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ABSTRACT

Recently it has been proved that equalities like <é(t)6(0)> =
—d2<a(t)b(0)>/dt2 are in general not wvalid in stationary
ensembles; here a and b are dynamical variables of the particles.
In this paper we put forward the first evidence of the new effect
by investigating the nonstationary behaviour of electric field
induced cross-correlation functions in the 1laboratory frame of
reference. It is found that there is a large effect in the
subpicosecond time range as predicted in the original analytical

paper by Chatzidimitricu-Dreismann.

*Present address: IBM 48B/428, Neighborhood Rd., Kingston, NY
12401 (U.s.Aa.)

0167-7322/88/%$03.50 © 1988 Elsevier Science Publishers B.V.



8

INTRODUCTION

In the theory of correlation functions in classical ensembles
[1] at thermal equilibrium (or, more generally, in stationary
ensembles) the theorem

. - a2
<a(t)b(0)> = - —=«¢ b(0)>
(£)b(0) ac2 a(t)b(d) (1)

seems to hold true very generally. Here a and b are dynamical
variables [2]. A proof of (1) is given by the following
derivation:

a%ca(t)b(0)>/dt? = A<A(L)B(0)>/at = dA<a(0)b(-t)>/dt
=—<a(0)B({~-t}> = —<a(t}b(0}>.

However Chatzidimitriou-Dreismann has shown recently [3] that (1)
can be vioclated, if the dynamical wvariables depend on a small
number n of degrees of freedom of a N-particle condensed system
(n-10%%), and if sufficiently short times are considered. It also
has been shown that the difference between the two terms appearing
in (1) is intimately connected with the BBGKY hierarchy [2]. In
more physical terms, the wviolation of (1) is due to s-particle
correlations, where n < § << N.

The recent study [3] of (1), in the context of classical
statistical mechanics, has been motivated by an earlier gquantum
mechanical consideration [4] of the "autocorrelation case" a=b of
(1), in connection with (i) the fundamental criticisms of standard
linear response theory [5] made by van Vliet [6] and van Kampen
[7] and (ii) the physical context of far-infrared absorption in
molecular liquids.

The wviolation of (1) for the special case a=b was checked
very recently by Evans [8] using numerical integration of the
rotational velocity autocorrelation function f{a.c.f.) resulting
from a 108 particle computer simulation under widely varying
conditions. In this numerical work [8), the rotational velocity
a.c.f, was fitted to one part in a million accuracy for all ¢t
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using a twenty five term Chebyshev polynomial expansion. The
Chebyshev polynomial was then integrated twice with a numerical
routine from the Numerical Algorithms Group Library [9] (N.A.G.)
to give the polynomial representation of the orientational a.c.f.
The resulting 27 term Chebyshev polynomial differed from the
orientational a.c.f. produced by caomputer simulation to a few
parts in a thousand, about three orders of magnitude greater than
the estimated numerical accuracy of the integration routine. 1In
this paper we present evidence for a much larger Dreismann effect
in laboratory frame cross-correlation £functions {c.c.f.) of the
type <J(t)vT(0)> where J is the molecular angular momentum and v
the center ©f mass linear velocity of a water molecule. C.c.f.'s
such as these only exist ([10] in the laboratory frame 1in the
presence of a uniaxial electric field which may be employed to
keep the sample out of thermodynamic equilibrium but statistically
stationary. Under these conditions, theoretical considerations
based on ref. 3 predict that the theorem (1) is least valid, i.e.
there is a large predicted Dreismann effect. In this paper it is
shown that the numerical technique mentioned above produces under
these conditions a Dreismann effect in the angular momentum a.c.f.
of a few parts in a thousand, but in the c.c.f. the effect is much
larger, a few percent or more at times a few tenths of a
picosecond from the time origin. This effect 1is obtained by
fitting the torque/force lab. frame c.c.f. to a few parts in a
million, or less, using the twenty five Chebyshev expansion, then
integrating numerically [8] twice to give the angular
momentum/linear momentum c.c.f. under the same conditions.

The technigue of molecular dynamics computer simulation was
used to generate the original c.c.f.'s in a sample consisting of
108 water molecules held out of equilibrium with an intense z-axis
electric field. The computer technigque used to generate this
stationary nonequilibrium sample is described in detail elsewhere
in the literature ({11-16], but a brief description of the
numerical methods is given here in summary form.
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NUMERICAL METHODS

