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An approach permitting to «project» the dynamics of a quantal many-body system on the space
of a few appropriately chosen collective observables is discussed. Making use of virial theorems
method one arrives at the equations of motion in the restricted space of collective variables describing
the distribution of nucleons in the phase space, i.e., in the configuration and momentum spaces. A
general scheme of constructing the collective Hamiltonian describing the dynamics of chosen collective
variables consistent with the underlying microscopic Hamiltonian is proposed. The collective energy
dissipation is accounted for by introducing a «random force» coupling the collective and intrinsic
variables. The study of collective motion within the models obtained in this way can be done on the
classical and quantum levels depending on the nature of problems under examination.

B 1 HHOI p GoTe 00OCYX] eTcs IMOIXOM, MO3BOJSMIOIIMN MPOSKTHPOB Th JUH MHUKY KB HTOBBIX
MHOTOY CTHYHBIX CHCTEM H IIPOCTP HCTBO HECKOJIBKHMX KOJUIGKTHBHBIX H Omion embix. Mcnombsys
METOJ BUPU JIbHBIX TEOPEM, MBI IIPUXOAUM K Yp BHEHMSM JBUXEHUS B OIP HUYEHHOM IIPOCTP HCTBE
KOJUIeKTUBHBIX MEPEMEHHBIX, OIHCHIB IOIIUX P CIHpejelleHue HYKJIOHOB B ¢ 30BOM IPOCTP HCTBE, TO
€CTb B IIPOCTP HCTBE KOOPIMH T M MMITYIbCOB. IIpen r ercs obmy s cxeM KOHCTPYHPOB HHS KOJUIEK-
THBHOTO I' MIVIBTOHH H , OIHUCHIB IOLIEr0 IUH MHKY BBIOD HHBIX KOJIEKTUBHBIX IEPEMEHHBIX, T K UTO
OH COIJI CyeTcd C COOTBETCTBYIOILMM MMKPOCKOIMYECKMM I' MIJIBTOHM HOM. JlMcCHUIl LU KOJIEKTUB-
HOI 9HEPIUY YYUTBIB €TCS BBEJEHHEM «CIlyd HHOI CHIIbI», CBA3BIB IOIIEH KOIIEKTUBHbIE U BHYTPEHHUE
nepeMeHHsble. V3yueHne KO/UIEKTHBHOIO [BIKEHUI B P MK X IOTy4€HHOU T KUM OOp 30M MOIENU MO-
JKeT OBITh BBITOJTHEHO K K H KJI CCHYECKOM, T K M H KB HTOBOM YPOBHE, B 3 BUCHMOCTH OT IIPHPOBI
ucclenyeMbix npooieM.

1. INTRODUCTION

Recent experimental studies of nuclear fusion and fission reactions prompt
still further development of the large amplitude collective motion theory. We
briefly describe the approaches based on the quantum many-body theory which
provide an effective «projection» of the microscopic dynamics on the space of
a limited number of «macroscopic» collective variables. The word «projection»
here must not be understood in a purely mathematical sense, where it is associated
with an operator picking up a part of the wave function belonging to a chosen
space of states. We are talking about methods allowing one to choose important
collective variables on the basis of a wealth of available experimental data as
well as on general properties of the many-body Hamiltonian in order to build
a collective model. Admitting a great role of phenomenology in setting up
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collective models, we pay much attention to their consistency with the underlying
many-body physics.

The report is based upon formal theoretical developments of the heavy-nuclei
dynamics presented in Refs. 1-5. In the quoted references the formalism is applied
to nuclear fusion, and an interpretation of some new and not yet fully understood
phenomena is given.

The models reported in Refs. 1-5 treat explicitly the Fermi surface deforma-
tion in the fusion reaction. Similar equations of motion, obtained using different
approximations [6-10], are applied to the fission process. The authors of these
two groups of references claim an important role of the dynamical effects related
with the redistribution of nucleons in the momentum space in fusion and fission.
They insist also on the adequacy of their models in treating various features of
these processes.

However, the actual formulation of these models restricts their application
field. Some limitations of the model of Refs. 1-5 are related with a mapping of
the complex behavior of colliding heavy nuclei on the dynamics of a system with
only one geometrical degree of freedom. Especially hampering the progress are
the lack of a precise control of the energy conservation inherent in the model in
Refs. 6-10 and unnecessary approximations used in solving practical problems in
both approaches.

These models are formulated in terms of equations of motion for collective
variables and suggest the treatment of nuclear processes in the spirit of classical
mechanics. This hinders their application to a number of important problems of
nuclear reaction theory, such as the study of sub-barrier effects in nuclear fusion.

The formal developments of the theory presented in the review seem to be
helpful in overcoming these difficulties. The plan of presentation is as follows:

e In section 2 the notion of virial theorems and basic ideas concerning their
application for studies of large-amplitude collective motion are presented.

e In section 3 a number of useful examples of virial theorems and an expres-
sion for the total energy of the nuclear system are given.

e In section 4 the necessary steps needed to pass from virial theorems to
formulation of collective models are discussed. A very simple dynami-
cal model («primitive elastoplastic model») is introduced to visualize the
characteristic properties of the Fermi-system dynamics.

e In section 5 the equations of motion formulated using virial theorems are
rendered a canonical form. Expressions for the collective energy and the
Rayleigh dissipation function are presented.

e In section 6 consistency relations between different blocks in the equations
of motion are discussed and their role in the reduction of the number of
approximations is shown.

e In section 7 the dynamics of thermal fluctuations is studied using as an
example the «primitive collective model».
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e In section 8 the quantal formulation of the «primitive collective model» is
given.

e In section 9 the possibility of estimation of the totality of functions in the
dynamical collective models using the generalized Routhian functions is
discussed.

2. MICROSCOPIC BASIS

The approach in Refs. 1-5 is a natural transposition on the «quantum soil» of
the «virial theorems method» by Chanrasekhar [11] applied by him to macroscopic
(stellar) bodies whose dynamics is governed by the classical hydrodynamics. In
application to quantal many-body systems the equations of motion for macro-
scopic observables are found taking moments in the phase space of the kinetic
equation. The latter is obtained transforming «a la Wigner» the equation for the
one-particle density matrix. To describe the dissipation, a «collision term» is
added to the kinetic equation.

However, not only the base of the virial theorems is changed in Refs. 1-5 as
compared with the theory of Chandrasekhar: the approach discussed in the review
is designed not only for the description of equilibrium figures as in Ref. 11, but
is aiming at the study of dynamics of nuclear processes.

2.1. Kinetic Equation and Virial Theorems. The starting point of the theory
is the kinetic equation [12,13]

o _ 2 0 1L (vrvs _wEys of
ot not|2 (v’” Ve = Vi v’”) (Hw f)+ ot ) s M
or the quasi-classical analogue of the former equation
of ., p Of of _(of
ot * m ox (V) - op <8t>ds' &

Here f(x,p,t) is the Wigner distribution function playing the role of the
distribution function of the classical statistical mechanics and becoming identical
with it in the quasi-classical approximation. The quantity V' (x,t) is the self-
consistent potential which is assumed here to be local. Then, Hyy is the Wigner
transform of the self-consistent one-body Hamiltonian with the structure

Hy = % + V(X, t).

The formalism presented below is designed for the study of nuclear dynamics
at low and medium energies. To simplify the understanding we consider nuclei as
droplets of incompressible and homogeneously distributed nuclear matter filling
the volume inside the sharp surface.
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The name of a virial theorem is used for any exact relation obtained inte-
grating the kinetic equation over the phase space with some weighting function
depending on the coordinates and momenta. In the quasi-classical approximation

it has the form
Jaxapatm) {0171~ (5) | =0
cls

where D [f] is the Liouville operator applied to the distribution function and
a(x, p) is the weighting function. The dynamic equations of motion are obtained
using virial theorems with the following a(x, p) functions:

1 T; T
pi TiPj TiZjPk

alX =
(x.P) DiPj  TiPiPk  TiT;PEDI

Note that virial theorems obtained using the weighting functions a(x, p)
explicitly shown above do not distinguish the two forms of the kinetic equation:
i.e., they are identical for the Wigner function and for its quasi-classical analogue.
It is not the case for more complicated virial theorems [14].

