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In this paper, a recent development of INS-TSUKUBA joint research project on
large-amplituda collective motion is summarized. The classical theory of nuclear
collective dynamics formulated within the time-dependent Hartree-Fock theory is
recapitulated and a decisive role of the level crossing in the single-particle
dynamics on the order-to-chaos transition of collective motion is discussed in detail.
Extending the basic idea of the classical theory, we discuss a quantum theory of
nuclear collective dynamics which allows us to properly define a concept of
quantum chaos for each eigenfunction. By using numerical calculation, we
illustrate what the quantum chaos for each eigenfunction means and its relation to
usual definition based on the random matrix theory.

1. INTRODUCTION

Nuclear physics is one of the most rapidly expanding fields of contemporary
physical science, searching for new states of matter under various extreme conditions.
In accordance with a variety of recent experimental observations studied by many kinds
of heavy-ion accelerators with various energies, it is becoming an inevitable theoretical
subject to develop a microscopic theory of nuclear collective dynamics which provides
us with a unified understanding of those phenomena ranging from low-lying collective
excited states up to high-energy heavy-ion collisions in the so-called VUU regime. The
microscopic theory to be constructed may be characterized by the following phrases;
"from linear to non-linear dynamics", "from local to global dynamics", "from determini-
stic to probabilistic dynamics" and "from order to chaos".

Before discussing the basic problems in nuclear matter physics, let us start with
classifying a variety of phenomena into three characteristic regimes; The first regime is
characterized by local phenomena which are understood by introducing an appropriate
stable mean-field with one local minimum, special coupling scheme, group theoretical

model space or collective subspace with a fixed symmetry, etc. In the second regime,
there are medium- or larga-amplitude collective phenomena which are usually describ-
ed by a suitable mean-field with many local minima with different symmetries. The third
regime consists of statistical or probabilistic phenomena which are explained by means
of thermo-dynamical concepts like transport equation, equation of states, temperature,
etc. In order to get a unified understanding of various phenomena classified into three
regimes, one has to clearify the following two basic problems; Problem I: Dynamical
relation between regimes 1 and 2. In this case, we have to answer how does the stable
mean-field (more generaly, the group theoretical model space or the coupling scheme)
become unstable and how does a new mean-field with a dilferent symmetry get stable.
Problem II: Dynamical relation between regimes 2 and 3. In this case, we have to
study how the statistical features arise as a consequence of a deterministic dynamics
and how a system in non-equilibrium staie reaches a state of equilibration. Now-a-
days these basic problems are becoming rather common in many fields of theoretical
physics. Among others, there has been a long history in the theoretical nuclear physics
for exploring these subjects Irom its early stage, i.e. from the early 1950's.

Aiming at studying them, there have been many works mainly based on the
adiabatic or diabatic single-particle potential models. It is usually considered that I) a
potential barrier in between two local minima for the collective motion, ii) the dynamics
of barrier penetration and iii) the dissipation process of collective motion ought to be
understood by the microscopic dynamics of single-particle modes of motion, i.e. by the
level crossing dynamics. The importance of level slippage in the nuclear fission
process was first pointed out by Hill-Wheeler1 and recently by Swiatecki2. The
diabatic level crossing followed by two-body collisions was discussed by Narenberg3 in
describing the dissipative collective motion in heavy ion deep inelastic collisions and a
concept of successive level crossing is introduced by Barranco-Broglia-Bertsch^ in
understanding the exotic decay process. As pointed out by Swiatecki2, the level
crossing in the single-particle dynamics is strongly related to "order-to-chaos" transition
mechanism: If the nucleonic motion in the nuclear potential is integrable, we get a
diabatic collective potential. If it is non-integrable, we get an adiabatic collective poten-
tial. It was also stated by Swiatecki2 that the order-to-chaos transition in nucleonic
motion should be studied by paying careful attention to both the dynamics of symmetry
breaking in the single-particle potential and the inclusion of residual interaction among
single-particle states. In conventional approach, however, the symmetry is imposed
artificially from the outset and the residual interaction among adiabatic or diabatic
single-particle states is put in by hand. If one intends to explore the order-to-chaos
transition dynamics of nucleonic motion in the single-particle potential whose symmetry
might change during a large-amplitude collective motion like th9 fission process, one
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has to be eventually confronted with a difficult problem of properly treating the non-
linear dynamics between the collective and single-particle modes of motion. As is well
known, the collective coordinate Is expressed as a coherent sum of particle-hole ampli-
tudes. On the other hand, the single-particle orbits in turn should adjust their feature
self-consistently in accordance with the time-dependent mean-field expressing the
collective motion. Consequently, there appears a strong non-linear dependence
between the dynamical change in the symmetry of single-particle potential and the
nucleonic motion inside the nuclear potential. What we will discuss in this paper is an
attempt to properly treat the above stated non-linearity.

