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The forward—backward semiclassical dynami€8SD scheme for obtaining time correlation
functions shows much promise as a method for including quantum mechanical effects into the
calculation of dynamical properties of condensed phase systems. By combining this scheme with a
discretized path integral representation of the Boltzmann operator one is able to calculate correlation
functions at finite temperature. In this work we develop constant temperature molecular dynamics
techniques for sampling the phase space and path integral variables. The resulting methodology is
applied to the calculation of the velocity autocorrelation function of liquid argon. At the chosen state
point the FBSD results are in good agreement with classical trajectory predictions, but the existence
of a non-negligible imaginary part of the correlation function illustrates the importance of proper
density quantization even under nearly classical conditions2003 American Institute of Physics.
[DOI: 10.1063/1.1580472

I. INTRODUCTION some of the degrees of freedom involved. This approxima-

One of the long-standing problems in chemical physicst?or_' reduces the oscillatory gharfa\cter of the int.egral substan-
is the inclusion of quantum mechanical effects in the dynamlility at the expense of eliminatin@t least partially quan-
ics of condensed phase systems. The calculation of the relum interference effects. In condensed phase systems the
evant correlation functions is an extremely difficult task. Di- effects of such interference are usually insignificant because
rect solution of the time-dependent Saotirmyer equation is Of extensive decoherence. In such cases the forward-
unfeasible because of the well-known exponential scalingpackward semiclassical approximation is both well-justified
with the number of degrees of freedom, and approacheand accurate.
based upon Monte Carlo evaluation of Feynman'’s path inte-  Certain forward—backward semiclassical approximations
gral method fail because of the “sign problem.” to time correlation functions or expectation values take a

In recent years the use of time-dependent semiclassicguasiclassical form, and recent wdtkR*>*has incorporated
theory"?as a practical way of including quantum mechanicalfylly quantum mechanical discretized path integral proce-
effects into classical m_olegéjlar dynamics simulations has regyres for evaluating the necessary phase space transforms of
ceived renewed attention>® The semiclassical approxima- the Boltzmann operator. This paper is concerned with further

tion provides an attractive method for both practical and f“”'developments of the forward—backward semiclassical dy-

damclenta.l relatso_ns.thcause Semlclabstspal m‘?cth"’,‘tr,“cs IS gaﬁ%%ics(FBSD) method developed in our grodp3® which
on classical trajectories, one can oblain an Intuitive un erFPake the method more efficient as well as compatible with
standing of the dynamical process being investigated, as wel . . o

. - state-of-the-art classical trajectory methods. Specifically, the
as taking advantage of the efficient and well-developed mo- resent paper advances that methodoloav by develoning con-
lecular dynamics technology. P pap gy by pIng

The use of semiclassical methods has however beera/t lemperature molecular dynamig4D) algorithms for

plagued by some serious difficulties. Perhaps the most seve?é/alu_e_ltmg the integre}Is associatfad with the traject'ory initial
of these is again the sign problem, i.e., the inability of Monteconditions and path integral variables. The combined MD-
Carlo methods to handle oscillatory integrands; such beha-BSD method is applied to the calculation of the velocity
ior is the hallmark of the semiclassical phase, and the verfutocorrelation functions of a simple one-dimensional anhar-
successful theory of semiclassical algéfrs based on sta- monic oscillator and of liquid argon.

tionary phase approximation of integrals involving the semi-  Section Il reviews the theoretical framework of FBSD
classical phase. Forward—backward semiclassicafor time correlation functions and the imaginary time path
method3®*3 provide a practical way to sidestep this prob- integral representation of the Boltzmann operator in a coher-
lem, albeit with a loss of some quantum mechanical infor-ent state basis. The path integral expression is converted to
mation. These methods combine the two time evolution opene suitable for evaluation via MD, under the assumption
erators present in the expression for the correlation functioghat the system is sufficiently ergodic. This procedure, along
into a singlesemiclassical propagator. That step is equivalentyith various algorithmic details, is described in Sec. IIl. The
to an additional stationary phase approximation if@iljust applications of the methodology are presented in Sec. IV.
Finally, concluding remarks and future directions are given
3Electronic mail: nancy@makri.scs.uiuc.edu in Sec. V.
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Il. THEORY: QUASICLASSICAL EXPRESSIONS 8S=h uB(X;,py) + Pr- 6% . (2.5
FROM FORWARD-BACKWARD SEMICLASSICAL
DYNAMICS Subsequently, each trajectory is integrated back to time zero

