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The aim of this work is the study of a special class of nonequilibrium sys-
tems which admits to find exact stationary solutions of the kinetic equa-
tions. In particular we investigate canonical-dissipative systems, where the
driving terms are determined by the Hamiltonian or other invariants of mo-
tion only. We construct systems which drive the system to special invari-
ants of motion and solve the corresponding Fokker-Planck equations. Fi-
nally several applications to mean-field problems for fermion and for boson
systems are discussed.
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1. Introduction

The development of the statistical mechanics of equilibrium systems was started
in the pioneering work of Gibbs and belongs to the great achievements of natural
science in the twentieth century [1-3]. The development of a corresponding statis-
tical theory of states far from equilibrium is still far from being completed [2,4,5].
We will show here that there exists a special class of open systems, the so-called
canonical dissipative systems, where an ensemble theory may be developed in a way
which is quite similar to the Gibbs theory [6-11]. This theory is closely related to
Klimontovich’s statistical theory of open systems on the one hand [5] and to the
theory of active Brownian particles [12-17] on the other hand. The main new topic
in this work is constructing a bridge to the semiclassical kinetic theory of quantum
gases proposed first by Nordheim, Uehling and Uhlenbeck [18,19]. Our approach is
based on the theory of canonical-dissipative systems which is an extension of the
statistical physics of Hamiltonian systems to a special type of dissipative systems
[6-11]. The term dissipative means here that the system is non-conservative and the
term canonical means that the dissipative as well as the conservative parts of the
dynamics are both determined by the Hamilton function H or by another invariant
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of motion. This special (and sometimes rather artificial) assumption that the dis-
sipative terms in the dynamical equations depend only on the Hamiltonian or on
certain other invariants of the motion of the system, permits us in many cases to
attain exact solutions even in far-from-equilibrium situations.

2. Dynamics of canonical-dissipative systems

We consider a many-particle system of f degrees of freedom ¢ = 1, ..., f with the
Hamiltonian H(q;...qfp1...ps) and assume Hamiltonian equations of motion

= _ 1
=——. 2

Let us assume that a solution of this system is known

pi =pit); @ = q(t). (3)

Geometrically seen this is a trajectory on the plane H = E = const, which is defined
by the initial conditions. The constant energy £ = H(t = 0) is given by the initial
conditions, which are (in certain limits) arbitrary. We construct now a canonical-
dissipative system with the same Hamiltonian by means of a nondecreasing function

g(H):

o Tl (Gl @)

The dissipative dynamics of the so-called canonical-dissipative system [6,10,11]
does not conserve the energy since

Wy (2 )

i

A more general class of canonical-dissipative systems is obtained by introducing,
beside the Hamiltonian, other invariants of motion. Let us assume that the driving
functions depend on some set of other invariants of motion I, I, Is, ..., I for example

e [y = H — Hamilton function,
e I, = P — total momentum of the system,
e I, = L — total angular momentum of the system etc. etc.

For the equation of motion we postulate

dpz N _8H _ 60(107[17[27 )
dt — 9g Opi '
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In the case of equation (4) the attractor is located at the zeros g(H) = 0, for the
dynamics given by equation (6) the attractor corresponds to the maxima of the
function G(1y, I, I5, ...). A simple ansatz reads

f

Gl Iy Lo, ) = Y ([k —I,S”), (7)

k=0

here the ¢;, are nonnegative constants and the I ,EO) denote the desired values of the
invariants which correspond to the attractor.

We consider now in more detail the case ¢ = g(H). Then, in regions of the
phase space where g(H) is positive, the energy decays and in regions where g(H) is
negative, the energy increases. First we study the linear case

g(H)=c(H-HOY). (8)

Any state with H(0) < H® will increase its energy up to reaching the shell
H(t) = HO® and any state with H(0) > H® will decrease its energy with a rate
proportional to the difference H — H®. The relaxation time up to reaching the
final value H(t) = H® is proportional to ¢!. The linear dissipative function (8)
has found applications in the theory of dissipative Toda chains [17]. On the shell
the trajectory obeys the original conservative canonical equation (2). This property
has been used in the above-mentioned work to get exact solutions for canonical-
dissipative Toda systems [17].

