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Kinetic theory of non-hamiltonian statistical ensembles
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A nonequilibrium statistical operator method is developed for ensembles of particles obeying non-Hamiltonian
equations of motion in classical phase space. The main consequences of non-zero compressibility of phase
space are examined in terms of time-dependent dynamic quantities. The generalized transport equations
involve the phase-space compressibility in a non-trivial way. Our results are useful in molecular dynamics
simulation studies as well as nonequilibrium or quasiclassical approximations of quantum-classical dynamics.
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Theoretical interest in the non-Hamiltonian motion appears in the early works [1-3], where
it was realized that the constant-temperature simulations require the introduction of additional
non-Hamiltonian acceleration into dynamical equations. This has opened new research directions
associated with extended systems. For the past few years the physics of non-Hamiltonian systems
was partially developed for molecular dynamics simulation purposes [4-7,9]. Particular applications
of non-Hamiltonian dynamical systems are overviewed in a recent paper [10], where the authors
exploit their formulation of non-Hamiltonian statistical mechanics [11]. In this regard it is also
important to mention the interesting studies of mixed quantum-classical systems [12-16], where
the non-Hamiltonian behavior plays an essential role.

One of the most popular non-Hamiltonian ensembles is the so-called Nosé-Hoover chain [6]. In
case of two thermostat variables, the corresponding Hamiltonian is

P P, Ph
I]‘lNH*77/n‘i’2]\4n1 +m

+V(q) + gkyT (01 + n2), (1)

where 7; and p,,, are the conjugate thermostat variables, g is the number of degrees of freedom,
T is the thermostat temperature. It can be shown that the Hamiltonian (1) is conserved by the
following (non-Hamiltonian) equations of motion:

i= = 2)
o= j’}— (3)
p = —%;p - axgéq) : (4)
Py = %2 — gkT — py, ]]Z]; : (5)
Py = ]]j;l — gk T (6)

In real MD simulations the particular choice of non-Hamiltonian ensemble can vary depending on
the physical problem under study. But all of them can be described in general formalism we present
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here. Recently using a generalization of the symplectic form of the Hamilton equations of motion
the authors of [17] showed that there is a unique general structure that underlies the majority of the
equations of motion for extended systems. Furthermore, Sergi [18,25] proposed a consistent theory
of statistical mechanics for non-Hamiltonian systems under equilibrium conditions. The tempting
feature of the theory [17,18,25] is that it is based on the introduction of a suitable Poisson bracket,
and has the general structure of classical formalism [19] with a natural appearance of the nonzero
phase-space compressibility. The main feature of the systems of interest is energy conservation,
which is a reason for non-Hamiltonian behavior. Therefore it is interesting to consider the situation,
when the energy is still conserved, but the system itself is out of equilibrium, particularly when
the dynamical quantities explicitly depend on time.

The starting point in describing the non-Hamiltonian statistical ensembles is the introduction
of the proper non-Hamiltonian Poisson bracket:

{Am,cm)} = Z (%vl zk (7)

where x = (¢,p) = (1,92 - - - qN; P1, P2 - - - pv) is the 2N-dimensional vector in phase space, A(t) and
C(t) are arbitrary dynamical quantities (we allow them to depend on time explicitly), B, = — By
is an antisymmetric matrix, whose elements are functions of x and, possibly, time. Following [18]
we write the equations of motion in standard form #; = {z;, H}, where H is the Hamiltonian,
which is a constant of motion by construction due to antisymmetry of the matrix B;y.