. . . ~ following the classical equations of motion, reaching the
Throughout this paper we consider correlation functionsphase space point;,p;, and the total accumulated action
of the type has the valu& Finally, g, . in Eq.(2.3) are coherent states

Cag(t) =Z‘1Tr(e‘ﬁgAeiﬁ“ﬁ|§‘iﬁ“ﬁ), 2.1) described by complex-valued Gaussians

whereH is the Hamiltonian operatog=1/kgT is the recip- (x|gx0,p0>=
rocal temperature in units of the Boltzmann constant Znd
=Tre A" is the canonical partition function. i

The basic idea is to combine the time evolution operator + 7 Po’ (X=Xo)
and its adjoint in Eq(2.1) into a single propagator that de-
scribes the evolution of the system to timand back again Wherey is a 3dX3d matrix.
to zero time. To do this one must be able to take account of The notable feature of Ed2.3) is the absence of the
the effect of theB operator at the end of the forward evolu- Semiclassical prefactor. Elimination of the latter has been
tion part. To date two representationslﬁ)fas a unitary op- achieved by linearizing the final trajectory values and the

erator have been used: The Fourier method of Miller and'JlCtion in the infinitesimal parametgr and rescaling the po-

co-workeré-*and the derivative formulation, introduced by sition and momentum jumps to compensate for the prefactor.
Shao and Makri>3® Both the derivative formulation and a

For this reason the trajectory increments given in &)
particular linearization of the full semiclassical approxima-

are equal taone-halfof the values dictated by the classical
tion to the correlation functidti lead to appealing and prac- equations of motion that correspond to the product of expo-
tical quasiclassical expressions. In this work we use the d

Jiential operators in Eq2.3 35,36
rivative formulation®>3%57 where the following identity is The infinitesimal character of the trajectory jumps at the
A end of the forward propagation means that the cross terms
used to represent thi# operator between distinct forward and backward trajectories have
. . been neglected. Thus, E@.3 cannot account for quantum
B=—i ﬁe"‘B : (2.2 interference effects. As stated in the introduction, such ef-
#=0 fects are strongly quenched in systems of many degrees of
The method has been described in detail in previoudreedom. Because of this natural decoherence, FBSD can
publicationg®>36394%5nd we only give a brief outline here. provide an accurate approximation to condensed phase dy-
The expressions presented below are given for a systam ofnamics.
atoms described bydBCartesian coordinates, which are de-  The above structure also allows transformation of Eq.
noted collectively by the 8-dimensional vectok. (2.3 to a derivative-free form that involves trajectories only
After inserting Eq.(2.2) into Eq. (2.1) and using the in the forward time directiofi>*’ Thus, the Heisenberg op-
Herman—Kluk phase space representdfiaf the forward— ~ erator takes the form

backward operatorU = etV gl#Be~HU% the Heisenberg . 73d
transform of B in the correlation function takes the B(t)=(27h) JdXOJ dpoB(X(t),p(t))

3d/4
;) (dety lmexﬁ{ —(X=Xo) - ¥ (X=Xp)

: (2.9

form35,36,40,57
P i i R X((1+ %d)|gx0,p0><gx0,po|
Bty i o aiHt/A L uBa—iHtA
B()=—i aMe ee o _Z(X_XO)"Y'|gx0,p0><gxo,po|(x_xo))a (2.7
=
9 whereB(x(t),p(t)) denotes the classical analogue of the op-
= —i(27-rh)*3d@f dxof dpg erator. The correlation function then becomes

Cro(t) =2 Y(2mti) f dx, f dpo BX(1),p(1))