A more general dissipation function is

(1+A)m
14+ Aexp(BH)

g(H) =~ — 9)

Here A is a dimensionless constant, 79 > 0 represents the normal positive friction,
71 > 0 is a kind of negative friction and ( is a parameter with the meaning of a
reciprocal temperature. For v; < ~g the friction is always positive, i.e. energy is
extracted. For the opposite case v; > 7, we have negative friction and the system is
pumped with energy at least in the same part of the phase space. Let us concentrate
on this case which will allow us to drive the system to the far from equilibrium
situations. In the limit 5 — 0 and A — 0, the dissipative function reduces to the
linear case discussed above. For finite A we get a friction function investigated in
[12,13,15].

Using the generalized canonical-dissipative dynamics defined by equation (6), the
system may be driven to the maxima of the function G(Ig, Iy, I, ...) i.e. to certain
subspaces of the energy surface. For example we may fix, in addition to H, the
total momentum or the angular momentum or other invariants. Assuming quasi-
ergodicity we may assume that in the long run the measure of the trajectories is
equally distributed on certain shells around the surfaces

H(q1...qfp1...ps) = const (10)
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Ii(qr...qsp1..pg) = const, k=1,2,...,. (11)

Assuming the ergodicity of the dynamics we may postulate microcanonical ensembles
assuming that the probability density is constant on the shells

1 1
I, — §5Ik < Du(queqepr--pyp) < I + §5Ik- (12)

This means that the density is concentrated on certain shells in the phase space.
The relations known from equilibrium dynamics are not valid [1]. Fluxes may be
prescribed as far as they are expressed by invariants of motion. We note that this
formalism is in particular well adapted to the case of integrable systems like the
Toda systems, where f integrals of motion are explicitely known [17].

3. Canonical kinetic equations

The simplest way to formulate a kinetic theory is to introduce noise into the
dynamic equations which leads to Langevin equations [5].
dp; OH 0H
=————g(H)
de 9q; Opi
Here &(t) is a delta-correlated white noise. The essential assumption is, that noise and

dissipation depend only on H. The following Fokker-Planck equation corresponds
to the Langevin equation

ap ap OH 0p 0 OH dp
— — — = H D . 14
ot - sz 9q; Z Op; Op; Z Ip; [g( )apz‘ P Op; ( )

The special structure of the dissipative and noise terms permits to find exact
stationary solutions in the following form

+ (2D(H))'%¢(1). (13)

( )= tesp (- [ am SUT) (15)
pr) = exp [ — :
pold1---4fpP1..-Py P o D(H')
The derivative of py vanishes if g(H) = 0. This means the probability is maximal
at the surface H = F. This may be approximated by a microcanonical ensemble of
the type formulated in the previous section.
For the special case of a linear dissipation function we find the stationary solution

po(q..-qsp1...pp) = Q' exp (W) . (16)
We mention that for these ensembles the standard equilibrium relations between
energy, entropy and temperature are not valid, the mean energy and the energy
dispersion being independent quantities.
The driving function given by equation (9) in combination with D(H) = D,
leads to the distribution

_ G91 1 1
gepps) = Qe <— 0 [H+<———)1o 1+dHD. 17
po(qi-..qrp1...pf) = Q@ exp Dud, o g( 1 H) (17)
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The same distribution follows from the combination of a linear driving

g(H) =Go(1+g:1H) (18)
and a linear noise function

D(H) = Do(1 +dH). (19)

The existence of exact solutions for the probability distributions allows us to
calculate several thermodynamic functions as the mean energy and the entropy.
Further a Lyapunov-functional (the Kullback entropy) exist

Klp, po] = / dqy...dggdp,...dpsplog[p/ po] = 0. (20)

This non-negative functional is always nonincreasing and the relation

dK[p7 /)0]

<0. 21
& (21)

describes a monotonic relaxation to the stationary state. This unequality guaranteess
the uniqueness of the stationary solution.

