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1) The aim of the talk 

The nucleus may exhibit collective motion in various ways. Probably the earliest 
example discovered was nuclear fission, a process which generally is understood to take 
place iu a slow way. Different to that there are the giant resonances whose frequencies 
lie above the typical excitations of the nucleon.i. These modes are generated by repulsive 
interactions, and in the nuclear case generally deal w'th isovector vibrations. 

In this talk we will concentrate to discuss collective motion of isoscalar type where 
neutrons and protons move in phase. The prime example would be vibrations around a 
stable potential minimum. There one would encounter modes of "giant" nature as well, 
having their frequencies in the range around lOMeV, which at low temperatures would 
exhaust much of the total strength. However, we explicitly want to include slow motion of 
large scale, like fission, which can be described within the locally harmonic approximation 
(LHA). Rotations shall be excluded from our discussion, although we know that there will 
be an intriguing relation to the problem of dissipation. 

At zero temperature T the truly low frequency species of isoscalar modes are expecied 
to be undamped. (We will continuously refer to the concept of temperature if we want 
to express that excitations are distributed statistically over all the nucleonic degrees of 
freedom, thus neglecting the difference between a canonical and a microcanouical descrip
tion, see below). This will be so if their energies lie below the gap existing typically for 
the imcleonic degrees of freedom— at least for conditions close to a pronounced potential 
minimum. For other configurations the situation may be different. Furthermore, the ex
perimental condition may encounter uncertainties in the energy which spreads over many 
levels. Then one would have to consider these facts explicitly. We will come back to this 
problem. But let's look first at the more conventional case. 

With increasing T the situation will change. Even for the ideal case just described, 
the gap will disappear and at small energies the nucleonic level density will increase. This 
allows the roupling of lp lh excitations to more complicated ones to become so effective 
as to let the collective modes be damped—even the ones corresponding to low frequency 
vibrations around stable minima. This feature causes a problem! If the damping be
comes dominant, the way of how to treat collective motion theoretically has to change 
considerably from what has been said about nuclear collective motion in text books. 
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This feature must have been known to Kramers who has been the first one to picture 
collective motion as a transport process, actually as early as 1941 [1]. He suggested a 
transport equation, to which we will return in sect.4.3, but he was uncertain (of course!) 
whethei friction will be "abnormally small or abnormally large" (see the very end of his 
paper). By now we know that collective motion may become strongly damped, in the sense 
of Kramers friction even is "abnormally large". We know that from experimental results 
on Kssiou [2] (which to the best of my knowledge is the only experimental information 
on isoscalar motion at finite temperature available at the moment) and we know it from 
theoretical considerations. Indeed, the wall formula—as derived in the semiclassical picture 
of [3] predicts a strong friction force. As will be shown below, our microscopic results lead 
tfi the same conclusion, at least for higher temperatures. These facts-can be summarized in 
saying that for low-frequency modes in a nuclear system the quantity 1} = y/(2\/M \ С |) 
must be expected to be much larger than one, thus reflecting strongly overdamped motion. 

T» a system having an ij value of that order the usual cranking model cannot be 
applied. More generally, it does not make sense to describe collective motion by way of an 
effective Haiuiltonian H'o\\(Q,P), which is only to depend on the collective variables with 
the uvicleoiiic ones being "integrated out": For large damping a Hamiltonian description 
is bound In fail. In sections 3 and 4 we shall demonstrate in more detail problems one is 
bound to face for dissipative system, to show a possible solution in sections 4 and 5. 

2) Discussion of basic theoretical elements 

We want to introduce collective variables like in the picture of Bohr and Mottelson 
[4]. For simplicity let us stick to just one and call it Q(t). Physically it will represent some 
nuclear shape moving ii< time t. lis equation of motion is to be found. In section 2 we will 
follow the discussion of [5] where details can be found. 