X exp(fIL—S(xO,po)) 19(X¢ ,Pr) M9 (Xo,Po)|

=0 3 PN
(2.3 X[(l+§d)<gx0,po|e p A|gx0,po>
I—_Iere the phas_e space va_riabtebspo specif_y in_itial condi- _2<gxo,p0|(X_X0)'eiﬂHA7'(X_XO)|gx0,po>]-
tions for classical trajectories, which are first integrated for-
ward to the time. At that time the trajectories incur position (2.8
and momentum jumps given by the relations Throughout the rest of the paper it is assumed for simplicity
1 P 1 P that the matrixy is diagonal and its elements are written as a
o= — Eﬁ’uﬁ B(X¢,Pt)s 5pt:§ﬁ,u& B(X,pt), one-dimensional arrays; (s= 1,.'..d,j.= 1,2,3). .
t t 2.4 The next question to consider is the calculation of the
' coherent state transform of the Boltzmann operator. This
while the action increments by the amount function determines the weights of the initial conditions from
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which classical trajectories are launched. It is thus important Cp.p(t):z*lTr(efﬁHp.eth/ﬁﬁe*th/fz)

to use an accurate quantum mechanical representation of this

object. The b_est s_olut|or_1 is to represent the Boltzmann op- :(th)fsdj dXoJ deJ dX1"'f dxy
erator as an imaginary time path integthllust such a pro-

cedure was recently developed in our grétip?

o . XO(Xg,P0 X1 s+ XN)Ap. (X0 s Pos X1 s XN »
By splitting the Boltzmann operator into a productf (X0:Po: X0, -+ Xn) Ap-p(X0,Po,Xe - Xn)

imaginary time slices of length 8= 8/N (213
where
e PH=(e 2N, (2.9
Ap.p(X0,P0 X1, Xn)
using the Trotter factorization of the exponential evolution . d 3 .
operator =(1+zd)0(t)—2§1 le ¥sifsj(Xsj,0:Psj,0:Xsj,1)
—ABH _ a—ABH/2n—ABY o— ABH 2 (2.10 . Mg
e e e e , . X| =it ————pgi(t)
Mo+ hZA By, ol
for sufficiently smallAB, and performing some algebra, one
arrives at the following discretized path integral representa- +0(0)fsj(Xsj,0,Psj0:Xsjn) | - (214
tion of the forward—backward semiclassical correlation
functior?* (PI-FBSD): The functions introduced in the last equation are
fo )=
i(Xs},0,Psj,0:Xsjk) = 7724 o
CAB(t):(zwﬁ)*df dxof dpof dxl---fde SRTSIERETEE met ASA By
XO(Xg,Po X1 - XN) Aap(X0,Po X1 s+ XN)s X| Xsjk—Xsjotih 5 Psjo
S
(2.1 (2.15
where and
d 3
O(X0,P0:X1,---XN) 0('[):521 le Wsj(Xsj,0:Psj0:Xsj,n) Psj(t), (2.19
=7~ l<gx0 ,p0| efABHO/2| X1>efABV(x1) where
><<X1|€'7AB':|°|X2>---efAﬁV(XN)<XN|efﬁﬁolqu po) (X oy Ms
) , 070 WSJ(XSJ,inSJ,O7XS],k) ms+ ﬁzA,B‘st
_ 275] 12 Mg .
=Z 1!;[1 Jl:[l 7 | morh?AByy X[Psj ot 21 ¥sj(Xsj k= Xsj0)]-
(2.17
m (N-1)2
X —25) It is instructive to consider for a moment the physical
2mhAB structure of the PI-FBSD expression, which is illustrated
d 3 m schematically in Fig. 1. Each quantum mechanical particle is
Xexp{ -> > Tth—( Ysj(Xsj1— Xsj.0)> represented by a “coherent state beaq”(with an associ-
s=1j=1|Ms Bsi ated momentunp,) that is coupled toN “path integral

i beads” x;---xy, all connected by harmonic springs. The
+ ‘yS]—(XSjYN—XSjYO)Z'F gpsj,o(xsj,l— ij,N)> main difference from the standard classical isomorphism of
the imaginary-time path integrdlis that the “necklace” of
AB Me N , path integral beads is now open, closing_ through the coher_ent
~ om. Psio” mgz (Xsjk™ Xsjk-1) state bead. The force constants associated with the springs
s that connect the coherent state bead to the first and last beads
of the path integral necklace are different from those be-