The techniques of arriving at virial theorems, i.e., at relations between «in-
tegral observables» following from the kinetic equation (1) or (2) are well doc-
umented in the literature. Basic ideas are presented in Ref. 11, while specific
points for treating nuclear physics problems are discussed in Ref. 14, where the
method is used for studies of nuclear Multiple Giant Resonances (MGR) and
stationary rotation. Still additional points may be found in Ref. 1 where the appli-
cation to nuclear reactions of the method of virial theorems to nuclear reactions
has been started.

A useful but not really necessary step to arrive at virial theorems consists
in passing first at equations of «fluid dynamics» introducing the local collective
observables like the density p(x,t) = mmn(x,t), velocity field u(x,t), pressure
tensor P;;(x,t), etc. Such equations follow from the kinetic equation integrated
over the momentum space and include the continuity relation

Jdp . B
5 + div(up) =0 3)

and an infinite chain of equations describing the dynamics of nuclear matter. The
two first of these equations are

8’(1;1'
"ot

oU oP;
+(u-Vu +n x+zj: =0, @)

8 8xj
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OP;; Ou; du; Oy,
—P —]Pl —Pi' Pi' == Icsi‘; 5
ot " Z (83% ikt oxy, B oz, Y + J’“) (Zers)i g (5)

where (q = p — mu)

1 of
Pijk = — 5wy /dp a4 - qe f(%, P, 1), (Zas)i,y = /dP qiq; (a)dg

2.2. Basic Assumptions. Three basic assumptions are used:

e The shape of the fusing system is considered to be well reproduced by
a finite number of parameters being in a one-to-one correspondence with
the collective observables like the electromagnetic moments and the total
angular momentum. These observables have generally the form

Qult) = / dx p(x, 1) (),

p(x,t) = mn(x,t) being the mass density and Q,(x) is a function de-
pending on the coordinates of one nucleon.

e The velocity field is suggested to be determined by the rate of changes of
the shape and to have the form:

u(x,t) = Y Qa(t)u®(x,Q) (6)

(here and in the following we often use a single character ) to represent
the totality of @), variables).

From the continuity relation (3) it follows that the functions u®(x, )) may
be defined so that the following relations are satisfied:

/dx p(x, thu®(x,t) - VOg(x) = dq, s

e The collision term in the kinetic equation is taken in an approximation
appropriate for «large» systems whose dimensions exceed greatly the range
of the interparticle interaction:

af _ of B of )
/<E)dsdp/(E)dspdp/<8t>ds(p)2dp0. )
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3. EXAMPLES OF VIRIAL THEOREMS

3.1. Total Energy of the System. A very important virial theorem is the
one defining the total energy of the system. It is obtained integrating the kinetic
equation in either of its forms with the weights p;u;(x,t), equating the indices ¢
and j and summing the result over 1.

In this way one gets

d oP;
% (Tcoll + U) + /dxzzj:ut a(L'j =0. (8)

The quantities T, and U in Eq. (8) are the kinetic energy of the collective flow
and the potential energy defined as follows:

1 1 L.
T = 5 [ dx ol = 5 > M@ ©
where
M*P(Q) = /dx n(x)u®u®, (10)
U= %/dx V(x)n(x). (11)

The physical meaning of the quantity
0P;;
dx Y u—2
/ Z ’ 81‘]'
i,j
becomes clear writing the virial theorem containing as a weight the function g;q;

and taking the trace of the matrix relation so obtained. In this way one comes to
the relation (see Ref. 14)

dEt ot i
dt dt

1
(Tcoll +U+ 51_[0) (12)

with Teon and U defined by Eqgs. (9), (11) and

My =) II; = %/dX/dp a’ f(x,p,t)

(g being the degeneracy of the particle state with a given p value; we treat
neutrons and protons as «identical» particles and take g = 4).

The quantity standing under the sine of the time derivative in Eq. (12) contains
the kinetic energy of the collective flow and the potential energy. It remains
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invariant in time. Then it is evident that this is the total energy. Note, that
its conservation follows from the properties of the collision term formulated in
Eq. (7). Apparently, these properties are compatible with various mechanisms of
dissipation: with those leading to the «one-body» and «two-body» frictions, in
particular.

The part of the energy given by IIp/2 in Eq.(12) cannot be considered as
a contribution to the potential energy. It represents the intrinsic kinetic energy
of nucleons constituting the system and contains the energy of the «zero-point»
motion of nucleons when the system is in the ground state. It contains also the
energy of statistical excitation into which all the excitation energy is transformed
after the equilibration. The sum Tty + U is not conserved even when the temper-
ature remains constant. Indeed, for the incompressible matter (when div(u) = 0)
from Eq. (5) it follows

dIly ou;
0 9 dx Pyj ot 13
dt zj:/ * 4 B, (13)

Thus, this part of the energy contains a component having the nature of a
collective energy. One sees that the changes of Il are essentially Q-dependent.
The collective velocity is explicitly present here. When u(x,t) vanishes Iy
vanishes also. The anisotropy of the pressure tensor is a necessary condition
for making the time derivative of Iy different from zero. Thus, this part of the
collective energy is due to coherent changes in the distribution of nucleons in the
momentum space, i.e., it is associated with deformations of the Fermi-surface. As
was shown in the literature (see Ref. 14) such deformations play a dominant role
in the formation of the isoscalar MGR. The studies of nuclear fusion reactions
(see Refs.2,4) show that they are also important here.

An explicit treatment of every contribution to the collective energy distin-
guishes the approach in Refs. 1-5 from most of other approaches. This is true,
in particular, for the relations between this approach and the one presented in
Refs. 6-9 and also for the conceptually close to that approach pursued in Ref. 15
where it is applied for the study of nuclear giant resonances. In these approaches
an approximate relation is borrowed from the condensed matter physics [16, 17]
to relate 1Ty with the shape variables and their time derivatives. This allows one to
transform Eq. (12) into a closed set of dynamic equations for the shape variables.
We point out that the introduction of approximations into the energy functional
creates many problems in application to the study of nuclear reactions. One par-
ticular difficulty created by it is in the determination of the time dependence of
the statistical excitation energy.

3.2. Virial Theorems to Describe the Head-On Collisions of Identical
Nuclei. Consider the collision of two identical nuclei. In this case the system
has the left-right symmetry in the direction of motion and the axial symmetry in
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the perpendicular plane. The simplest physical observable carrying information
on the shape of such a system is, of course, the quadrupole moment. If the
shapes admitted for the system are restricted to a one-parametric family of axially
symmetrical figures, the quadrupole moment may be put in a one-to-one corre-
spondence with the value of the shape parameter. So the exact relations involving
the mass (or/and charge) quadrupole moment yield information on the dynamics
of the shape parameter whatever complicated is the shape. Here the total number
of nucleons (protons) in the system of fusing or fissioning nucleus is named by
the character A (Z). The fusion (fission) direction coincides with the z-axis of
the reference frame with the origin placed at the center of mass.

To study the motion of colliding nuclei before or after the collision, as well
as the neck formation, one may be interested in introducing in the theory of
an «elongation» variable carrying additional information on the geometry of the
system. It can be defined, e.g., as the distance between the centres of mass of
nuclei. Then the geometric variables describing the system are:

Q) = /dxp(x, £)(2:% — 22 —y?), L= %/m dxn(x,t)z.