The main feature of the non-Hamiltonian system is the failure of the Jacobi relation, which
implies that the algebraic relations between phase space variables, being constructed by means
of the bracket, are not invariant under time translation. This is formally a consequence of our
requirement for equation (7) and the standard equation of motion to be satisfied simultaneously.
By defining the Liouville operator

iiA =B, gA SH RS

we obtain the generalized Liouville equation (see [17]) in the form

2 pla.pt) =~ (iL + ) pla, i), 0

where

B Z 0B;; OH
dx; Ox;

is the phase space compressibility. For the purpose of generality we also allow it to depend on time
explicitly (through B;;). Particularly, to determine the matrix B;; (and therefore ) it is useful to
write the equation of motion in the form

2N
. OH
Jj=1

For the particular ensemble, described by equations (1)-(6), we obtain

0 0 0 1 O 0
0 0 0 0 1 0
B— 0 0 0 0 O 1
-1 0 0 0 —p 0 ’
0 -1 0 p 0 -—py,
0 0 -1 0 py 0
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so that compressibility can be calculated as

K= — D, _ Py
M’h Mﬁz

In general for a system of N identical particles (more exactly for N degrees of freedom) we
define the statistical time-dependent average as

W' =3 [ Avla.pOpn(am Oy = Te{Alg.pit)ola. ) (9)

where An(q,p;t) denotes the dynamic variable A for a system of N particles, i.e., A(q,...,qnN;
D1,...,PN;t), dl'y is the element of phase volume, which is assumed to be an invariant measure.
For the discussion of the proper choice of the latter, see e.g. [10,11].
The time evolution of an arbitrary dynamical variable obeys the usual equation

dA 0A 0A .

— =—+{AH}=—+1iLA. 10

@~ o TAM =Gt (10)
An interesting consequence of the absence of time-translation invariance is that the average deriva-
tive of a dynamical variable is not necessarily equal to the derivative of its average. In fact, taking
into account equation (8) we obtain the relation

LI / (8(;1 e _HA) ., (11)

or, alternatively

aa\’ )
<dt> = S+ A (12)

Equations (11) and (12) are particularly important in identifying the real measured mean quan-
tity. Another important peculiarity of non-Hamiltonian systems follows if one is interested in the

time evolution operator for the initial statistical distribution p(g,p;t) = (;) (t,t")p(g,p; 0). Fol-

lowing the standard procedure [20] we obtain the time-ordered evolution operator Uj(:) (t,t') in the

following form
t

UL (t,4)) = expy 7/ <1E(T) + H) dr ¢, (13)
o
where exp, denote the correspondingly time-ordered exponents. We emphasize that the evolution
operator in equation (13) does not describe the evolution of dynamic variables. Equation (10) gives
A(q,p;t) = UL(t,¥')A(g, p;t'), where
¢

UL, ) = U (t,t) = expy i/i(r)dr . (14)

t

Let us suppose that the given nonequilibrium non-Hamiltonian ensemble can be characterized
by the average values ((,)! of a finite set of dynamical variables {¢,(¢)}. Then the time evolution
of the nonequilibrium macroscopic state is described by the generalized transport equations (see
equations (11) and (12))

8<§Z>t = T { (G = #Gu) p0) } = T {({Gu 1) = 5G) p(1)} (15)

where the trace operation is defined in equation (9). Let p(¢) be a trial statistical operator, such that
(Cn)t = Tr (Cap(t)), and Tr (p(t)) = 1. We choose the entropy functional in the standard form [20],

S[A(1] = =T ((t) I p(1) = Y @u(O)Tr (Cap(t)) — AE) Tr(), (16)
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where @, (t) and A(t) are the corresponding Lagrange multipliers. We have to emphasize, however,

that our choice of entropy functional (16) is not rigorously justified. We just suppose it to have the

structure similar to the Hamiltonian case. Alternative entropy functionals are discussed in [10,11].
Varying (16) with respect to the trial distribution p(¢) we obtain the relevant distribution,

pr = exp {—é(t) - an(t)én} ; (17)

where ®(¢) is the Massieu-Plank function. Here we use the notion “relevant” following Zubarev
[20-22] for the distribution that maximizes the entropy functional (16) at a particular time. The
relevant distribution is not yet the required nonequilibrium distribution because, in general, it does
not satisfy the Liouville equation. Nevertheless, as shown below the relevant statistical distribution
will serve as an auxiliary distribution to determine special solutions of the Liouville equation that
describe irreversible macroscopic processes.

