllective variables（EcL，E芸）describe smalトamplitude  

motionin a smalldomain of the neighborhood of the collective surface E2．  

Similar to the expansionintroducedin§2．1，Ve may t．henintroduce a Taylor  

expansion of（qi，qj苦）vith respect to（EcHE芸）around a surface（77，が；Eα＝ぎ芸＝0），  

（3・19）  qi＝〔q出∑ほ0〔豊〕十ぞ芸〔豊〕｝＋・，                                                 α  
・・、b  

Vhere the symb01〔f〕for any f、unction f（77，Tl＊；E。，E芸）is defined by Eq．（2．9），  

In the same vay，theTaylor expansions ofHand∂坊／∂q，‡are expressed as  

〃＝〔〃〕・∑｛∈q〔訝＋∈芸〔訝｝＋掛軸扇 

＋2摘〔盈〕瑚〔盲悪育〕｝＋…，  （3・20a）  

川芸〔石島〕｝ト‥  億〕＋写｛ぎα〔言詰  
（3・20b）  

By applying theTaylor expansion for Eq・（3・1a），VeObtain an expansion form o 

the canonicalequations of motion vith respect to（EcL，E芸）． The zerothNOrder  

equationis vritten as  

〔qi〕＝ 〔叢〕， 墟〔q苦〕＝－〔叢〕，   （3・21）   
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aJld the first－Order equationis given by   

囁｛ぎα〔驚〕＋ど芸〔慧・ 
〕｝＝∑｛ぎα〔  

CL 

∂2〃、．メ＊「 ∂2〃  
〕＋∈芸〔  〕），  

∂ぎ。∂q亨ノ■ゝuし郎。＊∂q苦  

∂2〃、．メ＊r ∂2〃   

囁｛ぎα〔静＋ぎ芸〔静 
｝＝－∑｛ぎα〔  

q  

〕＋ぎ芸〔  〕），（3．22）  
∂ぎα∂qiノ■ゝuし∂ぎ芸∂qi   

vhere the order of（き。，さ芸）is assumed to be the same as that of（Eα，E芸）in   

accordance vith the smalトamplitude assumption on the non－COllective motion．  

The tirne－dependence of the variables（Tl，77＊；E。，E芸）must be determined in   

terms of the canonicalequations of motion（2．21）and（2．22）under the maximal－   

decoupling condition（2．20）．Thus，the consistency conditions under vhich   

Eqs．（3．21）and（3．22）reduce to Eqs．（2．21），（2．22）and（2．20）play a role to   

SPeCif’y the collective submanifold as vellas the non－COllective modes under   

COnSideration，Similar to the discussionin S2．  

First，Ve discuss the consistency conditions under vhich Eq．（3．21・）reduce   

to Eqs．〈2．20）and（2．21）．The consistency conditions are obtained in the   

fo1loving vay．Eq．（3．21）can be expressed as   

lカ〔著〕十肌欝 
andc・C・（3・23）  〕＝〔叢〕，  

With the aid of’Eq．（3．23），the right－hand side of、Eq．（2．21）can be revritten as  

旦皿＝∑｛〔豊〕〔葦〕＋〔欝〕〕｝ ∂が 
直  

j ＝i芯｛〔浄〔驚ト〔掛〔欝〕｝，andc・C‥（3・24）                   直   
Equation（3．24）can be requced to Eq．（2．21）under the folloving condition，  

j 

∑｛〔欝〔普ト〔静〔欝〕｝＝1， 直  （3．25）   
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Vhich corresponds to the zeroth－Order term of Eq．（3．18a〉．With the aid of   

Eq．（3．23），theleft～hand side of Eq．（2．20）can also be expressed as  

〔豊〕＝∑f〔驚〕〔葦〕十〔 〔叢〕｝  

＝i荘｛〔鴬〕ト驚〕－〔寄〕〔豊〕｝  
再  

十げ∑｛〔静〔欝ト〔欝〔驚〕｝    再  
（3．訪）  

Itis thus clear from the expression（3．26）that Eq．（3．22）can be reduced to   

the maxim亀Iqdecoupling condition（2．20）under the f’01loving condition，  

∑｛〔静〔驚ト〔常〕〔驚〕｝＝0，         直  
静〔欝ト〔〔驚〕｝＝0，  

∑｛〔 

Vhich corresponds to the zeroth－Order term of Eq．（3．18b）．  

（3．Z7）  

In the SCC method，the co11ective variables（77，77＊）vhich satisfy the   

COndition（3．25）have been chosen t．hrough  

∂†7ノ し ∂叩                    ∑（〔q苦〕〔響卜〔嬰〕・〔qi〕）＝が，  
什l  

‡｛〔欝〕〔qiト〔q苦〕〔欝〕｝＝叩， 〃l  （3．a）  

Vhichis equivalent to Eq．（2．25）．Vith the use of the canonical equations of   

C011ective motion（2．21），On the other hand，Eq．〈3．23）is revritten as   

〔叢卜欝〔著〕十旦票⊥〔欝〕＝0｝   
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〔葦〕一旦紆〔欝〕＋欝〔寄＝0・  （3．29）  

Both Eqs．（3．28）and（3．29），Vhich are the basic equations of the SCC method，  

playar0le todefine thecollectivesubmanifold＝2in theTD肝manifold M2MN，  

vhile Eq．（2．21）describes a time－eVOlution．of the collective motion on the  

tv。－dimensionalsymplecticmanifoldN2：（77，77＊‡．5），18）（SeeFig．1．）  

3．3，Loc（l乙αlnOTltCαト1屯rid〕乙e Approェ加IC上土io往Jor鮎〕n－Co＝厄c壬iue〟odes o∫〃otiort  

Next，Ve make clear the consistency conditions under vhich Eq．（3．22）   

reduces to Eq．（2．22）．The consistency conditions are obtainedin the folloving   

Vay．Eq．（3．22）can be revritten as  

t∑｛きα〔驚〕＋き芸〔豊〕｝頼璃＋喘耳｛どq〔驚〕＋∈芸〔豊 
〕｝  

∂2〃、．，＊′ ∂2〃   
」しゝqし 〕＋∈芸〔  （3．30）  〕）   。  

α  粥α∂q‡JIゝqし郎芸∂q‡   

Multiplying Eq．（3．30）by〔∂ql亨／∂Eを〕 and its complex conJugate by  

〔∂qi／∂掃〕，VeObtain a relation  

t∑きα∑｛億〕償ぃ〔静〔静｝          α   〃i  

再∑琵∑｛億〕億卜億〕〔   α  〃i  

〕〔訝｝  ＝∑∈α∑（〔 一ゝα｝しし 

∂∈。∂q苦 q   ドl  

二＝二・   十∑ざ芸∑（〔 」ゝq］しし 

α   直   ∂ぎ芸∂q苦  
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十払∑｛〔訝・嘉〔静一億〕・嘉億〕｝ α両  