Virial theorems involving L and @ are™:

2 . . . .
%% = KL, Q)L + 26M(L, Q)LQ + £™(L, Q)Q* = W (L, Q) +TI(t) (14)
d’L
i A0 2)
Mo = F, (15)
The functions in Eq. (14) are:
KL, Q) =m / dx n(x) (Bu?uf - uauﬁ) (16)

(o, B standing for [ or ¢) and

oV (x)

W(L,Q) = / dx n(x) (3z ~x. VV(X)) . (17)

In Eq. (15) there appears the «elongation driving force»

FO = 7B+ 7P

*To these virial theorems contributes only the first term of the operator sine function in the
kinetic equation (1), the one which is retained in the quasi-classical approximation in Eq.(2). This
makes the two versions of the kinetic equation not distinguishable at this level.
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with
Fi = —4/ dxn(x, 1) 2 1 4n0/ dSV (xs, 1), (18)
>0 0z S
(L) _ aP X t /
Fy 4/ dx Z oz, =4 SdSP(xs,t)ZZ. (19)

(Virial theorems containing the time derivatives of L are obtained integrating
Eq. (1) or (2) over the space coordinates with z > 0.)
The (A, 1) = (2,0) component of the tensor II; ; (pressure (P; ;) integrated
over the volume), which is present in Eq. (14), plays a key role in our study.
This quantity satisfies the first order differential in time equation

d Ou,
dtn+2 / dx ( 9%
with Py(x,t) = P..(x,t) and Py (x,t) = Pre(x,t) = Pyy(x,1).

Equation (20) describes the coupling between the changes in the nuclear
shape and in the distribution of nucleons in the momentum space. In the right-
hand side of this equation there appears the quantity Iois = [ dx Zs responsible
for the dissipative phenomena.

The surface integrals in Eqgs. (18), (19) cover the part of the plane z = 0
limited by the intersection with the surface surrounding the nuclear matter. The

) (2P| + PL) = L (20)

quantity .7-"1(L) does not vanish neither in the compact configurations of coalesced
nuclei nor during their approach (or recoil) because of the interaction between the
nucleons occupying the parts of the space with positive and negative z values.

The second component of the elongation driving force .7-"2(L) vanishes when
the nuclei are separated. In coalesced configurations the two components cancel
each other to a large extend when the system approaches its state of equilibrium.
In the general case the quantity .7-' ) must be regarded as an additional collective
variable and its dynamics must be learned from appropriate integral relations.

3.3. Virial Theorems for Peripheral Collisions. In peripheral collisions the
angular momentum is not equal to zero. Then the nuclear system looses its axial
symmetry. The most important integral variables in this case are

e Inertia tensor

Qi;(t) /dx p(x,t)z;x;. 21)
e Kinetic energy tensor

Kij = /dx uu p(x). (22)



MACRO-MICROSCOPIC APPROACH 847

e Pressure tensor integrated over the nuclear volume
H'Lj = /dX P,Lj (23)
e Tensors related with the potential
ov
Wij = /dX J?ja—xln(x) (24)

e Relaxation integrals
Iaj = /dx(z-cls)i,j- (25)

Following [11] we consider two frames of reference with a common origin in
the centre of mass of the system: an inertial frame, (X3, X2, X3), and a moving
frame, (z1,x2,x3). Let z; = > j T;;X; be the linear transformation relating the
coordinates, (X1, X2, X3) and (21, 2, x3). The following vector

1 T

represents a general time-dependent rotation of the (21, z2, x3) frame with respect
to the inertial frame.
The second order virial equations in a rotational frame are [18]

QQU + ZQI@ Q; ng +Q sz) QQQQij
+ ZZQ /dr PUk(EiskZj + €55k Ts)

dQds
+2Wiy = 2Ky — 2+ Y (EiskQuy + sk Qi) =0, (27)
s,k

dL
k Z Ek]zQ QmQ]m QZQ /dI‘ PUET s

,J,m

- d—;ka + E(ﬂk zijjj) =0, (28)

S

where the dynamical part of the angular momentum is given by

Lk = ZEkij/ dr pTiUj, (29)
ij v
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d
Enij + F+2 ;Qs(&skﬂm +ejoullii) = I 5,
ou; ou;
Fl‘- = d Pi -7 P d . 30
j zk:/r< k(‘)mk+ ]k(‘)xk> (30)

The choice of {2 may be done in different ways. For formal studies presented
below, equations of motion in the inertial frame are preferable. In applications to
physical problems a moving frame may be chosen. A particularly useful definition
of the moving frame is such that its coordinate axes coincide with the principal
axes of inertia tensor (Q;; = Qi;d;;). Assuming that Q = {Q(¢),0,0} one finds
equations for components of the inertia tensor

2

d
@Qn +2(Wn — K —1IIin) =0,

d2
dt?
d2
dt?

Equations (28),(29) for the dynamical part of the angular momentum are:

Qo2+ 2(Wag — Koo —IIs)  —  2Q200% —2QL =0,

Q33 +2(Wss — K33 —Il33)  —  2Q330% —2QL = 0. 31)

d d d
7 (L1 4+ Q22 + Q33)) =0, ﬁLz = EL‘?' = 0. (32)

The equations for the pressure tensor integrated over the volume are:

d d
—II Fi1 =1 —II Foo — 401155 = I
Pt + F11 1,1 gr 22 + P22 23 2,2,
d d
—II33 + Fi3 + 4Q11p3 = I3 3, —Ilio + Fip — 2QI143 = 11 9,

dt

d
EHQS + Fog + 2Q(Ily — II33) = Iz 3,

dt

d
EHB + Fi3 + 20015 = I 3. (33)

The nondiagonal terms of Egs. (27) become:

d _0.
Kio +1112 =0, Ki3+1I13=0, K23+H23——<QQ22 Qs

o #) =0. (34)

4. FROM VIRIAL THEOREMS TO COLLECTIVE MODELS

According to the terminology of Chandrasekhar, the relations presented above
belong to virial theorems of the second order: they are obtained integrating kinetic
equation with second order polynomials in coordinates (and/or momenta). The
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number of useful virial theorems may be substantially increased. Applications of
virial theorems of higher orders to the nuclear structure problems are known in
the literature. Virial theorems of the third order are used in Ref. 19, 20,21 in the
study of negative parity collective excitations. Forth order virial theorems have
been considered in Ref. 22 for the description of collective states of positive parity
in spherical nuclei with multipolarities up to A = 4. Virial theorems allowing
the study of both isoscalar and isovector collective motions have been considered
in Ref.23.

Some of the integral characteristics entering into virial theorems like the
multipole mass or/and charge moments can be taken for collective variables de-
scribing the distribution of the nuclear matter in the configuration space (hereafter
called @)-variables). A part of virial theorems (e.g., in Eq.(14)) resemble classi-
cal equations of motion for such «geometrical variables». These relations contain
blocks having to do with the self-consistent potential and with inertia properties
of nuclear systems. To formulate a model of nuclear dynamics one must express
such blocks in terms of () variables and their time derivatives. In practice this
leads to a restriction of shapes allowed for the system during its evolution to
families described by a limited set of parameters. One must also introduce some
ideas concerning the evaluation of nuclear inertia properties. In virial theorems
enters also the pressure tensor integrated over the volume (II). Its first time
derivative is given by Eq. (20) and contains terms [ dx (du;/dxy) Pji. It means
that the information on the velocity field must be sufficiently detailed to account
for phenomena related with the dynamics of the pressure.

Relations represented by virial theorems are as exact as the underlying mi-
croscopic equations of motion (1), (2). However, in the general case they do
not form a closed set of equations which could be considered as a model of
collective motion. Even in cases when chosen virial theorems form a closed set
of equations, their solutions do not represent generally particular exact solutions
of the underlying many-body problem. The errors are coming basically from two
sources: from the choice of admitted shapes of the system and from assumptions
on the velocity field and on the pressure tensor.

The rare known cases when virial theorems yield exact solutions of many-
body problems correspond to elliptically shaped bodies composed of particles
interacting in a very special way. In macroscopic theory an exact solution to the
equations of classical hydrodynamics describing the evolution of self gravitating
liquid bodies is given by virial theorems of the second order considered before (see
Ref. 11 and the references therein). In quantum many-body theory the same virial
theorems give an exact solution to the collective motion in the semi-classical limit
when the interparticle interaction force is proportional to the distance between the
particles (Ref.24).