4. Mean-field fermion-boson systems

The only case of canonical-dissipative systems which was studied in detail so far
is the theory of active Brownian particles without interactions [13,16]. The theory
reduces then to a one-particle problem since P(1,2,...N) = IIP(i). We assume for
the one-particle Hamiltonian (with m = 1)

H; = pj/2. (22)

Therefore all noninteracting systems with g = g(p?) are of canonical-dissipative type.
We mention that Fokker-Planck equations for such systems with nonlinear friction
have already been discussed in detail by Klimontovich [5].

In our earlier work we studied the special dissipative function closely related to
equation (9)

qd
c+2dH

This model describes the driven particles which possess an energy depot. Assuming
for the noise an Einstein relation D = k77, the distribution functions and several
kinetic characteristics such as the mean square displacement were calculated [16].
Further several results for the one-particle dynamics in parabolic fields were obtained
[13,16]. Instead of an external field we introduce here a mean field generated by the
particles themselves.

g(H) = — (23)
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Let us consider physical particles in a 3d-space with the coordinates 7 and mo-
menta p° = m7 and assume that the one-particle dynamics is generated by the

mean-field Hamiltonian )
o= yu@), (24)

2m

where U is the self-consistent Vlasov field
U) = Vi) + [ V(=) [ 557 2

Here the interaction potential should be integrable such as the Coulomb field. We
generate now a one-particle dynamics, corresponding to this mean-field Hamiltonian
by

dp’ ou -

— = ——— — g(H)p+ (2D)V3(t 26

L — g+ (2D) () (26)
with the dissipative functions

(1 +An
1+ Aexp(BH:)

g(Hy) = (27)

We will show that this system generates a nonequilibrium Thomas-Fermi-type
dynamics. For that instance we begin with a special choice of the parameters namely

(1+A)n =%, (28)
A = exp(—p), (29)
D=Dy= nz—oﬁ (30)

Here (3 is the reciprocal temperature of the physical system and p the chemical po-
tential. The friction constant 7q is then the only remaining nonequilibrium constant
which determines the time of relaxation to the stationary state; in our phenomeno-
logical approach ~q is a free constant which might be adapted to the physical system
we would like to study. For Coulomb systems a reasonable choice for the effective
friction may be the Landau approximation [5]

net Kmax

Yo = const, - log

(kB,I‘)B/2 kmin ’

(31)

where e is the charge and kpax, kmin are maximal/minimal parameters of the scat-
tering process.

We note that our system is not an active system since g(H;) is always non-
negative. In other words the special mean-field system we have defined is not a
nonequilibrium system, its stationary solution should correspond to equilibrium sit-
uations. At the first glance the system defined this way is not very physical. How-
ever, it has a very interesting property of its stationary solution relating to the
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Thomas-Fermi distribution. Indeed the Fokker-Planck equation corresponding to
equation (26) which reads

Op(7, P)
ot

possesses the stationary solution

p(7,0) = fo(H1)

+0Vep = ViUVpp =V, [pg(H)p + DoV yp] (32)

1
1 + Aexp(Bp?/2m + BU(F))

Substituting here equation (29) we find the Thomas-Fermi distribution with x4 being
the chemical potential. Rewriting equation (27) in the form

g(Hy) = 0(1 = fo(H1)) (34)

we clearly see the physical reason for the realization of the Thomas-Fermi distri-
bution: In the parts of the phase which are unoccupied fy = 0 the particles feel a
normal friction vy whereas particles in the occupied parts fy ~ 1 feel an additional
acceleration which removes them from the occupied parts of the phase space.

(33)

We note that the choice proposed above is not unique, all combinations %
with the property
9(Hi) 1
= 1— fo(H 35
D(Hl) k’BT ( fO( 1)) ( )

lead to Thomas-Fermi distributions.
The method may be easily transferred to the dynamics of particles with Bose
statistics. Using the following value for the constant A:

A= —exp(—fp) (36)

we get the friction function

1
§Fh) =% <1  1—exp(BH, — BM)) ' (37)

Then our Fokker-Planck equation (32) possesses the exact stationary solution

o 1
ARP) = Do) = o B am + UG — B — 1 .

which is a Bose distribution.