石∑ぎ芸∑｛〔訝・嘉〔静一億〕・新語〕｝   α   〃i  
（3．31）  

In order t0 0btain an explicit expression for Eq．（2．22），On the other   

hand，Ve uSe the relations such as  

∂2〃  
〕＝∑‡〔  

恒   ∂∈。郎責  

〕｝  （3・32）  
〕十億〕〔   

・〔〕〔  

The third and fourth terms on the right－hand side of Eq．（3．32）are revritten，   

vith the aid of Eq．（3．23），aS  

∑｛〕〔 〕｝  

直  〕＋億〕〔畿  

〔 ト〔繋〕〔畿 〕｝  

〔畿〕－〔欝〔 〕｝  

i芯（〔璧〕 ∂†？  

〃l  

＋げ∑｛〔豊〕      〃l  

（3．33）  

The first term on the right－hand side of Eq．（3．33）can be expressed as   

i芯｛倍〕〔畿ト〔寄〔蔑〕｝ 再  

＝i芯｛〔鳶〔卜〕・卦豊〕  
再   

（3．34）   
ヽ
／
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ゝ
 
 

∂
 
 

In such a vay，Ve finally obtain the f’o1loving expression for Eq．（2．2望），  
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∂2ガ、．メ＊r ∂2〃  埼＝∑（ぎ。〔  
α  

〕＋∈志〔  〕）  

∂ぎ。∂針■ゝqし∂ど芸∂∈き  

∂2打  
二二告二l  ＝∑∈α∑（〔  

α   再  ∂∈。∂qi   ∂ぎ。∂q亨  

二二告∴・  十∑ど志∑（〔  一ゝu］しし 

α  ∂ど芸∂q苦  

十i∑ぎα∑｛〔・嘉膚〕一〔・新語〕｝  
α〃i  

q〃i  
新〕｝   十i∑ぎ芸∑｛〔訝・針瀞－〔語・語   

＋i這二‡｛∈穏（翳著一票篭 
）〕  

迫
 
 

逓
 
 

飢（著  
十蓋  ∂

 
 

ヽ
／
 
 
丁
 
 

∂
 
 

十げ∑‡｛ど穏背豊一欝葦）〕      α  〃l  

弘
 
 

逓
 
 

弘
 
 

㈲
 
 

＋
 
 
 

（3，35）  ＊
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By comparing Eq．（3．31）vith Eq．（3．35），it can be shovn that the first－  

order canonicalequations of motion（3．22）can be reduced to the canonical  

equations of non－COllective motion（2・2）under the f’o11oving conditions，  

∑｛〔譜〕〔驚ト〔静〔豊〕｝＝∂αβ，  
直  

∑｛〔静〔訝－〔譜〕億〕｝＝0， 再  （3．36）   

and  
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（一）〕＝0，  

〈一 ）〕＝0，  etc．，  （3．37）  

vhere Eq．（3．36）just corresponds to the zeroth－Order term of Eq・（3・18c）and  

Eq．（3．37）t．o the firstTOrder term of Eq．（3．18b）in our expansion・ Under t・he  

conditions（3．36）and（3．37），both Eqs．（3．22）and（2．22）are reduced to the   

equation given by  

〕億〕十〔  

〕億〕＋〔  

∂2〃  
〕〔葦〕｝  一ゝu］‥ 

郎α∂q苦 α   〃i  

∂2〃  
〕〔〕｝  ＋∑ぎ芸∑（〔 ‾⊥ゝq］‥ 

∂㌶∂q‡ α   再  

〕・畠〔〕｝  
・心q∑｛〔訝・針瀞一億驚 α〃i  

〕・か 

＋心霊∑｛〔訝・嘉〔諾ぃ〔譜豊〕｝   α   〃i  
（3．38）  

Equation（3．37），Vhich just corresponds to Eq．（2．41），is not necessary for our  

expansion，but may be necessaryin treating the higher－Order derivative terms  

like〔∂2q上ノ∂ぎα∂錯〕・  

Here ve f’urther assume t．he normaトmode condition （2．42）for the non－   

collective variables（E。t，E芸）． By substituting Eq．（2．42）for Eq．（3．38），Ve   

obtain  

〕〔訝｝＝鵬β，  
∑（〔 ］しし 

直  ∂ぎα∂q‡   

〕〔訝｝＝0，  
∑（〔 ］しし 

（3．39）   

郎芸∂q守 山  
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under t．he condition  

∑｛〔訝・針掛－〔語・嘉億〕｝＝0， 直  
∑｛〕・針浄－〔〕・孟億〕｝＝0・  
再  

（3．40）  

Vith the aid of’Eq．（3．36），Eq．（3．39）can be revritten as the RPA－tyPe equation  

〔∂2妙′∂揖∂㍍バ 〔∂2町∂q  〕
 
央
㌧
－
J
 
 

‡
 
 

．
 
 

御
 
 

［
 
 

］
 
 

〕
 
 

∂Gノ∂∈α〕  

∂場／∂∈α〕  

〔
 
〔
 
 

－〔∂2町∂qi∂Gバ ー〔∂2駕′′∂  

＝山q［  
〔∂qノ∂ぎ。〕  

〔∂揖／粥α〕  ］・ 
（3・41）  

Needless to say，Eq．（3．41）guarantees Eq．（2．42a）under the condition（3．40）．   

By solving Eq．（3．41）vith the conditions（3．27）and（3．36）under the condition   

（3．40），thus，Ve CarlObt・ain the intrinsic excitation energies u。and the  

VeCtOrS（〔∂qlJ∂E。〕，〔∂qJJ∂E芸〕）of the TDHFmanifold［FN，Vhichspecify  

directions of the non－COllective modes of motion described by（E。，E芸）．  

The condition（3．40）is supposed to be animportant condition for charact－   

erizing thelocalnon－COllective normalmodes（f。，E芸）vith the smalトamplitude   

assumption（2．42b），in a consistent manner vith thelarge－amPlitude collect．ive  

motion described by（77，が）．AIso the condition（3．ど7）demands that the non－   

CO11ect．ive directions should be orthogonal to the collective direction  

（〔∂qii／∂T）〕，〔∂q，守／∂丁7〕），Vhichis def．ined by a tangentialvector at each  

point on the submanifold E2．  since the non－COllective directions  

（〔∂qli／∂Eα〕，〔∂揖／aE。〕）are determined by thelocalRPAequation（3．41），the  

condition（3．27）should be regarded as alocalcondition on E2． This fact   

implies that the concept of non－COllective modes of’motion can be considered as  

alocalconcept valid onlyin the neighborhood of the respective point on E2．   
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Itis nov clear that a set of basic equations，Vhich specifies the global  

CO11ective mode（77，77＊）and thelocalcanonical－Variable approximation for the  

non－COllective modes（Ea，E芸），COnSists of Eqs．（3．29）and（3．41）and the condi－  

tions・（3．28），（3．：姶），（3．39）and（3．40）．13）   
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§4．Validity of Concept of DynamicalCollective Submanifold  