The Lagrange multipliers ¢,, are determined from the self-consistency conditions,

<Cn>t = <Cn>i =Tr (Cnpr(t))’ (18)

so that S(t) = ®(t) + >_,, ¥n(t){(¢s)t. The meaning of the nonequilibrium entropy is the same as
the corresponding entropy in the Hamiltonian systems [20,21]. Contrary to the Gibbs entropy, S(t)
can change in time. Let us demonstrate the specific feature of this entropy in the non-Hamiltonian
system by calculating the derivative

ds(t 3S(t) 0(¢,)t 0t :
- a 5<<,(L>)t o =2 en 5 :zn:%“{(("‘“@ o0} (19)

Tt seems confusing that d.S(¢)/dt # 0 even for constant ¢, due to the compressibility of the phase
space. Of course this is misunderstanding, because the entropy and its evolution are essentially
determined by the mean values of (,, and by the derivatives of their mean values. This is particularly
important in applying the theory since the interpretations of the desired quantities depend on the
definition of the averaging procedure.

To find the formal solution of the generalized Liouville equation (8), we assume that at some
initial instant of time the distribution coincides with the relevant one (17), satisfying the self-
consistency relations (18). Following the method proposed by Zubarev [22], the retarded solution
of the Liouville equation in our case is found by solving the following perturbed equation

O00) (1L + ) (1) =~ (ol1) — pr(1) 20

with € — 0 in the final expressions. The formal solution of the initial Liouville equation (8) reads

t

)= lime [ oD (21)

— 00

Integrating equation (21) by parts we arrive at

t
p(t) = pr(t) — el—i}-r&-l()e / e_(e-‘rn)(t—t/)e—i(t—t/)i, (;t/ +il + I€> pr(tl)dtl. (22)

—00

In principle equation (22) answers the question how to construct nonequilibrium distribution, which
is a functional of dynamic variables and the phase space compressibility, if the system develops
from a relevant state.
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Let us further write the statistical operator as a sum of relevant distribution and local-time
deviation p(t) = p,(t) + Ap(t), so that equation (20) becomes

(;+iﬁ+n+e> Ap(t) = — (;+iﬁ+n) pr(t). (23)

Then, keeping in mind that p,(¢) depends on time only through the relevant variables (,, we can
calculate its time derivative

dpr(t) dpr(t) a<<n>t dpr(t) ;
T (S L TR 5<<n>tTr{<<""‘C">p(t)}

_ 5pr Ip(t) | _ dpr(t) 7
— Z {cn ) S {gn (IL + /{) p(t)} ()
We define the Kawasaki-Gunton operator [23] in the standard manner

épr( )

PrcA = pr(t)TrA + Z Tr(AG,) — <<n>tTrA} . (25)

Using the relations Tr{iLp(t)} = 0, Tr {p(t)} = —(k)?, one can prove that the projection operator
(21) conserves its features in the non-Hamiltonian case, namely Pra(t)p(t) = pr(t), Prxc(t)p(t) =
pr(t). Equation (24) can now be rewritten in the projected form

dpr(t)
ot

= ~Pra(t) (il + ) olt). (26)
Inserting equation (26) into equation (23) and integrating over time, we obtain a solution for Ap(t)
as follows

t

Ap(t) = — / e~ IUM (4 1) Okt )(1L+/<;) (t)dt, (27)

— 00

where Qe =1 — Pk, and (compare with equation (13))
¢
Uﬁﬁ)(tﬂf/) =expq — / Qra(t) (1i + H) dr 3. (28)

Equation (27) allows us to express the right-hand side of equation (15) in terms of relevant distri-
bution, i.e. in terms of variables (¢, )!. So we get the closed set of generalized transport equations
for observables.

To obtain more transparent equations we define the entropy operator

)+ on(t)ialt)

so that p,(t) = exp{—S(t)}. Introducing the Mori projection operator [24]

PaAd = () 3 5 (- 6. (20)
which satisfy the identities P2,(t) = Pas(t), Par(t)¢n = Cn, one can prove the relation

Qe () { (L + w)p, | = Qui(t) { —iLS} . (30)
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where Qp(t) = 1 — Pus(t) is complementary to the Mori projector (29). Now the generalized
transport equation (15) reads

(e = oGt + T { @) (6 — wa) Ao} (1)

where Ap should be taken from equation (27). It is useful to define new dynamical variables
(generalized fluxes)

Zn(t) = QM(t) (Cﬂ - HCn) ’

which are orthogonal to the space of relevant variables in the sense that PpZ,(t) = 0. The
variables 7, (t) determine the effects of macroscopic degrees of freedom of the evolution on the
nonequilibrium state of the non-Hamiltonian system described by a set of relevant variables and a
given phase space compressibility &.