Before discussing how to define the quantum chaos, we will discuss in §2 an onset
of classical chaos by putting special emphasis on Its relation to the level crossing
dynamics. In §3, we will discuss our quantum theory of nuclear collective dynamics
which has been developed by extending the basic idea discussed In §2. The quantum
theory allows us to properly introduce a concept of quantum chaos for individual
eigenfunctions. By using numerical calculation in §4, we illustrate what the quantum
chaos for each eigenfunction means and relate it to the usual discussion based on the
random matrix theory.

2. CLASSICAL THEORY OF LARGE-AMPLITUDE COLLECTIVE MOTION
Aiming at treating the non-linear dynamics specifically for the nuclear system stated

in the previous section, we start with the TDHF equation
• . 9 *

5<<p(C,C )IH-i — I0(C,C )>=0. (2.1)

Since the TDHF equation is known to be equlvaient to the classical canonical equations
of motion with K-dggraes of freedom

, j - l K

(2.2)
where K denotes the number of particle-hole pair amplitudes, Eq. (2.1) defines a
trajectory in the 2K-dimensional symplectic manifold (TDHF phase space) M2K under a
specific initial condition. For the classical dynamical system organized by Eq.(2.2), one
may imagine two extreme cases; If an ensemble of trajectories with slightly different
initial conditions develops in almost the same way, forming a bundle, the system is
classified to be in the collective regime as shown in Fig. 1a. In this case, one could
introduce a collective submanifold I 2 L to which many trajectories are accumulating.
On the other hand, the system is classified to be In the chaotic regime, if many
trajectories with almost the same initial conditions develop quite differently, having lost
their initial focussing (Fig.1b). In the latter case, one could not introduce any submani-
fold within M2K- From the above discussion , one may expect that the transition

7
a) collective regime b) chaotic regime

FIGURE 1. Schematic figures representing collective and chaotic behaviour of traject-
ories in the TDHF manifold M2K . Sheet in a) represents the collective submanifold £ " • .

mechanism between "regular" and "chaotic" motions may be studied by starting with the
extraction of the collective submanifold S21- out of MSK- In the collective regime where
many trajectories are accumulating on a certain submanifold Z2 - , there must be an
optimal coordinate system called the dynamical canonical coordinate (DCC) system5

where the minimum number of relevant (collective) variables (Tia,Tia*: »-l,...JL«K) is
required in describing V- . The remaining canonical variables Ka,5a* : a=L+l K)

in the DCC system are called the irrelevant (intrinsic) variables. The coordinate system
(Cj,Cj*) used in describing Eq. (2.1) is called the initial canonical coordinate (ICC)
system, because this coordinate system has nothing to do with a specific correlation in
the Hamiltonian «(C,C*).

The extraction of IP-is achieved by determining a canonical transformation!
between the ICC and DCC systems. To this end, it Is important to introduce some
expansion scheme. Since (ti/n*) are supposed to describe large-amplitude collective
motions inside TA-, whereas (5,V) describe small fluctuations around Vs- , it is
reasonable to introduce a power series expansion with respect to irrelevant variables.
For example, the Hamiltonian expressed in the DCC system is given as

H(C,C-) = K^.(Ti,ii-) + ̂ t ( i i , iT^ ,V) . (2-3)
where Kcoll. contains only the relevant variables and is called the collective
Hamiltonian. The remaining AH contains both the relevant and irrelevant variables and
is expanded as

A K - Z M K O O , (2.4)

where n denotes a power of Irrelevant variables In H(n). In the following discussion,
we will consider terms up to n«2. However, the generalization to arbitrary n is straight-
forward.