In the previous tvo sections，We have treated the collective variables   

（77，77＊）as the global canonical－Variables and t・he non－COllective variables  

（E。L，E芸）as the local canonicaトvariables．It has been clarified t－hat t・he  

collective mode ofmotion（毛。11，R＝。11）and theRPA－tyPe nOn－COllectivemodes of  

motion（亀，鬼忘）are determined by Eqs．（2．27）and（2．63）vith the conditions  

（2．24），（2．25）and（2．40），and the separability condition（2．44）between the   

collective and non－COllective modes of motion plays animportant role for   

Validity of such a treatment．In this弓eCtion，Ve discuss the physicalmeaning  

of both the separability condition（2．44）（Or（3．40））betveen the co11ective   

and non－C01lective modes of motion and the stabilit．y condition of the collec－   

tive submaniFold，Vhich depends on vhether theintrinsic excitation energies  

are realorimaginary．11）I13）  

4．1．5tobtLi土日OJCo！エec土it！e5ub椚αrtげ0はαTldApproごご1日αねヱnt叩丁へα！ぶuげ口Ce  

Itis vellknovn that the stability of a Hartree－Fock stateis determined  

by vhetherRPAeigenvalues are realorimaginary・19）・20）・4）Inthesame v叩7Ve  

determine the stability of the collective submanifold∑2according as vhether  

the intrinsic excitation energies 山c（are real orimaginary．In order to   

explicitly obtain theintrinsic excitation energies（塙 and the non－CO11ective   

modes of、motion，One has to s0lve the RPA equation（2．63）（Or the RPA equation   

（3．41）under the constrained condition（3．27））． The condition（2・40）〈or  

（3．36））thus serve去 to orthonormalize the non－COllectivemodes of．motion・  

Equation（2．63）shovs that theintrinsic excitation energies（塙depend on the  

localpoint（77，T7＊）of thesubmanifold∑2．consequently，theorthonormalized   
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condition（2．40）should also be considered as alocalconditionlike the  

condition（2．2池）（or（3．2T7））．Ve may thereforesay that the collective subma－  

nifold∑2vhich satisfies the maximaトdecoupling conditionis st・able provided  

that a1lof the肝Aequation（2．63）tlaVerealeigenvalues at eachpoint onit，   

1．e．，  

（山。（刀，が））2＞0，  rOr Yα．  （4・1）   

If the condition（4．1）is satisfied and theintrinsic excitation energies  

uαtake relativelylargevalues，the restoring forces tovard thenon－COllective  

directions perpendicular to the c01lective submanifold E2 becomelarge・  

Cons＄quently，the group ofTD肝trajectoriesin thesmalldomainof theneigh－  

borhood of＝2is alvays confinedin the smalldomain due to thelarge reStOring  

forces．In this case，a large amount of TD肝trajectories are expected to  

accumulate around∑2and the collectivity of∑2increases to a fairlylarge  

extent．It is t．hus reasonable to introduce the concept of an approximate  

integralsurface for∑2・  

If the condition（4．1）is satisfied but theintrinsic excitation energies  

u。are relatively small，the TDrF trajectories starting from the smalldomain  

at aninitialinstant can traveltovard the non－C01lective directions vith －a  

fairlylarge amount of deviations from ピ becauseof thesmallrestoring  

forces．In this case，We CannOt eXPeCt alarge accumulation of the TDHF trajecp   

t．。ries around E2．Furthermore，the smallqamplitude assumptionin Eq．（2．42）for   

the non－COllective degrees of、freedomis no more valid，and the extraction of   

the collective submanifold by t．he SCC method does not have a definite sensein  

comparison vith the case oflarge u（77，77＊）． Hovever，it has a sense that  

t．ime－aVeraged property or phase－SpaCe aVeraged property of the group of、TD肝  

trajectoriesisrepresentedonthesubmanifold＝2・   
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If the condition（4．1）is not fulfilled，there does not exist any restor㌧   

ing forces tovard the non－COllective directions，and the TD肝trajectories  

starting from the smalldomainin the neighborhood of E2at aninitialinstant   

Prefer to escape the smalldomain，havinglost．theirinitialFocussing ror a   

long enough time．In this case，the SCC trajectoryis running on an unstable   

ridge－1ine and ve cannot expect any other trajectories accumulating to the  

submanifoldピ．  

4．2．励pct「（lb‖辛抱Cond・i・ttO托betと佗e托 Co＝厄ct・ive Gれd 〃0れ一CO＝kctiue 〟odes o∫   

〟oHon  

Next ve discuss the physicalmeaning or the condition（2A4）（Or（3．40））．  

In the SCCmethod，Ve have determined the difTeomorphic mapping Fβ→E2  and   

the collective Hamiltonian by freezing the nondCOllective degrees of、freedom．  

Except for theidealcase vhere∑2isidentified vith the exactinvariant   

Surface，the c011ective and non－COlユective modes of motion are notindependent   

Of、each other and the concept of the intrinsic motion decoupled from the   

COllective one does not strictly hold．  

The quantities（∂kL／∂T］，∂鬼L／∂T）＊），Vhich appearedin the condition  

（2A4），eXPreSS nOn－locality of the non－COllective modes ofmotion（亀，鬼忘）on  

the submanifold ∑2．In thestrict sense，thecondition（2．44）requires that  

non－localdependenceof thenon－COllective modes of motion，e．g．∂鬼L／∂？7，  

Should be zero．This non－10Calityis a manifestation of the coupling betveen   

the collective and non－C01lective degrees of freedom． The large non－local   

effect does not a1lov us to●derive the RPA equation（2．43）（or（3．41））．If   

there holds the condition（2．44）whichis essential to introduce the local   

COnCePt for non－CO11ective degrees of freedom，Ve Can get thelocal肝A equa－   
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tion（2．43）vhich determines thelocalintrinsic excitation modes compat・ible  

Vith the globalcollective motion governed byEq．（2．21）．Namely，Ve Can regard  

the nonqcollective modes of motion as the localintrinsic excitation modes   

under t．he condition（2．44）．  

From the above discussion，itis clear that thelocalintrinsic excitation   

modes are def．inable aslong as the condition（2．44）is satisfied．In actual   

case，hovever，the condition（2．44）is too stringent to hold．If the non－local   

effects are oflessimportance than thelocalefrects，the concept of thelocal   

intrinsic excitation modes may stillbe justified．Itis thus reasonable to   

apply the folloving conditionin place of（2．44）or（3AO），   

l＜紬［射場＋力演）鬼忘］■佃≪l可，  

l＜¢0＝庵，i鴫＋群暮）亀］月毎可≪l項，  （4．2）  

（⊃r   

・ 

ー∑｛〔静孟〔藤一億〕・か驚川≪匝」， 直  
・ 

l∑｛億〕・・針欝＝譜〕新語川≪l山αl  再  
（4．3）  

The condition（4．2〉or（4．3）can then be regarded as・an aPPrOXimate  

separability condition for dividing the collective andnon－COllectivemodes of  

motion．10）～12）If the condition〈4．2）is not satisfied，One Can nOlonger  

freeze the correspondimg non－COllective degrees of freedom・and cannot describe   

t．he trajectory under consideration solely by a single pair of co11ective   

variables（77，が）．   
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4．3．Co‖厄cti㍑，かissipαtiⅧαTd5tocナ氾S士ic鮎ナ氾山ors o∫WTr如ec士ories  