In their application to nuclear physics, virial theorems may serve only as
a mean to arrive at an approximate description of nuclear properties. In order



850 MIKHAILOV LN.

to do so one must first of all find a reasonable approximation for the potential
tensors W; ;(Q) and for the potential energy V(Q)) depending on the collective
variables (). An abundant information on this problem may be found in the
literature (see, e.g., Ref.25). Much less is known on inertia parameters M (Q)
although much work is done on this account. The properties of F, blocks
remain virtually unexplored notwithstanding their important role in the dynamics
of nuclear reactions.

It is because in most of models dealing with nuclear dynamics, the pressure is
considered as a «function of state» in the meaning of classical condensed matter
theory, i.e., as being determined by the distribution of the density, the matter
currents and the temperature. However, the form of virial theorems (containing
the time derivative of such integral characteristics as, e.g., in Eq. (20)) excludes the
possibility to consider such integral characteristics as functions determined by the
nuclear state, and for this reason we consider the integral characteristics containing
the pressure tensor as independent collective variables (hereafter II variables).

Their role is distinctly different in fast and slow processes, as it is shown
in Refs.1,2: they contribute to the elasticity of the system in respect to fast
variations of the shape and describe dissipation of collective energy when the
system is left to equilibrate. To give an idea of phenomena related with the
evolution of the integrated pressure tensor we consider a «primitive elastoplastic
system»*. This model corresponds to equations of motion which are obtained
from equations (14),(20) in the limit of small amplitude ellipsoidal vibrations
around the spherical equilibrium shape [4]:

Q+aQ = 21
M+6Q = —AlIL (35)
The right-hand side of the first of Egs.(35) plays the role of a part of the

force affecting the physical quantity Q(¢). The second of these equations may be
transformed to an integral form giving

gt E=t"N oy t
IMt)y=—= [ dt'exp|(— Q) +TII(t =0)exp | —— (36)
2 Ji, T T
and showing that this part of the force is determined by the evolution of the
system during the preceding period of time of the order of the mean relaxation
time 7. One may say that the system «decides» what to do in the next moment,

*The words «elastoplastic behaviour» have been introduced in nuclear physics by W.Norenberg
[26] to describe specific nuclear properties which were known from the time of Maxwell as typical for
very viscous liquids [27]. Note that in condensed matter physics the word «plasto-elasticity» is used
with a completely different meaning, being attributed to materials loosing their property of solids and
behaving as a viscous liquid when subjected to a high pressure [28].
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remembering what has happened to it previously during a finite period of time
t ~ 7. For this reason this system could be called also as a system with a
«memory», and this memory is expressed by the integral form of the equation
for the quantity II(¢) and by an integro-differential form of the equation for the
«physical observable» Q(t):

t—t

1 . ¢ :
3@+ gQ - g/o dt’ exp <— )Q(t’) =0 37

(here we have assumed that the constant II(¢ = 0) appearing in Eq. (36) is equal
to zero).

Thus, the parameter T determines the memory scale. In the processes going
slowly in this scale (in adiabatic processes) the system described by Egs. (35)
follows in its evolution an equation of motion of a vibrator (when o > 0) with
the frequency /a dampened by the friction force xQ(t), where x = 7/2:

1. . o
EQ‘FXQ‘FEQNO- (38)

When x? > « vibrations are over-dampened, and the body is plastic. The fast

(diabatic) processes in the same system proceed as if the system were an elastic
body:

Q+ (a+B)Q ~0.
In this regime the frequency is renormalized and is equal to 2 = \/a + (.

1.4 7
i a=1.0

B=42.5
y=2.5

Q)

1.0 7

0.6

02—+
4.0

[1(2)

2.0

0.0 7

_2_0\\\\\\\\\\\\\\\\\\\\
0 5 10 15 20

Fig. 1. Time dependence of variables ) (above) and II (below) in the primitive elastoplasic
model
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Subjected to fast perturbations the elastoplastic system reacts as an elas-
tic body, while in the slow motion regime, it behaves as being plastic. The
elastoplastic properties are well pronounced when 5/a > 1. The evolution of
the primitive elastoplastic system having at ¢ = 0 a nonvanishing deformation
Q(t = 0) = Qo and zero value of II is demonstrated in Fig. 1 in the time scale in
which « = 1. Here the time dependence of @) and II variables is shown for 3/«
and ~ values which are typical for nuclear reactions. In fact, Eqgs. (35) describe
the bulk properties of the Giant Quadrupole Resonance in atomic nuclei [14]: the
centroid of quadrupole electric excitations® (Eggr = V2hvp /R), and the width
of GQR (I'ggr = h/7). The parameters chosen for calculation are estimated
using virial theorems in which ) and II are quadrupole moments in the config-
uration and momentum spaces respectively, and making simple assumptions on
the mean potential (Coulomb and surface potentials in a spherical nucleus with
homogeneous distribution of the matter within a sharp surface). They correspond
to a nuclear system composed of two fused %% Ni:

B 05 L_as
(6% (6%

Elastic properties are well pronounced at the beginning of the process giving
way to a plastic behaviour at later times. Regarding the nonzero starting values of
@ and II variables as a result of an instantaneous external perturbation, one may
say that an external force applied to such a system produces, at the beginning,
phenomena typical of elastic bodies. The final part of the evolution process
corresponds to an exponential decrease in the absolute value of the variable Q).
Hence, the way of coming to the equilibrium state of this system reveals its
elastoplastic properties.

5. COLLECTIVE ENERGY AND THE RAYLEIGH DISSIPATION
FUNCTION

Approximations which are necessary to transform virial theorems into a cou-
pled set of differential equations for the collective variables () and II may lead
to serious drawbacks in the theory. Probably the most important of them is a
possible loss of an exact conservation of the total energy of the system. Here we
want to incorporate into the theory the accurate description of the energy and, in
particular, of its statistical component. In our current study of nuclear fusion this
allows us to relate the input in the equations of motion for collective variables
with the microscopic Hamiltonian.

*In the expression which follows vy = \/2me, while v and ep are respectively the velocity
and the energy of a nucleon on the Fermi surface; R = roAl/ 3 is the nuclear radius.
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From our previous studies it follows that the evolution of a nuclear system
depends in a sensitive way on the quantities

8ui
F ;= Z/dx%k Pji
k

appearing in virial theorems containing the time derivative of II variables (see
Egs. (20) and (30)). The collective flow contributes to the pressure terms quadratic
in collective velocities () when calculated in the simplest but quite reasonable
approximation. Generalizing slightly the formulae established in Refs.1,2 we
write

Fi,j:% S @Q)QsQy |+ QaF(Q). (39)
ﬁfY «

Let us suppose that the other quantities in the virial theorems are known as
functions on the @ and () variables. Then, the virial theorems form a closed set
of differential equations describing the collective motion, and we want to find an
expression for the collective energy corresponding to it.

In Fermi systems the kinetic energy of individual particles contributes to
(i) the kinetic energy of collective flow, (ii) the statistical excitation energy and
(iii) the energy of coherent motions which do not reveal themselves neither in
the redistribution of the matter in the space nor in the temperature depending
processes (particle evaporation, for example). The third part is called the Fermi-
surface deformation energy. Although the exact definition of these components is
well known on the microscopic level, the needed accuracy of estimation of each
of them in a nuclear system containing A ~ 100 — 200 nucleons presents many
difficulties. The problem of such an estimation becomes especially stringent in
the study of nuclear fusion whose occurrence depends on the transformation of
the collective energy of colliding nuclei into the energy of statistical excitation
prior to the recoil of the projectile or some another competing process.

Obviously, the definition of the collective and statistical energy in the ap-
proaches with «restricted» dynamics cannot be completely model-independent.
However, some general conditions must be imposed on it to make an approach
satisfactory:

e The division of the energy into different components must be made in
accordance with the total energy conservation rule. Applied to models
under study, this condition signifies that Egs. (8)—-(12) must be satisfied*.