According to the self-consistent collective coordinate (SCC) method6 > the basic
equations for defining TA, i.e. the canonical transformation (C,C')-» (TI,T|*; %,£,*). are
given by the following two requirements
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Requirement 1: The transformation between the ICC and DCC systems should be
canonical.

Requirement 2: J?L should satisfy a stationarity condition (maximal-decoupling condi-

tion) given by H(l)=0.
With the aid of these two requirements together with the "boundary condition of IP-"
derived from the initial condition of the TDHF trajectory representing the collective
motion under discussion, we uniquely determine V*-. Namely, the separation between
the relevant and irrelevant degrees of freedom is performed uniquely. However the
DCC system thus defined is not unique, because the separation is invariant under any
canonical transformation among either relevant variables or among irrelevant
variables?. By using this freedom of choice, we may ask whether or not the system is
Integrable.

In order to get a unique DCC system, let us first determine the canocial trans-
formation among collective variables, i.e.

Canonical transformation (TI.TI*) —»CT,TI"*) • (2-5)

This transformation is determined by
Requirement 3: The resultant collective Hamiltonian depends on collective action
variables only.
With the aid of canonical transformation Eq.(2.5) thus determined, the Hamiltonian is
transformed as

«»u.(1.'r)+H(2)-»JC.(N1 NJ+K'(2) ,
N . = 7j;n. = n;-n; • (2-6)

This canoical transformation always exists because of the Birkhoff-Gustavson normal-
form expansion method8. Secondly, we determine a canonical transformation among
intrinsic variables, i.e.

Canonical Transformation (N.^,11) -» (N, | , f - ) . (2.7)
This transformation Is fixed by Imposing
Requirement 4: There holds the separability condition given by

{H'.u..«"<2))wi. = 0 . (2-8)
where H-"coll. and H"(2) denote the resultant collective and intrinsic Hamiltonians,
respectively. Corresponding to the canoncal transformation (H.7), the Hamiltonian is
transformed as

(2.9)

where
N . = Na , a . - | ; « . . (2.iO)

It is obvious from the above discussion that the last coordinate system is defined such

that both the collective and intrinsic Hamiltonians are expressed by the action variables
for collective and intrinsic degrees of freedom only. Since the resultant Hamiltonian
clearly shows an integrability of the system, the canonical coordinate system (N,|,|*) j s

called the DCC system with integrable-form representation7.

Here, it should be mentioned that a canonical transformation can't meet Require-
ment 4 if there holds a resonance condition. In the language of single-particle dynami-
cs, the resonance condition is satisfied at the level crossing point. Consequently, an
essentially non-integrable interaction manifests itself at the level-crossing point.

In our classical theory, validity of the collective submanifold I?1- determined by
Requirements 1 and 2 is studied by both the stability and separability conditions. As
stated above, a violation of the separability condition (2.8) means an appearance of
non-integrable motion, i.e. an onset of classical chaos. As is easily understood, the
resonance point just corresponds to the "weak stability point". According to Prigogine9,
when there appear many weak stability points, the physics of being , i.e. the dyna-
mics described by a single trajectory organized by the Hamilton equation of motion
should be replaced by the physics of becoming, i.e. the dynamics described by a
distribution function following the Liouville equation. Consequently, the level crossing
dynamics may play a decisive role in studying the important question why statistical or
probabilistic features result from deterministic dynamics5. The stability condition of Z?L

Is evaluated by calculating the small-amplitude oscillations toward irrelevant directions
at each point on XA . Namely X?L becomes unstable, provide there holds

o>2(N)£O . (2.11)