In the previous tvo subsections，Ve have discussed various properties of’  

theTD肝manifoldN2（tNinproximityto thecollectivesubmanifoldE2deFinedby  

th弓1双エ methodvith the aid of the stability and separability conditions・By  

means of these conditions，the optimum collective submanifold ＝2 may be  

characterized by the fo1lowing t．hree regions，  

Re如OnI；山喜（叩，が）＞O  

RegionI；山≡（77，77＊）＞O  

RegionⅡ；u喜（77，77＊）≦0，  

and O≦Jだ（刀，刀＊）＜1，  

and l≦Jg（刀，が），  

〈4．4）  

vhere the non－localeffectIe（77，77＊）is defined by  

鮎が）≡Ⅰ＜輔弼木場＋が詰）鬼！］＝叛＞血l   （4．5）  

According to the discussionin the previous tvo subsections，t・he distinc－  

tive feature of theTDIiFmanifoldN2NNinproximity to＝2maybe represented by  

three different characteristic trajectoriesillustratedin Fig．2．11）In  

RegionI，thetrajectorystartingfromaneighborh00dof the submanifold ＝2  

may be boundin close proximity toit・Wemay thus expect that the small  

domainin the neighborhood of∑2consists ofonly approximateinvariant tori  

like theKAM t。ri．21）InRegionI，the trajectory foundnear E2ata certain  

instant may oscillate tovard the non－COllective directions perpendicular to the  

submanif01d ∑2 vith afairlylargeamount of deviation f・rom∑2・Thisimplies  

that the collectivity of the system．is stillexpected to survive even there are   

significant dissipative effects．In RegionⅡ，the trajectory occasiorlally  

travelling near∑2does not cdme backinits neighborhood・Thisimplies that  

the collective motion under consideration has dissappeared and the system shovs   

a stochastic behavior．   
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§5．Application to Three－LevelSU（3）Hodel  

5．l．肋deZ地肌iltoTliαnαTd tれe耶）膵’meorもJ   

In theprecedingsection，Vehaveseenthat thesubmanifold ＝2 extracted  

by the肛methodis classifiedinto three different physicalregions by means   

of the stability and separability conditions，and the TDト『 trajector土es in  

three regions shov collective，dissipative and stochastic behaviors・reSpeC－  

tively．In order to justify the statementin§5，in this section，Ve aPPly  

our theory t．o a modification of the SU（3）model used by Li，Klein and  

Dre土zler．川・1ヰ）  

The Hamiltonian is given by 

葺＝E。亀。＋∈胤十E2毎2＋昔（尼－0斤10＋h・C・）十昔亀0亀曲c・）・  （5．1）  

There are threelevels vith energies Eo＜f：l＜f：2 and each level has N－fold  

degeneracy．Thefermionpair operators亀β aredef’ined by  

N  

亀β≡∑払q拍；α，β＝0，1，2，  
肝＝1   

vhich satisf’y the folloving commutation relations，  

［亀β，亀占］＝∂飢軋∂－∂仇∂ちβ．                                                                           ノヽ  

（5．2）  

（5．3）  

Ve vill hereafter consider a system vith Nparticles and thelovest－energy  

state‡¢0＞ vithoutinteractioni．e‥Vl＝Vi＝Ois given by   

〃  

l如＞＝口c古m10＞，  
m；1  

（5．4）  

vhere10＞ denotes thevacuumof thefemionoperatorsc5m andcαm・In this  

case ve have tvo types of particle－holecreationoperators（klO庵0）・（See  

Fig．3．）   
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Nov，Ve aPPly the TD肝theory to the present system・ The TDfF single  

Slater determinantin this caseis  

】¢（り＞＝eiPI如＞； βニ げⅠ（t）＆】0＋鞄（り亀0）＋h．。．，  （5．5）  

Vhere parameters Fl and F2 are COmPlex and timepdependent．Instead of the   

parameters Fland F2，Ve Villuse the canonicalvariables（Cl，Cf；Cb，C5）vhich  

are related to the originalparameters through22）  

－iq   sin－】廊，  Fk ＝  （5．6a）  
qCtトqQ  

1．e．，  

iJ雨靴  s土n－1廊；  qこ ＝      ‾ た＝1，2．   （5．6b）  
ノfWt十笹竹  

Expression（5・6）guarantees that thelocalinfinitesimalgenerators，defined by  

飢≡e‾ eiF 駄≡ゼ i戸eiF，  

Satisfy the canonicaトvariable conditi，On  

＜如憫l¢か＝去α，＜如㈲如＞＝去q・  

The veak boson－1ike commutation relation  

＜如l［玩，郎］l如＞＝餌， ＜如】［良，∂月】如＞＝0  

（5．7）  

（5．8）  

（5．9）  

is obtained f’rom the．canonicaトvariable condition （5．8）．Vith the aid of  

Eq．（5．9），the TDI甘equation（2．1），i．e．   

2  

ム＜紬｛i∑（侃鋸一触トe一触F｝一如＞＝ 
k＝l   

is simply reduced to the classicalcanonicalequations of motion  

（5．10）   
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臓＝－j旦     ∂q’  
iqこ＝些    ’  

∂伐  

（5．11）  

Vhere  

〃＝■＜¢（t）用l¢（t）＞－＜如l飢如＞   

＝ 〈El－Eo）啓q十（E2－㍉Eo）窃色  

＋昔研一1）（窃串CICl）｛ト〈郎1＋鶴）州  

＋署（Ⅳ－1畑針QQ）＝－（郎l＋鶴）州   
（5．12）  

Consequentlx，theTD肝equation（5．10），i・e．Eq・（5・11）determines a trajectory  

in a four－dimensionalTD肝manifold（Phase space）［P given by  

pk≡蓬（喋一弘），qk≡孟（α十q）・（5・13）  （pl，ql，p2，q2）   

5．2．App！ic亡l上土oI10JtJle meOTヘリ  

According to our theory，Ve Should be firstlyinterestedin a certain  

trajectoryvhichis approximatelyboundonatvo－dimensionalsubmanifoldE2in  

the four－dimensionalTD肝manifoldM4．Namely，Ve Pay attention to the trajec－  

torywhichis describable by a single pair of collective variables（77，77＊）・  

Aimingat extracting the submanifold∑2，VeCOnSider a generalvariable   

t，ranSformation  

q＝q（恥が；ぎ，ぎ＊），α＝α（り，叩㌔∈，ざ＊）；  k＝1，2・   〈5・14）  

As vas discussed in §2and§3，the SCC method enables us to det・ermine the  

functionalforms of（〔q〕，〔窃〕；た＝1，2），and a set of basic equations ofit are   

given by Eqs．（2．25）and（2．27），i・e・   
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∂＜如－（e‾囁e一＆olト旦L鬼o11）一拍＝0  （5．15）  