2.1) The Hamiltonian: In accord with [4] we will assume that there exists a Hamil-
tonian H(&i,pj,Q(t)) for the nucleonic degrees of freedom which is to depend on the 
Q(t). Essentially it should consist of the mean field part, H,v, for the single particle 
degrees of freedom. However, we would like to allow explicitly for an incoherent cou
pling to more complicated configurations. In this sense we will write: H(x,,p,,Q(t)) = 
H,p{x,,p„Q(t)) + V,c, (xj.pj). The Я . р is assumed to contain c-number terms as to ac
count for the Strutinsky renormalization when identifying the expectation value of H with 
the total energy of the system: £ t o t = < H >, 

2.2) The local equation of motion: The latter feature allows us to derive the equation 
of motion from energy conservation, namely 

^ = | < Я > , = ( | ) д = 0. (1) 

Since we are not interested in zero collective velocity we may writ»: ( fg - ) = 0 . 
This equation is very general and still much too complicated to be of practical use. It 

is here where our locally harmonic approximation (LkIA) comes into play. For sufficiently 
slow collective motion it suffices to follow explicitly our system over time intervals 6t which 
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are small compared to times r c o | | over which one must expect major changes in the systems 
properties. That is to say we should like to have т < it < г с оц, with т representing the 
relaxation time of the nucleonjc degrees of freedom to local equilibrium. Within this 6t the 
system can be described adequately by expanding consistently to second order in Q - Qa, 
with Qa representing some value of the collective variable along the collective path. For 
the Hamiltouian this implies: 

H{Q) = H(Q0) + (Q-Qa)F(Qa) + l(Q-Q,f(^(Qo)\ . (2) 

It is crucial, however, to perform similar expansible when calculating the expectation 
value (Щ) = 0. It does not suffice to simply apply common linear response theory to 
mimick time dependeut perturbation theory. In addition one has to consider changes of 
the thermal properties of the nuclear system, like its temperature. 

Fortunately, all these effects can be taken into account to finally end up in a simple 
secular equation for the collective mode(s) nevertheless. Its form is the one well known in 
nuclear physics, 

* " ' + x ( " ) = 0 (3) 
but its ingredients are quite delicate. First of all, and expected somehow, the nucleonic 

response function \(UJ) is influenced by the (incoherent) residual interaction. Both quan
tities ,\(ui) and 1/fc depend on temperature. In particular,it will be thedependence of 1/k 
which will turn out very important finally. 

If we are to use the entropy S rather than temperature to parametrize the excitation 
we get for i/fc: 

DO? 
+ x(0) = C(0) + X(0). (4) 

Qo 

Here E is the internal energy of the quasi-static picture in thermodynamic sense. Of 
course, it is possible to rewrite this expression in terms of the free energy / . One must 
be aware, however, that this makes sense only if the temperature can be defined precisely 
enough. As is well known, for an isolated system there exists an inherent uncertainty 
according to the formula: 

T ~ \дт) 
1 / 2

 1 / 2 2 = / 2 M e V \ ' / 4 

Q =с-'»ш=[-ж) (5) 

where the latter expressions refer to a Fermi gas estimate. Typically one g;:ts uncertainties 
of the order of 20% or less. 

In general the temperature introduced in this way will change with the collective 
motion. For situations where this change can be neglected the formula for 1/fc can be 
greatly simplified to 

aV(Q.To) 
• * - ' | 7 lT=const. QQi 

It can be shown that this approximation works well enough for not too small temperatures. 

+ X(0). (0) 
4o 
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2.,i) The eolleetivr. re.ipon.it••: Above we luive introduced nlremly the nuclconic response 
function \(^'). To describe collective motion it is very convenient, to go one step further 
and to introduce the response to a (hypothetical) local, external field. This means to 
formally replace our Hamiltoninn by: H' = H{\,.pi.Q) + ifcxiF and to calculate the time 
dependent average of F to first order in с/„„|. Using the common tricks (Clausius-Mosotti) 
one ends up with: 

We observe that the poles of this function coincide with the solutions of the secular 
equation (3). As the most prominent one will correspond to our collective mode we have 
chosen to use the index "coll" in (7). 

3} D e m o n s t r a t i o n o f t h e basic p r o b l e m 

3.1) Widths of the tingle. pa.iHe.lc energies. As mentioned in sect.2.1 we want to 
account for the residual interaction V,« which acts incoherently- It will enter the nucleouic 
response function \(ш) (see [G, 7]). Its main effect will be to dress particles and holes. In 
particular they will gain an imaginary part. In reality the latter will both be dependent on 
frequency and temperature. The first effect makes the formulas quite complicated, as for 
the uucleouic response functions it leads to convolution integrals in frequency. The second 
effect implies that the influence of V"rt» must not be neglected, any at temperatures above 
about 2McV where the imaginary part takes on values of about IMeV or more! 