Incorporating equations (27), (30), and (31) we obtain the final result for the generalized trans-
port equations

t

t
%<Cn>t:%<§n>i+z / e—e(t—t’)fDmn(t’t/)wn(t/)dt/+ / e_e(t_t/)-'fmn(t,tl)dtl, (32)

— 00

where

Donn(t, ) = Tr { T (UL (4, 8) T (¢ ) (1) } (33)

are the normal generalized kinetic coefficients, and

Fn(t,t') = Tr {Im(t)UT(”) (t,t")Qur(t)k <Z OnCrn — 1) pr(t')} (34)

are the effective forces determining the anomalous contribution into the system evolution associated
with nonlinear phase space compressibility.

The last term in equation (32) is associated with the absence of time-translation invariance of
the process due to non-Hamiltonian behavior, while the second term is due to the nonequilibrium
process itself. It does not vanish even when x = 0, and coincides with the well-known result for
Hamiltonian ensembles. These terms demonstrate the general structure of the solution and clearly
show the contributions from two physically different processes. In practice equations (33) and (34)
can be used with standard simplifications for particular systems. However, we should note that our
formalism could be safely used if the reference system is too close to equilibrium. In particular, the
choice of the entropy functional in equation (22) is unlikely to be well justified.

In conclusion, we have proposed a possible realization of the nonequilibrium statistical me-
chanics for ensembles of particles obeying non-Hamiltonian dynamics. Starting with the non-
Hamiltonian Poisson bracket (7) and the equations of motion in standard form, we derived the
basic relations for time-dependent dynamical variables with conserved Hamiltonian. Introducing
the reduced description method in analogy with Hamiltonian dynamics we found the retarded
solution (22) of the generalized Liouville equation (8). We emphasize, however, that equation (22)
is a specific solution, rather than general, and it describes the evolution from a specific auxiliary
relevant distribution (this is reflected in the introduction of parameter €). Using the projection
operator technique we obtained the generalized transport equations (32), which contain two phys-
ically different contributions due to the statistical irreversibility (33) and the time-irreversibility
(34) associated with non-Hamiltonian features of the system.
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KiHeTu4Ha Teopia HeramisibTOHOBUX CTaTUCTUYHUX aHCaMOniB

A.B.Xykos?, XX.Kao?!

1 Ximiurnii dakynbTeT, MacayyceLbknii TEXHONOTYHUIA IHCTUTYT, Kembpioxk, MA 02139,CLLA
2 XimiqHui dakynbTeT, yHiBepcuteT 3axigHoro OHTapio, JloHooH, OHTapio, N6A 5B7, Kanapa

OTpumaHo 21 BepecHsa 2005 p.

Po3BMHYTO MeToA, HEPIBHOBAXHOIr0 CTAaTUCTUYHOIO onepartopa AJis aHcambiiB YacTUHOK, SKi MiaKopsito-
TbCA HErAMINILTOHOBMM PIBHAHHSAM PYXy B KacuyHoMy da3oBoMy npocTopi. OCHOBHI HACNIAKM HEHYNBO-
BOi CTUCNMBOCTI pa30BOro NPOCTOPY BUBYAIOTLCS HA MOBI YHaCOBO3aNEXHUX AUHAMIYHUX BEJIUYMH.

Knio4oBi cnoBa: HeramisisTOHOBI CUCTEMU, HEPIBHOBAXHWI CTATUCTUYHWI onepaTop, gopmariam
3ybapeBa, MoneKkyspHa AMHamika

PACS: 05.20.-y, 05.20.Gg, 82.20.-w
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