and  

＜頼＆011】如＞＝・去が，＜如・＆o11・頼＝去叩，  

ノヽ Vhere the one－body operator Gis given by  

e＝〔β〕＝（〔Fl〕足10＋〔鞄〕勉0‡＋h．c‥   

（5．16）  

（5，17）  

Solving Eqs．（5．16）and（5．17），namely，it can define a diffeomorphic mapping  

㌦：い7，が‡→ピ：（〔q〕，〔α〕；た＝l，2‡，  （5．18）  

vhich specifies the submanifpld＝2in theTD肝manifoldN4・  

In the generalcase，Ve are forced to employ a perturbative treatment for   

determining functionalforms of（〔Ck〕，〔α〕）vith respect to（Tl，77＊）．（See   

Appendix．）But our objectiveis to discuss the collectivity of、the sublnanifold  

＝2extracted by the SCCmethod，SOitis preferable to dealvith an exact  

solution or theSCCmethod．Namely，Ve Vi11consider a specialsubmanifold＝2   

Vhose exact mapping functions are easily obtained analytically．  

To this end，Ve Villconcentrate ourselves to a t．rajectory vhich starts   

initially from the （pl，ql）－Submanifold of the four－dimensionalmanifoldin   

Eq．（5．13）．That．is the trajectory vhose small－amPlitudelimit can be described   

by only pland qldegrees of freedom．In order to character土ze the correspond－  

ingsubmarlif．old∑2，Ve Choose the follovinginitialboundary condition for ein   

Eq．（5，17），  

（10一路），  （5・19）  〈 tG（り，が）  

vhich adjusts the submanifold∑2in such a vay that the trajectorylies onit   

inits small－amPlitudelimit．Vith the boundary condition（5．19），the SCC   
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methodleads us to the folloving result，  

〔Cl〕＝刀，〔q〕＝が ，〔Q〕＝〔窃〕＝0，   

1．e．，  

〔pl〕＝p，〔ql〕＝q，〔p2〕＝〔q2〕＝0；  

（5．20a）  

p≡か＊一叩），q≡か＊瑚），（5・20b）  

vhich dernonstrates that the collective variables（77，77＊）describing the submani－  

fold‡二2are simply related vith the variables（pl，ql）．  

The canonicalequations of collective motion are given by Eq．（2・21）vith  

〔〃〕＝（Cl－Eo）由・昔世1）（ト巾州，  （5・21）  

vhichis obtained from Eqs．（5．12）and（5．20）． The SCC trajectories are  

embeddedinto the four－dimensionalTD肝manifold♪P：（Ck，伐；た＝1，2）through the   

mappingin Eq．（5．18）．  

Vith the aidofEqs．（5．6a）and（5．20），theanalyticexpression of e（Tl，T）＊）   

is given by 

ie（…＊）＝志（承け沌1）s土n‾一府｝  
（5・2）  

vhose lovesトOrder term vith respect to（77，T7＊）just coincides vith theinitial   

boundary condition（5．19）．  

Byusing anexplicit expression ofe（Tl，77＊）inEq．（5．22），Ve Can get an  

analytic expression of the c01lective mode of motion as follovs；  

鬼。11＝  

）餉1一基（倉Il一触，  1   

（5．23）   
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vhich obviously satisfies Eq．（5．16）．   

Insuch a vay，Ve have obtained the collective submanifold∑2analytically   

in the case of the Hamiltonian given by Eq．（5．1）．Next，Ve muSt discuss the   

intrinsic excitation energy and theintrinsic excitation mode vithin the RPA   

boson approximation．  

In order to obtain theintrinsic HamiltonianHintr Vithin the RPA boson   

approximation defined by Eq．（2．59），Veintroduce the boson operators  

免0→郎， 亀k→駄；  た＝1，2，  （5．24）   

vhich satisfy the boson commutation relation  

［恥郎］＝購厄，  ［軋，月i］＝0．  （5．25）  

With the use of the boson operators（5．24），the p－h part of collective mode of   

motionis represented as・  

1 ぬl＝2府  

ノ〟1 十姦（√F前面－  （5．26）  
小⊥棚叩’ l   

and theHamiltonianin the generalized moving frameW vithin the RPA boson   

approximation（2．52）is given by  

〆＝かcl瑚一意w－1）（がが十叩）（4一両州｝軸  

＋かE2骨（Ⅳ－1）（押仰）｝幽  

・基（Ⅳ－1）川†一両州2・管｝細十h・C・）  

＋芸（Ⅳ－1）（ト巾州｛β摘＋h・C・）  （5．Z7）   
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From Eqs・（5・訪）and（5・27），Ve Obtain theintrinsicHamiltonianHintr aS fol－  

lovs；  

恥「一かど”？一世1）（押十耶））如2  

＋芸世1）（トが醐）†如打h・C）  
（5．28）  

We are novin a position to obtain explicit forms of theintrinsic excita－  

tion energy u（叩，77＊）and theintrinsic excitationmode（方i。tr，XTnヒr）．For this  

aim，theintrinsic excitation mode（ガinヒr，XT。ヒl、）is expressed as  

方㌦しI、＝小（叩，が）βト申（叩，が）β2．  

Solving the RPA equation  

［ガ血、，ポnと「］＝ば㌔ヒr   

Vith the normalization condition  

［∬i。ヒ「，琉ヒ「］＝せ＊（叩，がル（刀，が卜甲＊（叩，が）p（？？，が）＝1，  

。（5，29）  

（5．30）  

（5．31）  

then，Ve get the intrinsic excitation energy u（77，T7＊）and the correlation  

amplitudes 少（77，77＊）and甲（77，77＊）locally at each point of the submanifold∑2as   

rollows；  

山2（…＊）＝（E2骨品（Ⅳ－1）（相川））し（、柑」l）（ト両州）2，（5・32a）  

E2－ど0一意W－1）（叩  ＋丁閏）＋山（叩，叩  
¢（り，が）＝  

訓b（叩，が）  

－W－1）鴇（ト帝7／W）  
甲（叩，が）＝  ，   （5．32b）  

研一1）（げげ＋別ナ柏（叩，げ）  ）（E2－Co－  
サ  
ユN  

Equation（5．32）shovs that the microscopic structure of the intrinsic excita－   

tion mode varies depending on the position（77，77＊）in the extracted submanifold  

ピ，and the submanifold∑2is divided betveen the stableregionand the unsta一   
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ble region by Eq．（5．32a）．  