3. QUANTUM THEORY OF LARGE-AMPLITUDE COLLECTIVE MOTION
Since the even-number many-fermion system is transformed into the boson

system by means of the boson expansion theory'10, it is general enough to formulate a
quantum theory of nuclear collective dynamics11 in the boson system which is
described by K-kinds of boson operators

{B,,Bj;j = i K) . (3.1)

The representation using (B.Bt) is called an initial representation (IR). Let us consider
a special situation where a set of collective excited states constitutes an approximately
invariant subspace (, i.e. collective subsapce) D'<- of the Hamiltonian. In this case,
there must be an optimal representation called dynamical representation (DR) where
the minimum number of relevant operators is required in describing D2L . Let

{ctJr«;; j = l L) , (3.2a)

be a set of relevant (collective) operators necessary for spanning D2L and let
(/?,.#; j = L + l K) , (3.2b)

be the remaining operators called the irrelevant (intrinsic) operators.



The extraction of an approximately invariant subspace is achieved by finding a non-
linear unitary transforamtion between IR and OR given by

aj = eF<«'.»B]e-w-»); j = 1 L

j3>.era'«B)e-'<>''»; j - L + l,...,K . (3.3)

In order to determine a generating funciton F(B,Bt). - Ft (B.Bt) of the unitary
transformation, we apply the following expansion scheme. Since the relevant operators
are supposed to describe large-amplitude collective motions within D !L whereas the
irrelevant operators represent small-amplitude fluctuations around D1L, it is reasonable
to introduce an expansion in power series of the irrelevant boson operators. For
example, the Hamiltonian in the DR is expressed as

H(B,B') = K^.(a,^ ' )+AK(a,a' ;A/3') , (3.4)
where Kcoll. corresponds to the lowest order term consisting of only the relevant
operators and is identified to be the collective Hamiltonian. The remaining part is
expanded as

Art = £,.,«(n) , (3.5)

where n denotes a power of the irrelevant bosons contained in H(n). It was shown11

that the unitary transformation In Eq.(3.3) is determined by requiring the maximal-
decoupling condition given by

H(1)«O , (3.6)
together with a boundary condition of D2L , i.e. the structure of otjt in its small-amplitude
limit.

After getting the DR, one may introduce (m.n)-basis states defined as
i ft(aj)-.- ft -r^W't)'1 10) (3.7)

By means of (m,n)-basis states, the collective subspace DJL is expressed as
D2L : (Im, n = 0)) , (3.8)

which has no intrinsic excitations. As Is discussed elsewheie' 1, validity of the (m,n)-
base, i.e. that of the collective subspace D"- thus defined, is studied by both the
separability and stability conditions. The separability condition is given by

[M.c w . (a,a»),K(2)]-0 . (3.9)

which is just a quantum analogue of Eq. (2.8). The stability condition is given in such a
way that the small-amplitude irrelevant motions described by K(2) should remain In a
tiny region around D"-.

Here, it should be noticed that the number of commuting observables, i.e. the
number of good quantum numbers specifying individual eigenstates, has a special
importance in quantum mechanics. Especially, the (m.n)-base defined in Eq.(3.7) is
specified by K-kinds of quantum numbers associated with the OR. It was shown12 that
the dynamical correlations coming from a part of AH violating the stability condition can

be incorporated into the basis states under the restriction of conserving the number of
quantum numbers. Namely, it is always possible to introduce the (u,v)-basis states

\fi, v)=m,,...,,HL;vL.,,...,vx), (3.10)
which are still specified by K-kinds of quantum numbers. Since the (u.,v)-basis thus
introduced is the best one may choose in incorporating the correlations in the basis
states as much as possible without decreasing the number of quantum numbers, the
(H.v)-basis is nothing but a quantum analogue of the DCC system with intagrable-from
representation. Validity of the (u,v)-basis is determined by the separability condition
alone, because it is defined so as to automatically satisfy the stability condition.