*Note that equation (8) may be used instead of the virial theorems to formulate a model of
nuclear dynamics as is done, e.g., in Refs. 6-10 where an approximation for the integrated pressure
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e The changes in the collective energy should be related with the dissipative
properties of the system. The model must be formulated demanding the
conservation of the collective energy in the absence of elements making the
dynamics irreversible. Thus, we define the collective energy conditioning
its conservation in the case when the quantity /) in Eq. (20) and analogous
quantities I; ; in Eq. (33) are equal to zero.

e The second law of thermodynamics must be fulfilled: the collective energy
cannot increase during the process without an external perturbation. This
condition demands an improvement of the «mean-relaxation-time» approx-
imation often used in macroscopic models.

e A rather good knowledge of static properties of the nuclear mean field
gained in the extensive studies of nuclear structure and reactions must be
given justice.

5.1. Canonical Form of Equations of Motion. Here we show how to de-
termine the collective energy of the system whose dynamics follows Egs. (14)
and (20) for N «geometrical» variables Q. (t) and M variables of a «dynamical»
nature IT,(¢):

S0 S RN QQ6Qy + Wal@) ~ STLQI() =0, (40)
By q

% I+ 1y (QQsQy |+ QuFy(Q) = I, (41)
By «

where the following convention is used: f(Q) = f(Qays Qo Qay)-

One finds the collective energy by giving the equations of motion a canonical
Lagrange—Rayleigh form [29]. The Lagrange (£) and Rayleigh (R) functions
which we are looking for are such that N 4+ M equations

doc oL _ R

dtoQ; 0Qi Q)
coincide with Egs. (40) and (41). N + M equations (42) contain N coordinates
Qo (i=1---N) and M additional coordinates Q; (i = N+1--- N+ M) related

with the variables II,, and defined later on in Eq. (57). A special case of rendering
a canonical form to such equations with M = N =1 is considered in [5].

(42)

is introduced. This approximation is borrowed from the condensed matter physics [16] where the
conservation of the total energy plays no role. The absence of the exact control of the energy in such
models limits their applicability in solutions of nuclear physics problems.
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Here and in the following part of this section the notation Q); for the totality of
coordinates will be kept in the relations where all coordinates enter symmetrically.
In other cases we shall use Greek symbols «, 3, -- for indices of geometrical
coordinates and Latin symbols p, q, - - - for the rest of coordinates. We suppose
that the «adiabatic» Lagrangian L£,q exists and is known. It is understood as the
Lagrangian leading to equations of motion for geometrical variables when the
Fermi-surface deformations are absent.

We assume that the adiabatic Lagrangian

Laa = Teon(Q, Q) — U(Q), (43)
where Toon(Q, Q) and U(Q) are defined as in Egs. (9-11), is such that

iaﬁad _ 8£ad
dt 0Q, 9Qa

oY e (1,4 Y 00, | @)
q,6 By

Adiabatic Lagrangian exists when the following relations are satisfied:

e between the potential energy U(Q) in the expression for the total energy
of the system and W, (@) functions in the dynamical equations (40):

> (M 1) I o (45)
5 Qs

e between the inertia functions M, k27 and ug”:

OMOP
o S - s
5 v q

Let us find an expression for the time derivative of the «adiabatic energy»

. 8£ad
Eq = Grad _ p (47)
d za: Q(y 8@@ ad
Using Eq. (44) it is easy to see that
dEaq _ : a,6T79q B
S5 =2 Qa ) MU+ g QeQy | - (48)
a q,0 By
Consider now the functions U7 _(Q) defined by the relation
oU{,(Q)
fs a,01q
IR 9 NT predTe, (49)
LD oy
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Such functions exist if

) 5 9
— ) M*T¢=— Y MPTL (50)
9Qp 2. * 9Qa qz; ’

q,6

When these relations hold, Eq. (48) may be written as

d q B [ q 74
- Ead—zq:Us rl(ptﬁzuqv%c27 +U =Zq:UfSIrel, (51)
Y

with U satisfying
ou
— = Ul Fa. (52)
50, ~ 2.V

The long passage from Eq.(43) up to Eq.(52) leads to the conclusion that
the function

To=FEaa— Y U | Hg+> p2PQaQs | +U (53)
q a,

is an «adiabatic invariant». In other words, this is a function which remains
invariant in the case when I?, = 0 while the variables change according to the
equations of motion. Containing the energy of adiabatically slow motion (E,q)
the quantity Zy, must constitute a part of the total collective energy of the system.
The rest of it must also be adiabatically invariant, that is to be a sum of adiabatic
invariants. The equations of motion (41) allow one to establish M such invariants

I,= I+ > uP(Q)QuQs | +Wo(Q),  p=1,2,.M, (54
a,f

with W,(Q) functions satisfying differential equations

ow,
0Qa

Indeed, 7, = I”,, and vanish in the absence of relaxation effects.

The equations of motion are linear in II, variables, and thus one expects
that the energy is a quadratic function in them. Assuming that the dynamical
contribution to the energy is positive-definite, we can dismiss the contributions to
Econ linear in Z,,. Then the total collective energy is given by:

= F(Q). (55)

1
Econ =Zo + B Z CpoIpIy (56)

p,q
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with a symmetrical and positive-definite matrix Cp 4.

The difference in the structure of Eq. (40) containing the second time deriv-
ative of geometrical coordinates and of Eq.(41) for the variables II, is evident.
Indeed, the latter are the first order differential (in time) equations. Their num-
ber may be even or odd depending on the choice of geometrical variables. The
variables II,, describing the distribution of nucleons in the momentum space have
a common transformation property under the time inversion: they are time-even.
So, independently of their number they cannot be grouped in pairs and considered
as representatives for some conjugated generalized coordinates and momenta. As
in Ref.5 we precise now the definition of M coordinates associated with the
quantities II,,. We suggest that these coordinates are cyclic and write

Qa, = Qi, 1<i<N
Hp = Qi:N-{-p - ZﬂgﬂQaQB - fp(Q) ) N+ 1 S 1 S N+M- (57)
o,

With this definition of the collective coordinates Q;—n+, = @ the collective
energy is:

Ecoll = Ead + % Z Cp,quQq + 5U(Q) + zp: prp(@)v (58)

p.q

where

SU(Q) = U(Q) ~ Y UL Q) @)+ 5 3 Coa Q) (@), (59

Q)= Coafe(@Q) - UL(Q). (60)

The choice of f,(Q) functions in Eq.(57) is completely arbitrary, and we
may do it in such a way that the last term in Eq. (58) disappears, demanding that
& = 0. Then

> Cog £4(Q) =Ur(Q) (61)

and F¢o takes the form of a sum of kinetic and potential energies. Then one is
ready to introduce the Lagrangian function

L=Luts ; Cp.QpQq — U (Q) + ; Qhr(Q); (62)
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containing the difference of these two components and also the term linear in
generalized velocities* Q.

Straightforward calculation of derivatives in Eq. (42) and the comparison of
the equations of motion obtained in this way with the dynamical equations of
motion (Egs. (14), (20)) yield the following relations:

AA
(_%f +2) MagTh(Q) =) CroFy, (63)
[e} 3 7
R
25, v o (64)
aQa an zq: D, q l

Equation (63) establishes a relation between C), , and A, coefficients. We
shall see in section 5.2 how the coefficients C, 4 can be found to fix the Lagrangian
and the energy.

The time derivative of collective energy is given by the rules of the classical
mechanics

dEcoll o " a_R

TR W)
B SN (©9)

p q

The condition according to which Ecoll < 0 imposes a restriction on the

relaxation integrals I¥,. This condition is satisfied when

1 .
R= D) Z Vp,q®@pQq (66)
Py

with a nonnegative matrix v, ;. This condition is satisfied when I” are linear
combinations of generalized velocities Q.

I8 = CopvpwQp, (67)

p,p’

where C,; | is the inverse matrix with respect to Cy .

*It is easy to verify that the expression for the energy in Eq.(58) may be obtained from the
Lagrangian (62) using the standard relation of the classical mechanics [29]

Econ = Z Qz 8@1
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Being linear in the quantities II,, the relaxation integrals, defined like this,
resemble those of the mean-relaxation-time approximation. Note, however, that
this definition of I?, introduces into the relaxation terms an explicit dependence
on the geometrical coordinates and their velocities.