The algorithm used for the computer simulation in this letter
is available on request and described fully in the literature [11-
14]), together with the modifications needed [15,16] for the field
on work. The algorithm integrates the equations of motion for 108
water molecules represented by a Lennard-Jones atom/atom potential
with partial charges arranged in the ST2 configuration [17]. The
model parameters are

e/k{0-0) = 58.4 K; ¢(0-0) = 2.8 &;

e/k(H-H) = 21.1 K; o(H-H) = 2.25 &;
g/k(0-H) = [%(0—0 '%(H-H)]l/z:
a(0-H) = %(o(o—o) + o(H-H));

together with the original ST2 charge/charge interactions. The e/k
and ¢ parameters above are the usual atom/atom Lennard-Jones
parameters. The time step used was 0.5 femtosecond at room
temperature (293 K) and one har input pressure. The energy of the
electric field applied was equivalent to 12.5 KT, producing an
alignment in the sample equilvalent to <gA> = 0.97 £ 0.005, where
e is a unit vector in the dipole axis of the water molecule. With
no Ewald corrections the mean configurational energy at 300 K,
molar volume 18.07 cm3/mole, for a typical segment of about 1000
time steps, was 35.5 kJd/mole. This compares with 34.3 kJ/mole at
314 K obtained by Stillinger and Rahman [17] in the absence of
Ewald corrections. For two body interactions the inclusion of
Ewald sums by Clementi [18], for example, reduces the total
configurational energy. After equilibration, rise transients and
fall transients to and from a nonequilibrium configuration can be
generated using the technique developed by Evans [15,16] and
described fully elsewhere. Essentially speaking, the application
of & uniaxial static electric field E in the lab. frame z-axis
produces the torque —g,XE on each molecule in the absence of any
polarisability effects. If the unit vector e, is defined in axis 2

A
the equilibrium average <gp”> becomes non zero as a result of this
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torque. The field is applied at t>0 and the rise transient brings
the sample to a stationary but nonequilibrium condition in the
sense that the potential energy is higher than it would be in the
absence of the field.

NUMERICAL CURVE FITTING AND INTEGRATION

The methods adopted to test the theorem of ref.3 numerically
were as follows. The force/torque lab. frame c.c.f. was first
fitted to one part in a million with the N.A.G. routine EQ2ZAGF.
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Fig.l: Simulated and fitted torque/force c.c.f.'s in the
laboratory frame (x,v,z) for an applied z-axis electric field.
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The simulated and fitted quantities are indistinguishable on the
scale of this figure.
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The Chebyshev polynomial was then integrated numerically using th
routine EC2AJF to provide the angular momentum/momentum c.c.f. Th
two c.c.f.'s in the computer simulation are not relate
analytically via a second derivative thecrem {1) but the twent
seven term Chebyshev polynomial from the numerical routine EQ2AJ
is the precise double integral of the original twenty five ter
polynomial. The precision of the fitting to the (x,y) and {¥,X
components of the force/torque c.c.f. is so high that the tw
curves (the simulated ¢.c.f, and the fitted Chebyshev polynomial
are indistinguishable on the scale of fig.l. The violation of th
basic theorem (l) for cross correlation functions in the 1lab
frame is then measurable by comparing the simulated and numerica:
c.c.f.'s of momentum/angular momentum, and this is describec
further as follows,

RESULTS AND DISCUSSION

Fig.2 compares the angular momentum/momentum c.c.f.'s deriveé
as above, and it is clear that the two curves are not the same ir
time dependence. In Fig.2a is illustrated the (x,y) component of
<TE) et (0)>/(<I%><v?5)1/2, both from the simulation (solid curve)
and the numerical integration (dashed curve). The divergence
begins at about 0.05 ps and becomes progressively greater as time
increases. At about 0.08 ps the size of the effect under

consideration reaches about 50 percent, and is therefore twc

orders of magnitude greater at this point than the equivalent in
a.c.f.'s discussed already.

Because the applied field is in the lab. frame =z-axis the
(y,x) component of the considered c.c.f. also exists and is the
mirror image of the (x,y) component, see fig. 2b. The Dreismann
effect is alsc seen clearly in this component of the field induced
lab. frame c.c.f.

Therefore this paper and its results are presented as the
first evidence for the existence of the nonstationary effect
between c.c.f.'s of the type predicted analytically [3]. We note
that only one segment of the simulation run has been used but that
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Fig. 2a.

l: Simulated angular
momentum/momentum
¢c.¢.£.,{x,y) component.
2: Calculated angular
momentum/momentum
c.c.f. as following
from double integration
of the fitted torgue/
force c.c.f., (X.,y}
component.

Fig. 2b.
As for figure 2a;
(y.x) component.
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is a sufficient and also necessary condition for the test of th
theorem of ref.3 as carried out with the numerical integratio
method developed here. Indeed it would be inconsistent to us
anything for this test except one segment (of 466 records each o
two time steps) because the simulated force/torque ans
momentum/angular momentum c,c.f.'s must necessarily have bee:
computed by running time averaging over precisely the same set o
trajectories. Also taking into account that the double integratec
{27 term) Chebyshev polynomial must be the precise numerica
double integral of the 25 term polynomial then there is nc-
alternative but to conclude from the divergence of £ig.2 that the
simulated c.c.f.'s do not obey theorem (1), thus according witl
the theoretical result of ref.3.
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