Let (I i ) ) be a set of exact eigenstates of the total Hamiltonian H(B,Bt). From the
above discussion, it is clear that the exact eigenstate I i ) is no more specified by one of
the (u.v)-basis states when the separability condition is violated. Namely the exact
eigenstate is not specified by K-kinds of quantum numbers any more but by smaller
number of quantum numbers in accordance with the violation of the separability
condition. In other words, there occurs a dissolution of quantum numbers when the
separability condition does not hold. In the classical theory, a dissolution of integra-
bility simply means an onset of chaotic motion. In the quantum system, therefore, it is
reasonable to state that a dissolution of quantum numbers may indicate an onset of
"quantum chaos". In accordance with the above definition of the quantum chaos, we
may classify the exact eigenstates (I i ) ) into three characteristic cases with the aid of the
(ji,v)-basis states;
Quantum integrable motion ; If one finds one of the (u,v)-basis states for a given
eigenstate I i ) satisfying | (u,,v I i )21 = 1, then 1 i ) is classified to be in "quantum
integrable motion" because it is specified by K-kinds of quantum numbers.
Quantum KAM motion; If I i ) is described perturbatively starting from the most
appropriate (p.,v)-basis state, then it is specified to bs in "quantum KAM motion"
because it is still characterized by K-kinds of asymptotic quantum numbers.
Quantum chaotic motion ; if I i ) Is not described perturbatively starting from any
(H,v)-basis states, then it is regarded to be in "quantum chaotic motion" because I i ) is
not characterized by K-kinds ot quantum numbers any more.

4. APPLICATION OF THE QUANTUM THEORY
In order to illustrate the quantum theory of nuclear collective dynamics developed in

§3, let us apply it to a simple soluble three-level SU(3) model Hamiltonian by Li, Klein
and Dreizler13 with slight modification given as
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a) Ouanlum Integrable Motion

V i» -0.022, V2--0.022

K^ZClC^ . (4.1)

There are three single-particle levels with energies eo<e1<e2 and each level has N-fold
degeneracy. Hereafter, we treat the even number N-particle system where the lowest
level with i-0 is completely occupied. By employing the generalized Holstein-Primakoff
boson expansion theory10, the fermion Hamiltonian In Eq.(4.1) is transformed Into the
boson Hamiltonian

H(B.B') - (

- BJB, - B»B, - B'B2 + h.c.)

N - B,'B, - B'BJBJVN - BIB, - B , B 2 + h.c.) .(4.2)

The "physical" boson space corresponding to the fermion sp-"oe is given by

lm,n)«-iL*-iL(BT)nl(B5)nl0) , O S m + n f i N . (4.3)
Vm! \ n !

In this paper, we concentrate on a set of 'collective" excited states whose small-
amplitude motion near the stationary state 10) is described by a single Kind of
boson operators (B i t .B i j . Since the maximal-decouplng condition (3.6) Is satisfied by
the Hamiltonian In Eq.(4.2), the representation using the boson operators (Bi+.B,; i=
1,2) just corresponds to the DR for the present case. Namely, a set of basis states in
Eq.(4.3) provides us with the (m,n)-basis defined in Eq.(3.7).

According to the theory discussed in §3, the chaoticity of each eigenstate is
visualized by expanding it in terms of the (u.,v)-basis states;

li) = £ay/i,v) • (4.4)

The |iv-representation of (I i ) ) is shown in Fig.2, where the size of a solid circle is
propotional to the square of expansion coefficients lajiv"!2. The parameters used in
calculating Rg.2 are N-10, E,-«O-1 and Zr-Zo-^2 . According to the special symmetry of
the interaction in Eq. (4.f), the Hamiltonian conserves the evenness oroddness of the
population In the relevant and irrelevant boson numbers. In our numerical calculation,
we consider the subspace with even number operators for both the relevant and
irrelevant bosons. If the strength of the interaction is relatively weak, each eigenstate I i )
is characterized by one of the (ji,v)-basis states. In this case (Fig.2a), the system may
be classified to be in "quantum integrable motion". If the force strength becomes large
(Fig.2c), the expansion coefficients are distributed over a wide range of the (u.v)-basis
states, indicating the dissolution of quantum numbers associated with the DR. In this
case, the system may be classified 1o be In "quantum chaotic motion". In the interme-
diate case (Fig.2b), the expansion coefficients spread out over many (nv)-basis states.

b) Quantum KAM motion
Vi--0.11, vj.-0.33

1

it,..