The collective energy represents only a part of the total energy of the system
which may be written as

E= Ecoll + Estat- (68)

The second term in the above equation is associated with the energy of statistical
excitation (Esa = aT?). From the conservation of the total energy it follows

then:
dEstat _ dR

d  dt’
The coordinates (), being the primitives of Qp, are time-odd. This makes them
analogous in some way to the vector potential in the electrodynamics. One
important property of the vector potential is that this quantity is not associated
with any physical observable. This property is shared by @), coordinates. As in
the case with the vector—potential, these coordinates are introduced to facilitate
the passage from the dynamical equations of motion for physical observables
to Lagrangian formulation of the theory. As we shall see in more detail later,
the analogy continues in the quantum formulation of the theory. Understood
as pairs of quantum mechanically conjugated operators, the quantum operators
of the generalized coordinate Qp and the corresponding momentum 15,, may be
defined as operators producing «shifts» in the reciprocal spaces [30]. Then, in Pp

(69)

representation the quantum Qp operator may be defined as

A 0]
Qp = Zha—Pp

One anticipates that in the (), representation Qp determines the phase of the
quantum wave function (see section 8 for more information on this subject).

Contrary to (), the variables Qp are by definition physical observables. Here,
as in Refs. 1,2, they are introduced on the basis of the TDHF-approximation to
the many-body quantum theory. We refer to Ref.24 where a variable of such
type is introduced in the many-body quantum equation without any allusion to
the independent motion of nucleons.

5.2. Case of Fusion after the Head-On Collision. As an example we consider
here equations of motion describing the fusion after the head-on collision of two
identical nuclei (see subsection (3.2)). We simplify them further, omitting the
«elongation variable» L from the equations, and obtain:

1d2Q

SE = RQ)QP ~ W(Q) +TI(h), (70)
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d ) )
E(H"F’i/(Q)(Q)Q)""QFfS(Q) = Lcls- (71)
These equations of motion have been used in Ref.2 for nuclear fusion studies.
The canonical form of Egs.(70) and (71) is obtained in Ref.5 suggesting that
k' = 0. The slightly more general case with nonzero function ' is reduced to

the problem solved in the quoted reference introducing the quantities

D=T+r(Q)Q* &Q) =kr(Q) -+ Q). (72)

Then the following expressions follow from the above formalism:

e For the Lagrangian
M(Q) ¢

L(Q.Q.2) = —7Q*+ 7% ~Ua(Q) + Z0(Q)  (73)
with the Z coordinate defined by the relation
1=2-r(@QQ°+f(Q)

e For the Rayleigh function

C .
= —(2)% 4
R=5-(2)% (74)
e For the collective energy
M . C .
Ecoll - @QQ + utot(@) + EZQa (75)

The «effective mass» function and the potential are:

Q
M(Q) = My exp (—4/0 dQ%(Q')) , (76)

Q
oo (Q) =U(@ +2 | T dQMQW3(Q) = 5nQF. D

In these equations M, and C' are some constants whose definition will be
given in section 6 after further examination of the model. The other functions on
@ are defined as follows

Q
UQ) = 2 /0 1QW(Q)M(Q'). (78)
Q
Wi(Q) = /0 dQ'F;(@),
Q
WQ) = 2 /0 aQ'M(Q),
@ = M9 w0 (79)

C
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Note that the Z variable is cyclic and thus the corresponding momentum is con-
served in the absence of dissipation. It could be seen from the direct calculations
that with this definition the Lagrange-Rayleigh equations for Q1 = Q, Q2 = Z

d oL 0L 0%

dtoQ;, Qi  0Q;

(80)

coincide with Egs. (70), (71).

6. CONSISTENCY RELATIONS

The numerous postulates introduced in the previous section appear for two
reasons:

e The dynamical model considered above may be regarded as a projection
of the «true» many-body dynamics on the limited space of some collective
variables. In the general case, the «projected» dynamics cannot be de-
scribed by means of «standard» classical mechanics with the Hamiltonian
and Lagrangian functions depending quadratically on the generalized ve-
locities. Only in some very special cases (see Ref.24) one may hope to
come in this way to an exact description of some features of the many-body
dynamics. These special cases must correspond to certain relations between
the blocks appearing in the «projected» equations of motion. At least some
of our postulates may be considered as depicting the conditions at which
the canonical form may be given to the equations of motion.

e The equations of motion (see Egs. (14), (20)) plus the expression for the
collective and statistical energies constitute an overcomplete set of equa-
tions. The conditions for the existence of a physically acceptable solution
of this set of equations is expressed in a form of some relations also.

Relations established before allow one to reduce the number of ad hoc
parameters and functions on () variables in the equations of motion. To see
clearly their meaning we come back to the model described at the end of sec-
tion 5.2. An expression for the collective energy in Eq. (75) contains two functions
F¢s(Q), +'(Q) which are not specified in a precise way. The necessary infor-
mation on these quantities may be inferred comparing the expressions for the
energy in Eqgs. (12), (9) and (11) with Eq. (75) and using the consistency relations
discussed before. Then one obtains:

1d

£(Q) = —Z@mM(Q)v (81)
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where the collective mass parameter M (Q) is defined as

M@w:2m/EMﬁ%xQ»%@m (82)

Equating the potential energy terms in the two expressions for the energy
Uit (Q) in Eq.(75) and U(Q) in Eq.(11)) one obtains:

U

10 =2M(Q)

0

PW@+/%@«ﬂﬂw—%M@ﬂ]- (53)

The direct calculation of (@) in Eq. (46) together with Eq.(72) determines
the function x'(Q) in the second of equations of motion. Equation (83) treated
in the same way bears information on the function Fy4(Q) and yields

2M(Q) | dAW(Q)
c aQ -’
1 du(Q)

Thus, the consistency relations determine all the ingredients in the equations
of motion up to the yet unknown constants M, and C. The latter may be found
demanding that the model describes the well established properties of the GQR:
Ecqr and the strength of the Ej transitions from the GQR region. These two
quantities may be put in a one-to-one correspondence with M, and C' giving

Fre(Q) =

) 5

My= — S
0 24mA5/3ry2’ 12mAvgp?

Coming back to the primitive elastoplastic system one obtains:

e The generalized coordinate Z(t)

I(t) = Z(t); (85)
e The Lagrangian function
B M "9 9 1 o . .
L=5(0 aQ)+2M<ﬁZ +ZQ>, (86)
e The dissipation function
M .
Y =2—22 (87)

8
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e The collective energy
M (. 4
Eeon = — (Q2 +aQ?+ 3 ;HQ) , (88)

e And finally the expression for the time derivative of Fq:

d M

— Hoy = —4—TI%. 89
g Heo e (89)
E(?)
1.5
— — %Q_Ecoll
4 o Emtr
i q
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SR
IRy
I -
U RGN
1460 AN
0.5 1 - T
IR
B I
| N
| ¥
1’ T
VRN VNN -
) \/ N A e Y e T T T
0.0 0.5 1.0 1.5 2.0 2.5
£, a. u.

Fig. 2. Partition of the total energy into different channels corresponding to the process
shown in Fig.1. Arbitrary units are chosen both for the time and for the energy. 1 —
thermal energy Fo — Econ; 2 — intrinsic collective energy Fintr = QMQHQ/B; 3 —
potential energy B, = MgaQ?/2; 4 — kinetic energy of collective flow Exin = Mg Q2/2

The first term in Eq.(88) may be interpreted as the kinetic energy of the
collective flow. Hence, the parameter M in the Hamiltonian must be equal to the
effective mass parameter of the collective flow under consideration. The second
term Epot(Q) = a M Q?/2 is the deformation potential energy.

Appealing to physical arguments we shall look at the last term in Eq. (88) as
at the part of collective energy issuing from the zero-point motion of fermions
constituting the system. It may be regarded then as the intrinsic kinetic energy.

The contributions to the collective energy are shown in Fig.2. The cal-
culations correspond to the motion depicted in Fig. 1. One sees a very strong
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participation of the intrinsic kinetic energy at the beginning of the process when
the motion has an elastic character.

In elastoplastic systems, the collective energy constitutes only a part of the
total excitation energy, the rest being the energy of statistical excitation of the
system. One sees that E..i(¢) decreases monotonically as it should do when the
decrease in the collective energy is due to its transformation into the energy of
statistical excitation.