To some extent these effects of incoherent scattering of the particles with each other 
can he simulated by simply invhiding a constant imaginary part. Г (independent of fre
quency) into the denominator of \(u») (due to the effect just mentioned this Г should 
increase with T, though). In this sense we may write for the \[u>): 

The indices or, в designate states in the independent particle inodei, the )i„ are the occu
pation numbers and the u j n ( J stand for the differences of single particle energies. 

With the form (8) given we may interpret Г in n different way. For instance, it could be 
understood to represent the im ertainty in the energy we talked about already in section 1. 
The very presence of Г might even account for the existence of the degcuert te "dynamical 
ground state" discussed in [9| (with further references given there). Alternatively we may 
interpret it as smoothing parameter for the response functions. Such smoothing procedures 
have been studied extensively in [10] ( s w also r\A. Ivanyuk, this conference). 
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3.2) Collective dissipation as a natural consequence: Above we have given physical 
reasons for the appearance of the effective width in the single particle energies. This 
aspect has one almost immediate consequence: the collective motion must be damped! 
Let us demonstrate that at hand of the form (8). 

We may anticipate the Г to fulfill the following inequality 

D « Г < Д (9) 

with Д representing the effective "band width" over which the matrix elemen'.s FQ,j 
typically spread. This can be expected to be of the order of several McV (10 rather thanl), 
which is much larger, indeed, than both the Г (being of the order of typicall lMeV) as 
well as the value of the average level spacing D. 

The condition (9) implies that the nucleonic response function will be a smooth func
tion of frequency. In particular this will be true for its dissipative part x"(u>) for which 
(9) guarantees that the delta function gets wiped out which typically would appear for a 
negligibly small Г. As a consequence the secular equation (3) cannot have real solutions. 

This can be seen as follows: For a real frequency w = ui* the real and imaginary parts of 
the response function are given by its reactive and dissipative parts: х{ш) — х ' ( ш ) + ' \ " ( ш ) ' 
Both х'(ы) йпй x"( u ) а г е r e a l - So even if the real part of (3) would have a real solution 
шг the imaginary part of (3) could not be made vanish at this frequency. 

It seems hardly possible to overlook such a simple feature—-but nevertheless it is true 
that up to the present date many theories abc. jollecti ve motion do essentially concentrate 
on the effects described solely by the real pari of the response function, although they may 
not use linear response theory explicitly. 

3.3) Implications of dissipation: So let's take for granted that a finite Г will cause 
collective damping. To demonstrate further the trap one is going to fall in if one ne
glects this feature let's look at the strength function. Suppose the pair of poles m* = 
TS (±^/signC - n2 — in) takes most of the strength. Here tn2 = Jjjjl. The latter can 
be taken as a measure of the frequency which comes from the conservative forces alone, 
namely from the kinetic energy with effective inertia M and the effective potential energy 
with stiffness С (neglecting for a moment that in general they too will be influenced by Г). 
The i) has been introduced at the end of section 1. It is directly proportional to friction 7. 

Actually these transport coefficients are found by fitting in some region of the fre
quency axis the dissipative part of (7) to the one of the damped oscillator. The response 
function of the latter can be written as: 

A W H = - - ^ ( - - Ц - *—) • (10) 

For u> = u* this response function can be split into real and imaginary parts as follows: 

x«M = •-<-) +«Л.М = 5 ^ C ^ g - W ^ t a t ^ ) . (П) 
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The denominator is defined as: N{x) = x4 + 2(-signC + 2r/ 2)x 2 + 1. The х ^ И *&& 
\", r U') are odd and even functions of u, respectively. Fork) > 0 the x" s c(w) has the typical 
Lon-ntz or Breit-Wigner form having just one maximum at ui = uim. The latter is given 
by. 