, . .

«...

H -
•

• • •
: : .

• •

• • *

• • •

• • •

• • •

' * :Mfc

Since the diagonal components stili
remain the largest, the system in Fig.2b
may be classified to be in "quantum KAM
motion". These figures are called the
fractional parentage plots (FPP). Since
the FPP clearly shows the chaoticity of
individual eigenfunctions, it is regarded
as a quantum analogue of the Poincare
section map which clearly shows the
chaoticity of individual trajectories.

c) Quantum Chaotic Motion

V i - -0.33 V j - -0.33

A , . .

4...

- •

• • •

•

• • • « •

• * • *

- •

*

• • •

• •

- - •

FIGURE 2. Exact eigenstates {| i)} expressed in the (v u)- basis states .

Let us discuss the relation between the present definition of quantum chaos for each
eigenstate and the usual definition of quantum chaos for an ensemble of eigen-states.
As is well known, there is a well established method for describing the statistical aspects
of an ensemble of nuclear excited states near the neutron threshold. By using the
random matrix theory14 which is based on some probabilistic assumptions, the level
statistics of neutron resonance states has been discussed in detail15. As a relevant
discussion to the quantum chaos, the following empirical rule is frequently stated: If a
classical system is integrable, its quantal correspondent system shows the Poisson
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a) Case A V^-O.O! V2--O.O1 distribution in the nearest neighbor level
spacing statistics. If it is non-integrable
or chaotic, the corresponding quantum
system shows the Wigner distribution.
Basing on this argument, it is widely
recognized that the quantum chaos is
characterized by the Wigner distribution
and the order-to-chaos transition mecha-
nism in a quanta! system may be studied
by employing the level statistics.
Here it should be noticed that the
discussion based on the Gaussian
Orthogonal Ensemble (GOE)
treats statistical aspects of an ensemble
of eigenstates, whereas the classical
order-to-chaos transition is discussed
by means of dynamical properties
exhibited by individual trajectories. Since
the quantum chaos defined in §3 is given
for Individual eigenfunctions, it is quite
interesting to discuss how the nearest
neighbor level spacing statistics relates
to ths quantum chaos defined above for
each elgenfunctlon.

In order to get the nearest neigh-
bor level spacing statistics, we calculated
the Hamiltonian in Eq- (4.1) with N=60,
E,-EO = 1. £2-£o = 2- The final dimension
of the Hamiltonian matrix to be diagonal-
ized is Nd-496 which might be sufficient-
ly large for discussing a variety of
statistical aspects of an ensemble of
eigenstates. In Fig.3, the FPP is shown

FIGURE. 3. Fractional parentage plot for three different cases. In this figure,

the squares of expansion coefficients are
shown by the lengths of vertical segments. As is easily seen from Fig.3, three different
parameter sets used In our calculation just correspond to the quantum Integrable,
intermediate and quantum stochastic cases, respectively. In Case A (Fig.4a), the level

cJClitC V].-0.10 V2.-0.13

statistics gives a strong peak at the origin, indicating an "integrability" of the system. With
increased effects of Vi-and V2-interactions, the peak at the origin becomes less
pronounced. Namely, the Poisson type distribution in CaseA is disturbed toward the
Wigner type distribution when the system shows "quantum KAM" character as in Case
B. In Case C where almost all eigenstates are classified to be in quantum chaotic
motion, the peak at the origin disappeares. From these numerical calculations, we may
conclude that our definition of quantum chaos seems to be compatible with the usual
discussion based on the GOE.

a) Case A b) Case B c) Casa C
FIGURE 4. Nearest neighbor level spacing statistics for all eigenstates.