The energy conservation law implies that the decrease of the collective en-
ergy is accompanied by the heating of the system. To establish the rate of the
temperature changes one must know the relation between the intrinsic energy and
the temperature itself. In moderately excited fermionic systems this relation is
typically given by:

Eintr (Qa T) = Eintr(Q) + aTQ- (90)

The solid line in Fig.3 shows the temperature found from Eq.(90) for a
sufficiently long period of time during which the system looses the deformation
almost completely. At the beginning, the raise of the temperature is quite fast.
However, the decrease in the potential energy takes all its importance in the
energy balance only after the installation of the plastic regime when the kinetic
energy disappears. Correspondingly, the temperature reaches its maximal value
at sufficiently large time.

T/T,

max

1.0

0.5

T T L — L — T
5 10 15 20
t

o

Fig. 3. Time dependence of the temperature 7'(t) for the process shown in Fig.1 in units

of Tmax =V Eexc/a

7. ON THE TREATMENT OF FLUCTUATIONS

The description of the many-body dynamics in the spirit of models discussed
before may be called «macroscopic» as, for example, one calls the description in
terms of the friction force of a massive (Brownian) particle propagating through a
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liquid [31]. When the size of the Brownian particle decreases, the quality of such a
description diminishes. To learn more about the motion of a «small» system, one
must pass from the «macroscopic» to «microscopic» description. Knowing the
Hamiltonian, it can be done following the standard rules of statistical mechanics
(Refs. 32-34).

This proceeds by adding to relaxation terms I;s a random force whose
strength is fixed by the condition that, at the equilibrium, «the golden rule» of
statistical excitation energy distribution were satisfied. This leads to Langevin
equations for collective variables which may be effectively resolved numerically.
Another way of studying the effects of fluctuations consists in passing from the
Langevin equations to the formalism of the distribution function in the collective
space ®(Q;, Qi t) giving the probability to find the system with fixed values of
collective variables and their first time derivatives. The general problems related
with numerical estimations of fluctuation effects using the Langevin equations
and the kinetic equation for cIJ(Qi,Qi,t) are discussed in detail in the review
papers [10], [35] where an abundant bibliography on the subject is also given*

The specificity of the approach considered here lies in the presence of col-
lective degrees of freedom associated with deformations of Fermi-surface. It
amounts mostly to an enlargement of the number of collective variables, lead-
ing to quite spectacular phenomena. The application of these techniques to the
primitive elastoplastic system is described in Refs.4,5. In this case the kinetic
equation for the distribution function ®(Q, Q,1I; t) is

0e . 00 0 ((B. 1 KTB 00
+Q@+(2H— Q)%—a—H« Q+;>@)—M—MW0, 1)

where k is the time Boltzmann constant.
The kinetic equation (91) allows one to find the standard square deviations
matrix

1Ty T1x2 T1x3
Y = T1X2 T2X2 T2X3 5 (92)
T1x3 T2X3 T3T3

where the bar stands for the mean_value calculated with the distribution function
band z1 =Q — Q(t), x2 = Q — Q(t), x3=1I—TII(¢).

The results of numerical calculations of Y are shown in Fig.4. They cor-
respond to the same evolution of the mean values of collective coordinates as
in the previous figures. At large time, when the ()-variable approaches to zero,
the off-diagonal matrix elements of the standard deviation matrix vanish and the
diagonal ones attain such an amplitude that the mean energy per each degree of

*An important information on the subject is given in Ref. 36.
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freedom becomes equal to kT as it should be at the equilibrium. At smaller time,
fluctuations in different variables are correlated, so that the off-diagonal matrix
elements of the mean square deviations matrix are not equal to zero. The ampli-
tude of fluctuations is smaller than it would be in the state of equilibrium at the
momentary temperature value. It is especially pronounced in the time dependence

of z12 (curve 1), i.e., of the quantity related with the shape fluctuations.

1.0

0.5

*0.2 T T T
0 10 20 30 40

Fig. 4. Time dependence of the elements of the square deviation matrix Y;;. Top: diagonal
m.e., bottom: off diagonal m.e.

The time for arriving at the equilibrium shape and for the installation of
fluctuations is determined by the characteristic time ¢; ~ 7(8/2«) which is much
larger than the relaxation time 7. However, the rate of changes of fluctuation
amplitude of different quantities is drastically different. This could be seen by
comparing the time dependence of the quantity 12 with that of x32 (curve 3).
The latter grows with a very small retardation in respect to the temperature. The

former increases much more slowly: x12(t) = z12(t = 00) (1 — exp [—%D
The retardation in the installation of fluctuations of the shape signifies that their

amplitude depends not only on the momentary value of the temperature but also
at the «prehistory» of the temperature evolution.

8. QUANTIZATION OF THE PRIMITIVE COLLECTIVE MODEL [37]

To make the theory presented before applicable for the description of quantal
effects like, e.g., the sub-barrier fusion, a quantal formulation of the model is
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necessary. To fix ideas of this procedure we limit ourselves to the primitive
elastoplastic system and consider the quantities @; (@1 = @ and Q2 = Z) and
the conjugated momenta P; = OL/0Q); as quantum mechanical operators.

The momentum operators are:

Po=MQ, PZ:TZ-FQMQ.

There are two representations of interest. In the first representation () and Z stand
for eigenvalues of Q and Z while Py = —ih 8/9Q and Pz = —ih 8/8Z. In the
second representation Py stands for the eigenvalue of PZ while Z =il 0/0Py.
In the second representation the collective Hamiltonian Heonp = ), Qsz — L
becomes

A p

1 - Mo 2
Heon = WP5+TQ2+8—M(PZ_2MQ) .

The presence in the theory of the cyclic coordinate Z does not introduce any
problem in finding the eigenstates and eigenvalues of Heoy.

However, for the following, the first representation is more appropriate. We
introduce now the total Hamiltonian of the system:

Hior = Heon + Ha, (93)

where H is a virtually unknown part of the Hamiltonian depending on collective
(Q, Z) and intrinsic (§) variables.
Next natural step is to introduce the density matrix

0(Q.2; Q) 2 1) = / T (Q', 256 W(Q, Z; €) 94)

satisfying the equation

) R N
iha_i - |:H00117p:| - /dé”\I/*(Q’,Z’;g)Hl\I/(Q,Z;é) =0, ©5)

where [d, B} is the commutator of operators a and b.

The final preparatory step consists in an introduction of elements necessary
for the statistical treatment of intrinsic degrees of freedom. We consider the
intrinsic Hamiltonian H; as an element of a stochastic ensemble. Averaging
the density matrix over the statistical ensemble of intrinsic Hamiltonians with
appropriately chosen properties we obtain the new density matrix (p). Being
interested only in this quantity, we shall omit in the following the bar over p.

The techniques of quantum statistical mechanics (see Refs. 38 and 39) allow
one to specify the properties of the ensemble and to bring the last term on the
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Lh.s. of Eq.(95) to the form of an effective potential W connecting Z and @
with Z’ and Q':

[ dev = wi@.2.0'.2) 1@.2:Q. 2'1), %)
Then Eq. (95) becomes

ih% — [fean 5] - Wi =0. (97)

The physical observables cannot depend on the Z coordinate. Thus p and W
matrices depend only on z = Z — Z":

p=pQ.Qz1),  W=W(Q.Q120/02).