J J " ' = T ^ N / l - s i g n C ^ + i/^+signC - 2r; 2). (12) 

This expression has the following limiting values for small and large friction: 

l imu4 = ^ - ( 2 + signC), (13) 
ц—0 J 

l i m ^ = 0. (14) 
Jt—oo 

Take the stable situation of a positive stiffness C. In this case for vanishing friction the 
maximum of the distribution appears at the expected value 37. With increasing dissipation, 
however, the position of the maximum of the distribution has not much to do any more 
with this value of 37. Any theory which just aims at calculated OJ is bound to miss essential 
features! This will necessarily be the case for any theory which forgets to expicitly consider 
the concept of dissipation. 

4) A possible solution 

4-1) Average motion: Here we know the solution already. A suitable application of 
linear response theory accounts adequately for the problems mentioned. The (local) trans
port coefficients for average motion which are to appear appear, namely inertia M(ui±), 
friction -.(a.11) and local stiffness C'{ui\) have been described above. Of course, they will 
depend on the collective variable Q and without any doubt this dependence should be 
weak if our LHA is to work for large-scale motion. 

hi this respect we even benefit from applying smoothing procedures. The contribution 
from mere independent particle motion alone will have the well-known discontinuities from 
level crossings. Only if they are averaged out may one expect the transport coefficients 
to he smooth. From experience we know that a typical averaging interval of the order of 
l.Vfrl" suffices. Please recall that smoothing on this scale leaves the shells untouched, but 
softens the rapid fluctuations from single particle effects. 

Before we move on it is worth while to look once more at the change of energy discussed 
in sect.2.1. Starting from (1) one finds after some longer manipulations (see [5]): 

A- = | ( ^ V + ̂ )+7(«.M* (15) 

This equation is valid both with or without external force. For a vanishing external field 
the total energy stays constant. Therefore we get: 

-** s -it ( н г ^ + ^f) = *« * ™ 
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The interpretation is simple: The term on the very right represents the change of collective 
energy into heat. Therefore it can be related to entropy production: 

TS = 7(0.., )q2 (17) 

The cq.(17) has the same form as known from macroscopic physics for the Markov 
limit. Here, the situation is a little more subtle as our friction force is defined not only for 
a truly Markovian case (scc,c.g.,[5]). Like in the usual case, the physical reason why our 
frirtion force is related to entropy production can be found in (9). Our modes are allowed 
to couple to many microstatcs either by a direct mechanism ("collisional damping") or by
way of our introducing energy uncertainties into the response functions. In both ways the 
accessible nvicrostates are distributed statistically. 

4.2) Quantized Hamiltonian: So far our collective variable Q still is a c-number, just 
representing average motion. For various reasons it is necessary to raise it to a quantum 
operator (rather to a dynamical variable proper which may exhibit fluctuations; the latter 
make sense also within the classical limit). 

Commonly in nuclear physics this step is undertaken by deriving an effective Hamil-
tonian H^n[Q, P) of the type mentioned at the end of section 1. This may be done within 
classical physics only to quantize afterwards, like it is done in the cranking model. One may 
also use the generator coordinate method which leads directly to an effective Schrodingcr 
equation for collective motion (for a recent approach of this type see the one of [9] where 
even statistical concepts are incorporated). As mentioned already in the first section, in 
our opinion such a procedure does not make much sense for dissipative systems—and we 
have argued in the last section that slow collective motion does behave dissipalively, indeed, 
if its treatment is combined with statistical averages. 

The way out of this dilemma, is to quantize before one starts to derive the effective 
equation for collective motion. One possibility is to vise the Bohm-Pines method to derive 
a Hamiltonian of the type 

"4 — Япис| + -Hcoup + -Hcoll (IS) 

This is somewhat delicate as the collective variables cannot really be considered inde
pendent of the nucleonic ones. To put it in different words, self-consistency requires some 
relations between the three parts on the right-hand side of (18). 

In [11] it is discussed in great detail how these problems can be handled. As the result 
one gets (within the LHA): 

Й« = Щ + kPF - | ( ф - QB)F + —^ + ±a(Q - Q0)\ (10) 

The meaning of the various parts are easily identified by comparing to (18). The F is 
the (ntirlconic) one-body operator introduced previously, P is the collective momentum 
conjugate to Q. The coefficients appearing in the unperturbed collective Hamiltonian 
arc о = (2 i + k) (with !i a free parameter which can be chosen for convenience) and 
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— = к' i IF. [Я(|.Г]])ц., (with the unperturbed inertia HID bring related to invitational 
flow). 