, (2.12 tween path integral beads. The intermolecular potential acts
between the regular path integral beads but has no direct
influence upon the coherent state bead. The path integral

is the integrand in the path integral representation of theyeads evolve through configuration space, attaining statisti-

Husimi transform of the Boltzmann operator, and the func-cal distributions dictated by E@42.11), and their interaction

tion A depends upon the form of the operafr For ex-  with the coherent state bead determines the appropriate

ample, the autocorrelation function of thel-8imensional  weights of the trajectory initial conditiong,py according to

momentum vectop is given by the expression the path integral discretization of the coherent state trans-

N
—Aﬂgl V(%)
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form of the Boltzmann operator. The time-dependent infor-
mationx; ,p; is obtained from each initial conditiox,, pg by
propagating a constant energy classical trajectory. A related
formula for the calculation of rate constants from the reactive
flux correlation function was recently described by Yama-

moto et al>®

Cag(t)=

IIl. EVALUATION OF PI-FBSD CORRELATION
FUNCTIONS USING MOLECULAR DYNAMICS

Multidimensional integrals of the type that appears in the
previous section are usually evaluated by Monte Cavig)
methods. Such a procedure for PI-FBSD correlation func-
tions has been described in recent work by our grtifin
this paper we explore an alternative approach based upon the
use of molecular dynamicéD). We do this for several
reasons; primarily our desire is to develop a simple, efficient

Forward—backward semiclassical dynamics 1637

FIG. 1. Schematic representation of
combined path integral forward back-
ward representation of the density for
two atoms(labeled 1 and Rfor the
caseN=4. The regular path integral
beads are depicted by solid circles and
the coherent state beads by a gray
circle. Intermolecular interactions are
indicated by straight lines and spring
potentials between beads are repre-
sented by wavy lines. Note that the in-
termolecular potential does not di-
rectly affect the coherent state beads
and that the spring potentials involv-
ing the coherent state bead are differ-
ent from those involving regular path
integral beads.

)\deof dpof dxlf dpy-- fdef dpy
d 3
exp{—sz 2 —-I-ﬁzA,B (')’SJ(XSJI XSJO)

A,

+ ¥si(Xsj N~ Xsj,0)° + 5 Ps;
sj\Asj, S], st sj,0

i
+ 2 PsjolXsja~ ij,N))

N N

_BE psjk Mg

_2_2 (XSjk Xsjk— 1)
N

—ABKZIV<xk>]AAB<x0,po,x1,...,xN>, 3.0

scheme that can be interfaced with modern molecular dywhereimg are arbitrary masses associated with the path inte-
namics techniques straightforwardly. For example, if onegral beads and combines all the constants in E@.12 as
wished to study several quantum degrees of freedom intewell as the factor arising from the Gaussian momentum in-
acting with a bath of molecules with rigid bonds, MC meth- tegral. Ignoring for a moment the imaginary part of the ex-
ods are much more difficult to apply than MD ones, whereponent, we have an expression that resembles an equilibrium

standard SHAKE and RATTLE proceduf®&! can be used average for a system ofdgN+1) fictitious classical par-
to constrain bond lengths. Further, by combining path inteticles. The Hamiltonian for this classical system is

grals with Car—Parrinellab initio molecular dynami& one

can envisage performing on-the-fly forward—backward semi-
classical simulations, which would be impossible with
Monte Carlo as thesab initio methods are inextricably tied