Let us introduce the Wigner transformation of the density matrix:
~ — dsdz Pos+ Pzz
d(Q, Po, P, = — el e

(Q7 Q:1Z, t) / (27Th)2 €X |: A

where Q@ = (Q+Q')/2, s=Q —Q".
Using the well-known formula for the Wigner transform of the commutator
of two hermitian operators, one brings Eq. (97) to the form

— S — S

0d Py od G L
ot Ma@+<O‘MQ 2PZ> 9P,
—I—%/ds dz exp [—z@]ﬁfﬁ (99)

We suggest that p is a smooth function of @) and that its dependence on s
and z is of a sharp bell-shaped type. Using a power expansion for W:

W(@, z,@/f)z;t) = th (%) (’; %) /Wn,m(a)v

n,m

one obtains

1 dsdz i(Pos+ Pzz)| s . o -
ih / (2rhy2 P { B }Wﬂ = Z apg T2 Wnm(@2. (100

, 1M

It is easy to see now that the W function, taken in the form,
1 . 1 (iz (h O — AM ET 22
—W=-<—==-=—-2M - 101
L= L (B2 ) ML
makes Eq. (95) equivalent to the kinetic equation. (91) and becomes identical with
it after passing from variables (Pg, Pz) to (Q, II). Thus, in the considered

simple case, the solution of the quantum problem is given by the inverse Wigner
transform of an appropriate solution of the classical kinetic equation.
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9. WAY BACK TO THE MANY-BODY THEORY:
GENERALIZED ROUTHIANS

The consistency relations reduce the number of unknown functions in the
equations of motion but leave much space for speculations on the potential and
inertial properties of the system. Here we discuss, in a rather schematic way, the
possibility of determining some of them on the basis of the underlying many-body
theory [40]. As an example we consider the model of fusion after the head-on
collision of identical nuclei (see section 5.2) neglecting the possible influence of
the statistical excitation on the collective motion.

Then, the collective dynamics corresponds to the Lagrangian L(Q,Q,Z)
in Eq.(73), containing the functions M (Q), U(Q) and u(Q), in which Q is the
quadrupole moment of the system. Here we want to show that these functions may
be found using a variational approach to solutions of the many-body Schrodinger
equation.

Consider the variational equation of the Time Dependent Hartree-Fock theory

5/dt<\lf|zh%—ﬁ|\y>=o, (102)

where H is the many-body Hamiltonian of the system. One may suggest that
the time dependence of the wave function is coming from the collective motion.
Consistently with hypotheses made in the derivation of the model, one may write
the wave function in the quasi-classical approximation as in Ref. 30

wlt) = (7 [ L@Qu). Q) o>

with the action integral containing the Lagrange function (73). Then for the time
derivative of the many-body function one has

zh% | W(t) >=L|U(t) > . (103)

The variable quantity in Eq.(102) is the many-body function | & >. Its
changes produce variations of the collective coordinate (), of the generalized
velocities Q; (Q1 = Q, Qo =11 — f£(Q)) and hence of the Lagrangian function.
Let us write:

Q=6<®|G|®>, 60;=0<d|G|®> (i=1,2). (104)

For the variation of the Lagrangian we write

oL oL _.
50 Q*;a@- Q (105)
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Then Eq. (102) takes the form of the variational equation of the cranking type

5<®| (H — MG — Apyig — Apzfrz) | & >=0, (106)
where
. . M .
q= m(3z2 — r2), TQ = 2%(32}72 —r-p),
. 2M, . - - A _
fz = (B0 = () +u@ (' =p-mup). (107
fs

Equation (106) tells that the collective motion must be adjusted to the intrinsic
structure in such a way that the «generalized Routhian» operator

R=H—Agj— Apyitq — Ap, 7z, (108)

containing the Lagrange multipliers Ag, Ap, and Ap, and the operators ¢; and
#r;, remains stationary in respect to variations of the many-body function | ® >.
The constraining operators in Eq.(108) have positive and negative parities as in
the case considered in Ref.41.

Equation (108) must be supplemented by the self-consistency conditions re-
lating the Lagrange multipliers with the partial derivatives of the collective La-
grangian function and with the variational derivatives of the energy functional:

oL oL oL
20" Ap, = —— A (109)

° " 9Py’ Pz = op,

We see now that the cranking-type equation (106) with the self-consistency
relations (109) for ingredients of the collective Hamiltonian and the equations of
motion for macroscopic variables (Egs. (14), (20)), constitute a macroscopic model
of collective dynamics consistent with the microscopic Hamiltonian
of the system.

9.1. Linear Response to the Velocity-Dependent Constraints. Let us show
results, obtained from the variational procedure outlined before, using the linear
response approximation. We introduce the many-body function | ®gat) describ-
ing the stationary state of a system. This function satisfies the variational equation

Ag =

6 (Patat | (H = A | Puiar) =0 (110)
and the self-consistency relation

o 8gstat o _dU

Q dQ

AY (111)
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Writing
| @ >=| Bypar > + | ' >, AQZAg)—i—éAQ

we obtain in the lowest order in the velocity-dependent terms

1 . . R
| O >= —(0Agq + APQ’lTQ + Ap,77) | Pstar > (112)
— Cstat
and thus
0Q = 0MQuQ.Q +Arg q.po + Ap, 11q.Py
Pq = 0Aqupry.+ Apy pg.po + Apy 1iPg. Py
Pz = dAqup,o+ APQ Pz, Pq + Ap, pp,.py, (113)
where 1
Mi 5 =< q)stat | 61A76 | q)stat > +-cC.C.. (114)
’ (H - 8stat) !

(here c.c. means the complex conjugated expression appearing when i # j).
Using the self-consistency conditions, these equations may be rewritten in
the form

so - 0L, 0L oL
- 8@/"’@:@ 8PQ MQJDQ 8PZ MQ7PZ’
b _ GO 0L L oL
Q = aQ/J/PQQ aPQ /J/PQ,PQ aPZ/j/PQ,PZ)
oL oL oL
P, = §/i— — —_— . 115
7 aQMPZ,Q+ aPQMPZ,PQ + aPZMPZ,PZ (115)

Equations (115) impose relations between the functions appearing in the
Lagrangian and matrix elements p; ;. The conditions for the self-consistency of
the variational procedure with the collective dynamics become:

M(Q) = UPy,Pg»

02 _  2My M(Q)
(Ffs) MPZ,P27 FfS(Q) M,

Of much interest is the last relation in Eq.(116) which is similar to the
one obtained examining the consistency relation between the ingredients of the
collective Hamiltonian (see Eq.(79) in section 5.2). The difference between the
two forms of this relations may be understood as coming from the application of
the linear response approximation.

We leave for future studies a more careful examination of possibilities offered
by this particular formulation of the variational principle.

Fp,. (116)
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10. CONCLUDING REMARKS

The aim of this report is to show in which way the large-amplitude nuclear
collective dynamics may by treated theoretically by reasonably simple mathe-
matical means without going too far from what is known about the quantum
many-body nuclear Hamiltonian. So, we want to see the collective motion in a
way sufficiently simple and realistic at the same time. For the sake of simplicity
one must limit the number of variables describing the dynamics, that is to make
a step towards the geometrical models of nuclear reactions. In order to remain
close to the microscopic basis one must judiciously choose collective coordinates
retained within the models. In the review, we advocate for the «virial theorems»
providing some good guidelines in this problem.

The general line in this review paper is in establishing various consis-
tency relations in the theory of the large-amplitude collective motion. By the
name of consistency we mean at this moment all kinds of relations guaran-
teeing the common physical ground for studies of different aspects of nuclear
structure and reactions. The theory must provide a coherent description of the
slow and fast processes accompanying the reactions between heavy nuclei. The
changes in the statistical excitation energy must be balanced with the loss of
the collective energy. The description of reactions at much higher energy than
the barrier and of subbarrier effects must be achieved starting from the same
physical picture.

All such aspects of the theory are tackled in this review paper. Many of them
are described rather schematically, using in different places a simple realization
of the general scheme: the «primitive elastoplastic model». The main reason for
that was to avoid technical complications in the presentation.

The most developed section is, probably, the one in which we show how
the equations of motion of a certain type can be rendered a canonical form.
It is because we consider the definition of a collective Hamiltonian as a very
important element of the theory. The estimation of the temperature, the study of
fluctuations, the possibility to requantize the collective model, all these steps are
largely facilitated once the collective Hamiltonian is known.

We included in the review the presentation of an approach generalizing the
cranking model which may be used eventually to calculate all the ingredients of
collective dynamical models once the collective coordinates are fixed.

A part of the ideas and techniques described above have already been used
in studies of nuclear fusion. The exposition of results obtained in this application
of the approach will be done in a separate publication.
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