The very faet of the intimate relation between the nucloonir and the collective degrees 
of freedom shows up in the presence of a subsidiary condition of the form: 

L-F-(Q-Qo) = 0. (20) 

It- time dependent average is easily recognized as the self-consistency condition for average 
motion. 

Indeed, using Ehrcnfest's equations it can be shown that this scheme leads to the 
same secular equation (3). More generally, in this way one may recover in full detail the 
equations of average motion sketched in sections 3.3 and 4.1. As for fluctuations one has 
two possibilities. For undamped motion, one may diagonalize the Haniiltonian (19) and 
then average over the nucleonic degrees of freedom. In this way one does get the H^a 

mentioned before. Again: This situation will be given only if there is no Г to be considered 
in the uiicleonic response function (S). If such an effect is there, the Haniiltouian cannot 
be diagonali/cd in this way (see [11]). This brings us to the next topic. 

Before we come to describe details I should like to mention one other work [12] where 
a Hainiltouinu of the type (IS) has been derived which fulfills the requirements typical for 
a nuclear situation. There a different situation has been looked at. namely the entrance 
phase of a heavy ion collision and no use needed to be made of the LHA. As far as I know 
applications to the derivation of a transport equation are still missing. 

J..4) Diffusion iv colkctivr jiftcw .«pacc:We now address the case of damped motion. 
For very general reasons dissipation must be accompanied by statistical fluctuations. 
Therefore the right means to describe such motion is transport theory. Having a Hamilto-
niau of the type (IS) at our disposal, one may try techniques which have been developed 
in non-equilibrium statistical mechanics. 

One possibility is the Nakajinia-Zwaiizig projection method. It allows to derive an 
iutegro-diffcreutial equation for the density operator of the collective subsystem (or for its 
Wigner-trausfonn). Unfortunately, this equation is much too complicated to be of practical 
use. For this reason perturbative methods are commonly used. It is even more unfortunate 
that for the nuclear case simply-minded perturbation theory does not work. This has to 
do with the self-consistency problem as reflected by the very nature of our Hamiltonian 
(19) together with the subsidiary condition (20). Even for average motion one does not get 
the right answer (which can be guessed because one knows that the undamped case has 
to be identical to ПРА) by just treating the coupling Я г ш | | to second order. As a matter 
of fact, this procedure suffices with respect to the influence on the nucleonic degrees of 
freedom. As for the collective part one has to sum the geometrical series well known from 
the structure of RPA (confer the form of the collective response function (7)). 

In [13) it has been shown how this scheme can be taken over to formulate an approx
imate, but 11011 perturbative treatment of the Nakajima-Zwanzig integral kernel. There 
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it has been demonstrated that this version is in agreement with the quanta! fluctuation-
dissipation theorem. Here we want to save all details but show the hnal result of the 
transport equation. 

%*Q.P.t)-
д Р д д Р д* д2 

"Щ'М + dP~CQ + дР Л / 7 + D,,pdQdP + D,,pdPdP d[Q,P,i).(2\) 

The Л/,",С are the transport coefficients for average motion encountered before. In 
addition there appear two diffusion coefficients 

D„ = ^ E P ' P = Jj <(Q~<Q>.,f >«, ^ Я,Р = С Г , ; - ^ £ ; ' , . (22) 

They can be calculated from the equilibrium fluctuations of the collective variables which 
in turn are determined by the (dissipative part of the) collective response function (7). 

Now we may make contact with Kramers' equation. It reappears as the high tem
perature limit of (21) for which the Dqp disappears and the Dpp is given by the Einstein 
relation Dpp = 7Г. (This can easily be inferred from (22), if one recognizes that in the high 
temperature limit the equilibrium fluctuations are determined from the virial theorem). 