samp

Mg

3
2 [B ms+ﬁ2ABy

||
i M

( Vsj(xsj,l_ ij,O)2

N 2
to MD.%364 , AB , ) Ps; .
. . . . + Ysi(Xsi N— Xsi0) F =—P5i o] + .~
Many previous studies have been carried out using MD Vsi(XsinT X510 2ms Psio kgl 2Ms
for sampling the multidimensional space of the relevant in- N
tegration variables. MD sampling methods have also been
- . . . . . + V .
applied to imaginary-time path integral calculations to evalu- 2 5 2h° ,8 (XS"‘ Xsj k- )? .Z‘l (%)

ate equilibrium properties of many-particle systems. Tucker-
p _ ; 3.2
man et al’>® have compared various such algorithms and
shown that MD methods are about as efficient as the besthis Hamiltonian is very similar to that obtained in a mo-
Monte Carlo based method. lecular dynamics treatment of an imaginary time path
In order to derive a molecular dynamics algorithm for integral®® The main difference comes from the presence of
evaluating Eq.2.8) we introduceN momenta conjugate to the coherent states, which introduce additional terms be-
the path integral coordinate variables. Multiplying and divid-tween the first and the last imaginary time path integral
ing by this “kinetic energy”-type Gaussian integral, the cor- beads. With the above definition the correlation function is
relation function is brought in the form rewritten in the following MD-PI-FBSD form
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_ JdxoSdpoSdx, fdp;--fdXy S dpy expl — BHsampid Fag(Xo.Po X1, - Xn)

Cap(t)= , 3.3
ae(l)=x [ Ao/ dpof dXa dpy- - FdXea] APy €XP(— BH sampid 33
where
i d m
FAB(Xo,po,le---,XN):eXF{ - g;l 1‘21 mS_{_TZﬁ,ysjpsj,o(ij,l_xsj,N) A pg(Xg,P0, X1, XN) (3.9
and
Xy [dxno(Xg, ... X)eXp — 28125 argj(Xsj 1 Xsjn)?)
K= . (3.5

fdxl"‘deN(T(Xl,...,XN)

The integral in Eq.(3.5 is the normalization constant ob- not use any schemes such as stafjitbor normal mode

tained in earlier work® In the last expression transformations to narrow the frequency range present in the
problem, although in future applications their use may be
(X1, Xn) advantageous.
d 3 Movei/2 In contrast to Monte Carlo algorithms, where only the
=ex —2 E L(x 1= Xsin)? values of the coherent state parameters are needed, several
&S\ Mt RPA By o TN P ’

more parameters need to be optimized for the solution of the
equations using molecular dynamics. These are the two
RESPA time stepat and st=At/n (wheren is an integer,
the masseé$ng associated with the path integral beads, and
N the masse#/ of the Nose-Hoover thermostats. The values
Xex;{ —ABY, V(X (3.69  of Mg andMg must be chosen so that the motion of the path
k=1 integral beads and the thermostats occur on the same time
and scale as the motion of the remaining variables of the system.
In the calculations presented below we set these masses
__ms MsYsj/2 3.7 equal to those of the atoms involved in the calculation. The
27h?AB  me+ ﬁzA,Bysj' ' time steps are chosen to be as large as possible whilst still

Equation(3.3) is in the form of a thermodynamic average conserving energy.

: : : : . To evaluate the normalization constant for the integral
with respect to a normalized sampling function defined b .
P Ping ywe simply setA=B=1 andt=0 and evaluate Eq3.3) as

Hsample- . . . .
By allowing the system to evolve at temperaturks ?hees?glrpmed above. The relevant function in the integrand has

under the Hamiltoniam s,peWe generate initial conditions
Xo,Po for the classical trajectories and values of the positions
of the path integral beads,,... xy. Then for each initial  A11(Xg,Po:X1,---XN)
condition xy,p, @ constant energy classical trajectory is d 3