At the end of this subsection，Ve Villget the explicit form of the  

non－localeffectI（77，77＊）defined by Eq．（4．5）．From Eqs．（5．21）and（5．32）ve  

Can Obtain the explicit form of、the nonMlocaleFfectI（77，77＊）easily as  

∫（…＊）≡l＜紬［片inヒ‥揺曳inと‡］・如＞ル（…＊）l  

等研一1）2（El＋針2亡0一意世1）（州叫州  山5／2（叩，が・）   

・げが－叩叩l（トが叩／W）．  （5．33）  

Equations（5．32a）and（5．33）classify the submanifold E2into the three diffe－   

rent regions，RegionI，Ⅱ and Ⅱ．  

5．3．〃uナノJer・icα‡只e5・払＝苫  

In the previous subsection，Ve have obtained the explicit forms of the   

Stability and separability conditions in the case of the three，1evelSU（3〉  

model・Nov｝Ve Shov a division of the submanifold∑2into the three regions，  

Region I，I and Ⅱ concretely，and next ve clarify a justification of t．he   

discussionin §4．3，i．e．，the collective，dissipative and stochastic behaviors  

Of the TD肝trajectories starting from theneighborh00d of E2in RegionI，‡  

andⅡ，reSPeCtively，  

By占01ving the canonicalequations of motion（2．21）vit．h the collective  

Hamiltonian（5・21），inFig・ 

t．otaトenergy value E．In this thesis，all the numerical calculations are   

Carried out by using t・he folloving parameters；Nt＝10，Eo＝－1，el＝0，C2＝1，Vl＝－1／15  

and V≧＝－1／3．AIso alarge unstable regionvithu2≦OisindicatedinFig．4．   
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The resultis explained as follovs；Itis easily seen from the functionalf、orm   

Of theintrinsic Hamiltonian（5．28）that the ef、rects of the ground－Stat．e   

COrrelation for the intrinsic excitation mode becomeimportantin the small－  

amplitude region（77＊T）≪Ⅳ）of theSCC trajectory and become oflessimportance  

in thelarge－amPlituderegion（77＊T）～N）due tothePauli－blocking efTect．Sincq  

Ve are adopting fairlylarge value forlセ＝－1／3in the case，Ve Can get rather   

large unstable region in the center 〈，i．e．the small－amPlitude region）of’   

（p，q） space．  

In Fig・5，Ve PreSent a COntOur maP Of the non－localeffect I（77，T7＊）． As   

is easily seen from Eq．（5．33），the non－local ef、fect I becomes zero at  

l／2（P2＋q2）＝T7＊77＝N．Theexpression of〔H］inEq．（5．21）shovs that the curvein  

the‡p，q）space vithI＝O due to77＊7］＝N just coincides vith the SCC trajectory   

Vith E＝（EI－Co）N＝10．Itis also from Eq．（5．33）that the non－local efTect I   

takes zero value at another situation vhere7？＊T7＊－7777＝－2ipq＝0，i．e．at・Straight  

lines vith p＝O and vith q＝0．Since Z contains山（77，77＊）in the denominator，it   

takesinfinity at the boundary curve vith Gj＝00f the unstable region．  

It is easily seen f、rom Figs．4and5that the SCC traject．ory vith E＝8，5   

andlliein RegionI，Ⅱ andⅡ，reSPeCtively． Nov，Ve Vill justify the   

discussion in §4．3 by calculating various TD肝trajectory starting from the  

neighborhood of＝2．For this aim，Ve Calculatedeach trajectories governed by  

Eq．（5．11）vith the follovipginitialcondition，  

ql＝q＝0，pl＝p＝pO，q2＝p2＝0．1≪po，at 壬＝0，（5．別）   

Vheie po is chosenin such a vay that the system has a given totalenergy E．   

Asis seen froIn Eq．（5．20b），the calculated TD肝 trajectory starts from the   

point vhich isin close proximity to a point（ql＝q＝0，Pl＝P＝PO，q2＝0，P2＝0）on the  

submanifbld∑2．In order tovisualizeproperties of the trajectory，in Fig．6，   
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ノ Ve illustrate the Poincare－SeCtion maps by plottingintersection points of’the   

trajectory on the（pl，ql）－and（p2，q2）－planes vith conditions b2＞0，q2＝0）and  

bl＞0，ql＝0），reSPeCtively． 23）・24） For the same purpose，inFig．7，Veillus－  

trate the trajectoryin a three－dimensionalcoordinate space（X，Y，Z‡ by using   

double－Circles defined as  

ズ＝（只け月2COSO2）cos飢，  

Y＝（只l＋只2COS（）2）sin∂1，  

Z＝只2SinO2，  

vhere c00r・dinates of tvo circles（Rl，el）and（鞄，02）are chosen as25）  

和＝p子＋q子，COS仇＝ 
， 

Sin81＝ 
，  

（5．35）  

穐＝p§十q雲，COSO2＝ ，Sin82＝   （5．36）  

（See Fig．8）．A5is seen from Eqs．（5．35）and（5．36），in the three～dimensiorlal   

COOrdinate space，the SCC trajectorylies on the CY，Y）－Plane and shovs the same   

StruCture aS thatin the（p，q） spacein Fig．4．  

工n Figs．6（a）and 7（a），the case vith Eニ8vhere the corresponding SCC   

trajectorylies on RegionIis studied．By comparing Fig．4vith Fig．6（a），   

the trajectory startir唱 frdm p2＝q2＝0．1atモ＝O vith E＝8shovs almost the same   

geometricalstructure as that of t．he SCC trajectoryin the（P，q） space． The  

Poincar昌－SeCtion map on the（p2，q2）－Planeindicates that the non－COllective   

mode of motionin the（p2，q2）space can be successfully described by the   

Smalトamplitude oscillation，i．e．the RPA－tyPe equationin Eq．（5．30）around the  

submanifold∑2：（Pl＝P，ql＝q，・P2＝0，q2＝q）InFig・7（a），thetrajectory vith E＝8  

is illustrated in the（X，Y，Z） space．In the case of RegionI，the trajec－   

t．oryis essentia11y expressed by a thin torus because the nonqco11ective   
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degrees of freedom p2 and q2 are alvays taking smallvalues．The effeヒt of the   

non－COllective degrees of freedom plays a role to enlarge t．he t．hickness of、the   

torus・According to the numericalresultsin Figs．6（a）and7（a），in RegionI  

theTD肝trajectories travellingnear E2maybe expected t．o remain around ∑2，  

not strongly dependent on sma11changes of theinitialcondition．Therefore，   

itis naturalto ca11the RegionI a collective region．  

In Fig・6（b），Veinvestigate the trajectory vit．h E＝5vhere the correspond－  

ing SCC trajectoryis runningin RegionI．In this case，the Poincar昌一SeCtion   

map of the trajectory on the（pl，ql）一plane vith p2＝q2＝0．1 at t＝O is very  

′ Similar to th占SCC trajectoryin Fig．4．Hovever，the Poincareqsection map on  

t．he（p2，q2トplane shovs that the trajectory under consideration intrudes into   

the（P2，q2） space cosiderably and the motionin（P2，q2）space cannot be   

described by the RPA－tyPe equation around p2＝q2＝0．This situationis also vell   

Visualized in Fig．7（b）．In this case，the collectivity of the systemin   

Region P is stiLl expected to survive even there are significant dissipative 

effects．ThereFore，Ve may CallRegionI a dissipative region．   

In Fig．6（c），the Poincar昌一SeCtion map of the trajectory vithE＝1is  

indicated・The corresponding SCC trajectory vithE＝1belongs to the．case．of  

Region Ⅱ and travels on the unstable ridge－1ine of the Hamiltonian．The  

Poincar昌一SeCtionmapinFig．6（c）shovs that the trajectory starting from the  

point，1．e．P2ニq2＝0．1at t＝Oin close proximity toピis not confinedin the   

Small－amPlitude region of（p2，q2† space but extends to a large－amPlitude   

region（q2≒2．7）vith stochastic behavior．In Fig．7（c），the trajectoryis   

representedin the（X，Y，Z） space．Asis seenin Fig．7（c），the trajectory   

Shovs a chaotic behavior vit．hout conf、ined near the（Ⅹ，Y）－plane corresponding to  

thesubmanifold∑2・In the case of RegionⅢ，therefore，Ve Can eXPeCt neither   
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accumulation of the trajectories nor collectivity．Consequently，RegionⅡis   

naturally called a stochastic region or a complete dissipative region．   
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§ 6．Conclusion  