We do not claim here that this simple model of fermionic or bosonic dynamics
gives the correct kinetic properties but it provides at least a relaxation to the correct
thermodynamics and may therefore be used like a Monte-Carlo method. We mention
that our method is in the same spirit as the ad hoc ansatz for kinetic equations of
quantum particles which was proposed around 70 years ago by Nordheim, Uehling
and Uhlenbeck which is still used in many recent applications [20,21].

It may be worth mentioning that the realization of the symmetry effects in many
particle simulations is by far not a trivial task [22].

The range of applicability of the new method presented here however remains
open and needs further detailed investigations and numerical experiments.
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5. Discussion

This work is devoted to the study of canonical-dissipative systems which include
dissipative effects in a rather special form. Our main aim was
(i) to find exact solutions for model equations, with an arbitrarily prescribed energy:;
(ii) to discuss several variants of dissipative effects including active friction;

(iii) to derive explicite solutions for the stationary distribution functions;
(iv) to discuss possible applications to mean-field quantum gases.

We started our work from the Hamiltonian theory for conservative mechanical
systems. In order to extend the known solutions for conservative systems to non-
conservative systems we used the general theory of canonical-dissipative systems.
Special canonical-dissipative systems were constructed which solution converges to
the solution of the conservative system with the given energy or other given invari-
ants of motion. In this way we are able to generate states with prescribed energy.
Given any initial condition, the system we have constructed will converge to the so-
lution of the Hamilton equations on an energy surface which we can give in advance.

Further, we constructed and analyzed several special ways of dissipative effects.
Among the possible applications we stressed here in particular a new way to model
the Pauli principle in a semiclassical way by means of special dissipative effects.
There is no space here to explain in more detail other interdisciplinary applications of
the theory of open systems with supply of free energy. Let us give just the references
to three interesting trends related to modelling the biological mobility [12,23,24].

The author would like to thank R.Graham, J.Ortner, Y.Pomeau and H.H. Wolter
for discussions.
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KaHoHiYyHa HepiBHOBaXKHa CTaTUCTUKA | 3aCTOCYBaHHS
no Pepmi-bose cucrem

Y.E6eninr

IHCTUTYT di3nkn, yHiBepcuTeT N'ymbonbaTa,
D-10115 bepniH, HimewunHa

Otpumano 20 niotoro 2000 p.

MeTolo uiei poboTV € BUBYEHHS OCOBNMBOrO Kacy HepiBHOBaXHUX CU-
CTEM, KNI O0MYyCKae 3HaXOMKEHHHA CTauioOHapHWX PO3B’A3KIB KiHETUY-
HUX PiBHAHb. 30KpEMa, M1 AOCAIAXKXYEMO KaHOHIYHO-ANCUNATUBHI CUCTE-
MW, B IKUX BeOy4i Y1eHN BU3HA4Yal0TbCA raMifiTOHiaHOM abo iHLLIMMWN iH-
BapiaHTaMu pyxy. Mun 6yayemMo cuctemu, ski NpMBoasSTb CUCTEMY 0,0 OCO-
OnMBUX iHBapiaHTIB pyxy, i PO3B’A3yEMO BiAMNOBIAHI piBHAHHA (Pokepa-
MnaHka. HapeLwTi, M1 06roBOpOEMO AEesiKi 3aCTOCYBaHHS 40 CEPeAHbO-
NonboBUX Npobnem s cuctem GpepmioHiB i 6GO30HIB.

KniouoBi cnoBa: cratnctnyHa mexaHika, aHcambJii, PiBHSIHHS
dokepa-lnaHka, cepenHe nosne, pepmioHn, 60O30HN

PACS: 05.40.4j, 05.45.+b, 05.60.+w, 65.50.+m
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