At first sight the expressions given in (22) seem to make sense only for the case of 
genuine vibrations for which the local stiffness С is positive. If the LHA is to be applicable 
to lnigi'-scale motion we must know how to generalize these forms to unstable modes. 
The answer is: just go ahead and generalize the fluctuation dissipation theorem to unstable 
modes, i.e. to analytically continue the expressions (22) to С < 0. That such a procedure 
makes sense has been demonstrated in [14]. In a forthcoming paper [15] it will be shown 
that in this way one is able to include fully the quantum corrections to Kramers decay 
rate for the fission process (above a so-called cross-over temperature, which in the nuclear 
case is very small, namely of the order of 0 . 1 . . . 0.2MeV). 

As is stands eq.(21) is valid only in the neighborhood of the Qa introduced in section 2 
and put equal to zero here for convenience. To describe global motion one needs to invent 
the method of propagators [16] which in effect is equivalent to the Monte Carlo method 
used in modern applications of transport theory (see P. FVobrich, this conference). The 
moral of the story is, of course, that in auch computations the information about the 
quantal diffusion coefficients ought to be used. 

5) Consequences and applications 

In this section we are going to present results. Because of lack of space we will not 
show any figures. As for them the reader is reminded of the talk or kindly asked to look 
into the original literature. 
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5.1) The transition to the "macroscopic limit": In the past it has often been antic
ipated that this macroscopic limit ought to be reached at larger temperatures. To my 
best knowledge, one has been able to actually demonstrate this transition only for .italic 
situations, like the total static energy or the single particle level density. For these cases 
one knows the shell effects to disappear around T = 2MeV, rendering the static energy to 
become identical to the one given by the liquid drop model. 

We иге able perhaps to demonstrate this transition for the dynamical situation. As 
we shall see soon, the crucial element appears to be the temperature dependence of the 
effective coupling constant l/k. The latter is essentially determined by the stiffness of the 
static energy (see given by (4) or (C)). When the temperature increases this stiffness drops 
In very small values. As a resull, for large Г the 1/i is mainly given by the static response. 
This is demonstrated in [5], in particular in Fig.5, where this situation is also contrasted 
to the completely different behaviour of the "diabatic" picture. 

This strong decrease of l/k implies an almost complete shift of strength of the col
lective excitation to small frequencies. This has been demonstrated in [17] for the case 
of quadrupole vibrations of 2 0 8 Я о around the spherical minimum. Whereas at small tem
peratures this strength is distributed over several peaks including the ones of the "giant" 
modes, the latter disappear completely above T «s 2MeV and all strength concentrates in 
just one broad peak at quite small frequencies. It has been shown that it is the 1Д-, indeed, 
which causes the shift. However, the almost complete disappearance of the higher modes 
comes from both the temperature and frequency dependence of the collisional braodening 
(of the nucleonic degrees of freedom). The effective Г becomes so large as to wipe out any 
structure at larger u. 

Doth the variation of l/k as well as the one of Г reflect the fact of a coupling of lp-lh 
states to multiple, p-multiple h states. For Г this is almost evident by way of construction 
(cf.[C]). For l/k this feature is demonstrated in Fig.4 of [5]. For larger temperatures the 
stiffness turns into the one of the liquid drop model. In terms of the single particle degrees 
of freedom this is obtained after employing a Strutiusky smoothing over an energy interval 
of about one or twice the shell spacing. This implies to average over many level crossings 
where each one adds the contribution of another p-h excitation. 

Alltogether these features tell us that the physical content behind the response function 
(7)-if calculated as described above—i? mtteA beyond the o;;^ contained in the Ip-lh 
configurations taken into account in common RPA computations. It is therefore not really 
surprising that the prominent mode found in our calculations can be interpreted in the 
sense of hydrodynamics. Indeed, the inertia associated to that mode (along the lines 
described in section 3.2) turns into the one for irrotatioual flow once the energy increases 
above l.HMeV. In terms of sum rules this is easily understood: If there is no other mode 
the only one existing will trivially exhaust the sum. 

All the results mentioned so far have been found in "microscopic" computations where 
all inj,.—clients to the collective response function have been computed more or less from 
known quantities, with t'-ч microscopic damping being due to genuine collisional damping. 
This raises the interesting question whether or not this transition to macroscopic motion 
can be understood as well from just applying smoothing procedures of Strutinsky-type to 
a dynamical situation. This question has been addressed to in [10) (and to lesser extent in 
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