Here it should be mentioned that the random matrix theory relies on some
probabilistic assumptions where the boundary effects specific for such a finite system as
the nucleus are not properly considered. In order to eliminate the boundary effects, we
divided the total eigenstates Nd=>496 into three groups specified by their energy
eigenvalues: The Icwest 200, the intermediate 200 and the highest 96. By extracting
200 intermediate eigenstates, we have calculated the nearest neighbor level spacing

a) Case A b) Case B c) Case C
FIGURE 5. Nearest neighbor level spacing statistics for 200 intermediate eigenstates.
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statistics shown in Fig.5 where the transition from Poisson to Wigner distributions is
much more pronounced than the case shown in Fig.4. From the above numerical
calculation, it is concluded that an appearance of the Wigner type distribution function
does not directly correspond to (even though it is compatible with) the dissolution of
quantum numbers associated with the DR. In other words, the dissolution of quantum
numbers indicating the individual chaoticity does not necessarily mean an appearance
of probabilistic feature which is the basic assumption of the random matrix theory.

Let us discuss how to get an experimental indication on an onset of quantum chaos
besides the nearest neighbor level spacing. A detailed information on the wave
functions is obtained by evaluating many kinds of transition probabilities between many
eigen-states. According to the special symmetry of the interaction in Eq. (4.1), we
consider "collective" transition probabilities given by

Ty= | (ilB,B,lj)f . (4.5)

However, it is not easy to deduce some general conclusion out of numerous data {Ty),
whose number is O(Nd 2) . Aiming at extracting some physical information from the
numerous experimental data, there has been proposed the By- EY plot16 which has
aroused many theoretical discussions on the rotational damping mechanism. Namely,
we get some statistical aspect of the rotational motion out of two successive transitions.
By means of two successive matrix elements and energy eigenvalues, we may
introduce the following quantity:

I* = (E, - E j ) ^ - (E, - Ek)Tik , with E, > E, > Ek . (4.6)

Plotting a couple of sequential values

(lijk. Ijkl) as well as Ojkl. l i jk) inthexy-

plane, we may evaluate statistical

features of the system in terms of local

. o.« information obtained from two successive

transition probabilities. From the above

discussion, it is quite interesting to study

whether or not the stochasticity occuring

in the individual eigenfunctions induces

some irregularity in the (lyic, Ijki)-plot.

We start with a specific situation where

all the eigenstates are classified to be in

FIGURE 6. Simulated Ey-Ey plot for ideal 'ideal integrable" motion, i.e. a case with

integrable case no Interaction V-]»V2-0. In this case, we

get two straight dotted lines in the xy-

plane shown in Fig.6. By switching on the effects coming from V-|-and V2-interactions,

a) Case A

b) Case B

c) Case C

FIGURE 7. Simulated EyE-y plot

we get various (Iyk, Ijkl)-P'ots illustrated
in Fig.7. As is seen from Fig.7a which
corresponds to Case A in Fig.3, there
exists a pronounced regularity when all
the eigenstates are classified to be in
quantum regular motion. On the other
hand, it is hard to see any regularity in
Fig.7c which represents Case C in Fig.3.
In between these two extreme cases, we
find a remnant of regularity in Fig.6b. It is
striking that there still remains an
information on the stochasticity of
individual eigenfunctions after
accumulating numerous local informa-
tions between two eigenstates
connected by the collective operator. As
far as the present model Hamiltonian is
concerned, it is clearly seen that the (Iijk,
Ijki)-plot gives an important information
on the dissolution of quantum numbers.
Here it should be noticed that the
motional narrowing mechanismi? was
studied numerically by calculating a
strength function for the system with two
degrees of freedom very similar to the
present model Hamiltonian. It is a very
interesting problsm to explore whether
the rotational damping is induced by the
dissolution of quantum numbers
specifying the collective rotational motion
or by the motional narrowing mechanism.

Following the present numerical
calculation, we plan to extend our
numerical calculation to a more complex
Hamiltonian with many local minima.

Since we may expect many level crossing points in between two local minima, this
subject certainly involves an interesting question on a specific role of level crossing
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dynamics on an onset of quantum chaos in a nucbar system as well as an inter-relation
between the quantum- and classical-chaos .
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