We have clarified the concept of、optimum dynamicalcollective submanifold   

Vithin the・framevork of the TDtF theory．It has been shown that the submani～   

fold has to satisfy the stability condition and the separability condition so   

as to be really an approximate integralsurface．With the aid of the two   

dynamicalconditions，Ve have also clarified that．transition mechanism among   

COllective，dissipative and stochastic motionsinlarge－aJnPlitude motion can be   

Vellunderstood．  

Since the theory has shovn such an abilityin clarifying the microscopic   

mechanism in nuclear c01lective dynamics，it villgive aninteresting subject  

to apply the theory to the realistic problems，26） such aslarge－amPlitude   

COllective motion of soft nuclei，highqspin states，heavyqion reactions，   

rissions，etC‥   
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Appendix  

Here ve give a perturbative treatment of solving the basic equations  

（2・25）and（2・27）of theSCCmethod self－COnSistently vith aspecific boundary  

condition appropriate for the collective mq．tion under consideration．10）  

The basic equations of the SCC method are theinvariance principle of the  

time－dependent Schr岩dinger equation  

∂＜¢…e庵e一鳥01ト旦鳥o11‡－¢0＞＝O  

and the condition  

（A．1）  

＜両立私バト如＞＝去が，＜如胤1・如＞＝去乃，   （A．2）  

Vhere the one－body operator e（77，77＊）and the collective Hamiltonian〔H〕 are  

given by  

e（り，が）＝∑（〔んi〕帝石〔ん苦〕b勅），  
直  

（A．3）  

〔〃〕＝＜¢いe－ほ鮎iel¢0＞－＜¢い釦如＞．   （A．4）  

′■ヽ In order to choose a s0lution G（T），Tl＊）appropriate for the c01lective motion   

under consideration，itis rather convenient to use the complete set of、the RPA  

eigenm。des（QÅ，飢）insteadof tりesetoftheparticleqh0lepairs（a弼，b鞠），  

飢＝∑軌（直）扁bト鋸（直）bi舶，  
再  

＜如】［Qい鮮］l如＞＝∂ユえ／， ＜如l［QÅ，Qユ／］l如＞＝0，  

＜如l［Qい［乱Q加］＝毎＞＝山ス∂スえ／； 山え＞0．   （A．5）  

In this case，Eq．（A．1）is vritten as   
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＜如昭軋（e一触し＆olト旦鳥oll廿頼＝O  

and h．c．，  （A．6）   

Vhich can be decomposedinto  

＜紬［胤（e‾囁e一鬼olト旦鳥0＝川頼＝O  

andh．c．， 飢キ鈍，（A．7a）  

＜頼［粘いe‾囁e一驚鳥01ト旦粁＆011Ⅰ］・如＞＝O  

and h．c．，（A．7b）  

vhere Q鳥is the conventionalRPA岬phononcreationoperator vith thelovest  

eigenvalue硯。・Since Eq・（A・7b）vith Eq．（A．2）leads to the canonicalequations  

Of collective motion（2．21），Eq．（A．1）is finally reduced to Eq．（A．7a）．  

With the use of the notations  

e（…＊）＝∑（g（入）（叩，が）Q汁g（獅（丁7げ）飢†，  
ユ  

（A．8）  

＆0バ＝e‾ iCdeiC 
さ  

′ヽ ＝甥＋去［域，咄＋去［［虜鳩，iq＋‥ 〈  
n－l  

＝骨訪［・‥哺有「T満，             ノヽ                                                                                                      ●    ▲  （A．9）  

e一触e＝飢釦釦十去［［鋸軋璃＋…  

1? 

＝鋸去［…［乱  釦，・・・］，i  （A．10）   
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Eq．（A．7a）is vritten as  

血g（え）＋掌欝一欝甥⊥｝  

一ま＜紬［胤（［…［摘，…］，埼｝］・一拍  

㈲［胤｛［… ［欝  ＋∑  
窟（a肝1）  

●乙hl  

瑠旦訝），布Tl頂｝］・頼＝0，ÅキÅ0，（A・11） ノヽ  

Vhere ve have 山sed the fact  
ユ叶い」  

芸志†＜¢淵軋｛［・・・［哺欝一肇旦粁），  i釦，‥・］，i  〉］l¢0＞  

＝ 0．   （A．12）  

In the same vay，Eq．（A．2）is vritten as  

ポー∑｛g（ス）虻一省か｝  
Å  ∂丁フ  

ユm・－l  

で 嶋宅缶＜¢ot［…［瑞砺Tl頂・頼＝0・ （A・13）  

Thus，Eqs．（A．11）and（A．13），Vith  

〔椚 ＝＜如1e－te鮎iel両＞－＜¢い飢如＞   

n  

＝富ま＜¢0＝ト‥‥［鋸石丁↑㌃諏一如＞，  （A．14）  

become thebasicequations tospecify thecoefficients g（ユ）（77，77＊）of e（叩，77＊）in  

Eq．（A．8）．  

Veare nowin aposition to determine the coeFficients g（A）（77，77＊）as・vell   
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as the collective Hamiltonian〔H〕，Vhich aLre apPrOPr土ate for our・SPeCified  

COllectivemotion．To do this，Vemake the folloving expansion of g（ス）（77，77＊）  

vith respect to（叩，が），  

9（ス）（…＊）＝9（え）（1）＋9（ス）（2）＋‥・三∑g（・ユ）（m），  
n≧l  

g（ユ）（几）≡ ∑甜（叩りr（げ  
rS  

（丁＋s＝n）  

（A．15）  

Since the basic equations（A．11）and（A．13）vith t．he（77，77＊）－eXPanSion（A．15）   

are supposed to be valid for continuous ranges of T7and77＊，Ve Can equate the  

COefficients of each pover of（77，T7＊）in theseequations tozerq・Thus，by  

Starting vith the coefficients vith thelovest pover of（77，77＊）and by proceed－  

ing to the higher（77，77＊トcoefficients step by step，Ve Can determine the  

unknovnquantities gi皇）of g（ユ）（77，n＊）inEq．（A．15）as vellas the co11ective  

Hamiltonian〔H〕 self－COnSistently．  

The important task in this expansion methodis the choice of theユovest  

order term g（ユ）（1）to satisfyour specified conditionon the collectivemotiorl．  

Since the term vith thelovest pover of（Tl，Tl＊）in Eq．（A．13）leads us to  

が＝∑（。（ス）（1〉山一  
A  ∂γ7  

g（耕（l）），  （A．16）  
∂J7  

and the term vith the lovest pover of（T7，77＊）in the collective Hamiltonian   

（A．14）is  

〔〃〕（0）≡去＜紬［［鋸e（1）‥e（1）］＝叛＞  

＝∑叫p（ユ）＊（1）gり）（1）  

え  

（A．i7）   

Vith  
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e（1）≡∑（g（ユ）（1娼汗g（ユ）＊（1）飢‡，  
え  