ropagated to obtain the time-dependent informaxamp; . _ 3 *
i F?I'og calculate the time evoluption of the H:Hnﬂl‘:(t)nian =(1+2d) 2521 121 Vsifsi(Xsj0:PsjoXs),0)
Hsample We must use a technique that generates trajectories
whose time average is equal to the canonical ensemble aver- < Tsi(Xsj0:Psj0:Xsjn)- (3.8
age. We adopt the Noséloover chains meth88 used by
Tuckermanet al® in their study of path integral molecular The evaluation of the normalization constant was previously
dynamics methods. The original Nesdoovef”®®method is  carried out by performing a separate calculation of an addi-
not adequate for this system where the effective potential itional, different integral by Monte Carf:>*In this work we
the path integral variables consists of harmonic terms, as it isse a simpler approach, which has the advantage of requiring
known that the former does not produce the correct averagghe same sampling function as the time-dependent calcula-
in the case of a one-dimensional harmonic oscill&tor. tion, so only minimal additional computation is involved.

A Nose-Hoover chain of length two was attached to Note that for the casi=1 the normalization factok=1 so
every degree of freedom in the system. To integrate the rednder these circumstances it does not need to be evaluated.
sulting equations of motion we used the velocity Verlet based Note that the MD algorithm developed hetend the
algorithm of Jang and Votf? Again in a very similar manner original MC algorithm is easily parallelized; one simply
to the previous work of Tuckermaat al®® we employed the propagates a trajectory undets,mpie With different initial
reversible reference system propagator algorthiRESPA conditions on each processor. Communication between pro-
to eliminate problems associated with the different timecessors is only required at the end of the run to collect the
scales of motion of the harmonic interactions and the interresults, which means almost perfect scaling efficiency is
molecular interactions. In this preliminary application we doachieved as the number of processors is increased.

N
mS
+ mgz (ij,k_xsj,k—l)z)

asj
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FIG. 2. The reala) and imaginary(b) parts of the momentum autocorrelation function for the one-dimensional anharmonic oscillator giver(4rEipr
fiwB=3v2. Dashed line: Exact quantum mechanical result obtained via a basis set calculation. Solid squares: MD-PI-FBSD results. Hollow circles: Results
of fully classical simulation.

IV. NUMERICAL APPLICATIONS the MD-PI-FBSD method agree well with those obtained

In this section we present numerical tests of the molecu'from a Monte Carlo calculatiotnot shown, |'nd|cat|n.g that
lar dynamics methodology described in Secs. Il and Ill. The® Néw MD method correctly samples the integration space.
first test involves a simple one-dimensional anharmonic osh'S Was discussed previously, the forward—backward correla-
cillator described by the potential tion function decays too rapidly but mamtams_ the same fre-
quency as the quantum result for several periods, in contrast

V(x) = 3mw?x*—0.1x*+0.1x*, (4D to the classical one. This means after Fourier transforming
with m=1 and w=v2. As discussed previousty***?this  the short time signal the FBSD result will have a peak at the
potential is very anharmonic, causing the wave packet t&orrect frequency whereas the classical one will not. It also
dephase within a few vibrational periods. The forward—implies that in systems where quantum mechanical effects
backward method describes this dephasing semiquantit@re important, but the dynamics are dissipative and therefore
tively; however, it was found to be incapable of accountingintrinsically short time, FBSD will reproduce the correct
for the rephasing that occurs at later times due to coherendgglantum correlation function.
effects. Figure 3 shows the same comparison at a high tempera-

Figure 2 shows the comparison between the exact quarure, 2wB=v2/10. Here only one path integral bead was
tum result, the MD-PI-FBSD results and the classical resultequired. At this temperature the FBSD results are essentially
for the momentum correlation function at a low temperaturegxact. As one confirms by examining the analytical expres-
hwB=3v2. The FBSD results converged with 12 path inte-sion for a harmonic oscillator, the real part of a correlation
gral beads and-30 000 trajectories were necessary to reducdunction approaches the classical result faster than the imagi-
the statistical error to about 1%. The results obtained usingary part. This behavior is seen clearly in Figh$3 where

10 T T T T
(@ (b)
5 |

o Or
e}
[ans

5L 4

_10 1 1 1 1 1 _1 1 1 1 1 1

0 5 10 15 20 25 30 0 5 10 15 20 25 30

ot ot
FIG. 3. The reala) and imaginary(b) parts of the momentum autocorrelation function for the one-dimensional anharmonic oscillator giver(4rlEpr

fhwB=0.2. Dashed line: Exact quantum mechanical result obtained via a basis set calculation. Solid squares: MD-PI-FBSD results. Hollow circles: Results
of fully classical simulation.
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FIG. 4. Velocity autocorrelation function for liquid argon under conditions
described in Sec. IV. The solid, dotted and dashed lines show the FBED
and imaginary componentand classical results, respectively.

FIG. 5. Fourier transform of the velocity autocorrelation function for liquid
argon displayed in Fig. 4. The solid and dashed lines show the FBSD and
classical results, respectively.

classical mechanics predicts the real part of the correlation i lassical It H the FBSD calcul
function essentially quantitatively, but the imaginary partCorresloon Ing classical result. However, the calcuia-

amounts to about 10% of the maximum value of the reafio" also produces the imaginary component of the correla-
part. tion funqtion, which reaches a height equal to about 15% of
Next we present a benchmark application of the MD-PI-the maximum value of the rgal part.

FBSD method to liquid argon. The calculation is performed Figure 5 shows the Fourier transforms

at 183 K, at a density of 1.60 g cmupon a cubic unit cell 1 (= ,

containing 108 atoms under periodic boundary conditions. GV.V(w)=%ﬁxcv_v(t)e'wtdt, (4.9

All interactions are truncated at half of the unit cell dimen-

sion and are described by a Lennard-Jones potential of thef the FBSD and classical correlation functions. By virtue of

type its nonzero imaginary part, the FBSD transfotim contrast
Sl12 (16 to the classical resylis not symmetrical aboutw=0. This

7 (7]

(4.2 asymmetry is a well-known manifestation of the detailed bal-
ance relation, i.e.,
with s=_85 cm 't a_nd a=3.4_A, wherer_represents thg in- Gy (—w)=e PG, (v), (4.5
teratomic separation. At this state point the dynamics are -
presumed classical and thus a single imaginary time patfhich the calculated MD-PI-FBSD result satisfies to a very
integral bead was used. gpod apprommatpn. P.urely classical MD simulations cannot
The choice ofy, the coherent state parameter, is notdlrectly cap'Fure imaginary components and the r.esultlng
entirely straightforward for a condensed phase simulation. [FSYMMetry in Fourier space. Note we have obtained the
this work we ran two independent calculations, one using thdhaginary part of the correlation function without making
value vy, suggested by the harmonic frequency obtaineq"iny assumptlons,_ such as ”those mvol_ved In app_lymg
from the pair potential, and another using/2. As the two quapturr;z_gfrrecnon factors” to classical correlation
calculations agreed with each other and with the classicdCtions:
result (vide infra) we did not explore this issue further, but
we note that further investigatio.n may be re_quired in the Cas¢ cONCLUSIONS
of more complex molecular fluids. Approximately one mil-
lion trajectories were required to obtain converged results for We have developed a MD-based method for evaluating
the velocity autocorrelation function, which is obtained from correlation functions arising from the previously developed
Eq. (2.13 by dividing by the appropriate mass factor for Ar, PI-FBSD method. The present scheme is based upon using
ie., constant temperature molecular dynamnigs opposed to the
_ 2 traditional Monte Carlo based methgds sample the initial
Cu-v() = Cp p(1)/ My (4.3 conditions of the classical trajectories. The method is
Figure 4 shows the comparison between the correlatiostraightforward to implement and provides an efficient tool
function obtained classically and that obtained from the MD-for the calculation of correlation functions in large clusters,
PI-FBSD calculation. The real parts exhibit good agreemenliquids, or biological systems. The method is also very easy
with one another, indicating that the MD-PI-FBSD calcula-to implement on modern parallel computer architecture, as
tion is behaving correctly. The integrated value of the MD-hardly any communication between processors is required.
PI-FBSD time correlation function that yields the self- As a preliminary test we have applied the method to the
diffusion constant is in reasonable agreement with thecalculation of the velocity correlation function of liquid ar-

V(r)=4e
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