ve can ch00Se  

g（え）（1）＝げ餌。，  g川＊（1）＝一旬札鞠，  

（A．18）  

（A．19）  

so thatEq．（A．16）is satisfied and〔H〕（0）becomes theRPA－PhononHamiltonian  

〔椚（0）＝（現。由．  （A・加〉  

With the use of’（A．19）and（A．20），Eqs．（A．11）and（A．13）can be vrittenin   

the fo1loving forms，reSPeCtively；  

｛∂〔int’一客∂〔望’ ｛㈹。（け射場）｝g（え）＝ ｝  

h  

＋左ま勅［胤｛［…［鋸石丁ナ丁詔］｝］＝毎＞  

軸［胤｛［…［哺欝  －∑  
志1（a汁1）   

■之軌  

瑠旦紆），符了丁頂｝］㈲，入キÅ0，（A・21）  
（l一）｛如（呵一りg帥1  

＝車両（え0）＊鳩｛弛㈲｝－｛弛㈲）去（弛（呵1  

ユ≒Å0  
＋ほ｛掌g仇g（え）雫二｝  

と什l－l  

－2土呂志＜…‥・稀有丁ナ㌃葡・如＞≡・u・ 
（A・詑〉  

vith   



－60－  

dg（え0）≡∑㌦0）（几）．  
n≧2   

The quantity〔H］（int）inEq．（A．21）is defined by  

〔椚（int）≡〔研一〔印（0）  

（A．a）  

＝鞠（旬＊』g（耕一i叩』p（柑）十鞠’弛（届＊弛（ユ0）＋∑揖Ag（ス）＊9（ユ）  

ユキユo  

h  

＋忘孟軸［…［鋸石丁七職J頼  

…机3）＋九（4）十‥・＝∑九（n），  
n≧3  

九h）≡・∑れr∫（が）丁（げ  
TS  

（r十∫＝n）   

（A．24）  

Comparing the coefficients of（77，77＊）of both the sides of Eq，（A．22），Ve  

have  

（ざ－1）班0）＋（ざ＋1）誠酷＿1＝－Urs；   ㍗十S≧2J  

Vhere the righトhand side of Eq．（A．22）is symbolically vritten as  

u≡∑u（n）≡∑ ∑urs（が）r（げ．  
n  n rS  

（r←∫コ¶）  

From Eq．（A．25）andits complex conjugate equation，Ve have  

（A．25）  

（A．讃∋）  

gf皇0）＝－  （（2－「）urs＋（s十1）uLl．ト1），  r十S≧2，  （A．27a）  
2（「＋s－1）  

Vhichis f’ormally expressed as  

g（え0）（恥がつ＝一去十が－ 1）‾1｛（2－が）山弟  

In the same sense，Eq．（A．21）can be formally expressed as  

（A．㌘b）   
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l  

g（瑚（…＊）＝（山汁鞠（鳴－が志）1‾  

・i｛旦雲 ∂〔int）一∂int） ｝  

n  
‾ 

＋忘去＜¢0－［碩鉦㌃｛ト‥軋毎丁T満廿頼  

′ヽ ＜紬［舶，廿‥［（塚欝  －∑  
志1（a酔1）  

ユm  

一肇甥L），布「1頂｝］・嘲  （A．28）  

The expressions（A．m）and（A．28）of the basic equations are convenient for  

the（77，T7＊）－eXPanSion method．With theseequations vith the（77，77＊）－eXPanSion，  

vecan easily determine the higher order terms g（ユ）（n）（i．e．，gi皇）vith r＋s＝Tt）  

successively，Starting vith thelovest－Order term g（1）（1）givenbyEq．（A．19）．  

Thus，forinstance，Ve Obtain  

g（ス0）（2）＝0，  

g（糊（2）＝｛㈹0鴫岬叩潰））‾1  

（A．29a）  

・＜紬［胤［［鋸e（1〉］，te（l）］］■如＞，  （A．かb）  

膵）＝去＜頼［［［鋸e（1）］，ie（1）］，te〈l）］－れ♪，  （At30）  

and  

＊ g（ユ0）（3）＝一去”－1）‾l（（2イ）u（3）十鴫u〈3））， （A・31a）   
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g（糊（3）＝｛佃ユ0（鳴－が詰））‾l  

・i（出岨一出旦出勤         ∂げ  ∂刀   ∂叩  ∂叩＊  

＋去＜輔［瑚，（［［乱ie（2）］，土合（1）］＋［［鋸e（1）］，ie（2）］）］一如＞  

・去＜紬［胤（［［［鋸e（1）］，招（l）］，通（1）］巨】＝毎＞  

一去軸［胤｛［［（i常旦凪竺                 ∂  
が  

－i旦旦建遭いe（1）］潮）］｝］廟＞），            ノヽ         ∂叩  （A．31b）  

h（4）＝叫i（g（ス0）＊（3）ポーg（ユ0）（3）叩）＋∑山膵（ユ）＊（2）g（A）（2）                          スキュo  

＋去＜如・［［［［鋸e（1）＝e（l）］，招（1）＝e（1）］一郎＞  

＋去＜¢0・i［［［鋸e（2）＝e（1）］，ie（1）］  

＋［［［私通（1）］，招（2）］，ie（1）］  

＋［［［針路（1）］，通（l）］，ie（2）］）Ⅰ如＞，  （A．32）  

Vhere  

e（几）≡∑（g（え）（几娼汗g（え）＊（几）飢）  

え  

（A．33）   
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Figure Captions  

Fig．1．Dif・feomorphicmappingM2→E2・  

Fig．2．SchematicillustrationofTD肝trajectorystarting near toE2in three  

difTerent cases．SCC trajectoryisindicated bybolidline on＝2．  

TD肝trajectoryisindicated bydashedline（behindE2）and  

dotted～SOlidline（in front ofE2）．   

Fig．3．Three－LevelSU（3）Model．   

Fig．4．SCC trajectories vith tot．aトenergy values E＝8，5andl．Shadov region  

indicates unstable region vithu2≦0．   

Fig．5．Contour map of non－localeffectsI．  

Fig．6．Poincar昌一SeCtion map of TD‡『trajectories vith totalenergy（a）E＝8，  

（b）g＝5and（C）g＝1．   

Fig．7．TDF『trajectory represented by double－Circlesin three－dimensional  

coordinate space．（a）E＝8，（b）E＝5and（C）E＝1．   

Fig．8．Definition of、double－Circle c00rdinates．   
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