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A forward—backward semiclassical method is presented for calculating correlation functions of polyatomic
systems. Unlike conventional semiclassical theories, this formulation does not require evaluation of the prefactor
that contains a determinant with elements defined by the stability matrix. It is shown rigorously that the
contribution of the semiclassical prefactor in the present formulation can be absorbed in the semiclassical
phase and initial density if the momentum jump at the end of the forward propagation is chosen to be one-
half of that dictated by the classical equations of motion. As a consequence, the number of equations of
motion to be solved in its implementation is linearly proportional to the number of degrees of freedom. The
method is applied to the dynamics of water clusters which involve strongly anharmonic interactions.

1. Introduction to the 2h classical equations of motion in phase space for an
n-dimensional system, one must also solve){differential

Although large-scale computer simulations of many-body equations determining the stability matrix, while evaluation of

systems by means of classical molecular dynamics have becometrhe determinant requires effort proportionalr
extremely common, fully quantum mechanical calculations on

such systems remain far beyond the reach of current compu- Because of thg linear superposition principle inhe_rent i_n
tational capability because their cost scales exponentially with quantum mechanics, both the quantum and the semiclassical

the size of the system. An attractive compromise is the time- propagators are oscillatory. This behavior results in the so-called

dependent semiclassical method in which Planck’s constant isSI9n Problem when applied to the evaluation of physical

treated as a small parameter compared to the classical actionobservables or correlation functions. A solution toward this

While the semiclassical propagator results from asymptotic problem is oﬁered bY the |ntrodyctlon by our group of forwgrd
analysis, it offers an accurate description of quantum evolution back_ward sem|cla53|ca_l dynamics (FBSBA physical quantity .
for short or intermediate times without requiring storage of canin general be cast_mtoaform of an ensemble average Wh'Ch
multidimensional functions or diagonalization of large matrices. |_nvolves propagators in the forward and backward time dl_rec-
Since this time domain is relevant in many molecular dynamical 1ons- By combining the forward and backward propagations

processes, the semiclassical method is appealing as a numerical'® smgle_ Sem'C|aSS'CaI. time _evolutlo_n, the oscillations
tool in theoretical chemistry associated with these opposite in time motions can be canceled
The traditional analysis of semiclassical dynamics is based to a large extent and the resulting !ntegrand IS sufflc_|e.ntly
on the Van Vieck propagatdi The accuracy of the semiclas- smooth for treatment by Monte Carlo integration. The original
sical expression has been demonstrated in several calcufitions formulation of FBSD for the evaluation of influence functionals
including systems exhibiting quantum chaotic behalfdFhere " in the context of a path integral description _of the observable
are two main difficulties in implementing the Van Vieck system®1“has been extended to schemes which treat all degrees
. ) 17 .
propagator. First, one has to perform a root search in order toOf freedom semiclassicall. " The FBSD representation of

identify classical trajectories satisfying double-ended boundary the influence functional arises i the integration connecting the
orward and backward semiclassical propagators is evaluated

conditions; and second, the expression diverges at caustics (seéts the stai h thod and is th letel istent
for example, refs 9 and10). Several insightful techniques have y Ine stationary phase method and IS tnus completely consisten
with the spirit of the semiclassical approximation. If the

been devised to overcome these problems in the calculation of . . . .
correlation functions. Initial value representatidnsyhich observable system is also treated semiclassically, the expression
to which one should apply the final stationary phase procedure

replace the integral over final coordinate to one involving the is not unique, leading to several versions of FBSD. A number
initial momentum of a trajectory, and coarse graining schemes . ’ ) !
J y 9 9 of studies to date have shown that the FBSD scheme is

based on cellular dynamitsor coherent state representatitns fficientl o f ituati fint tin chemical
are proven free of these difficulties. The semiclassical propagatorSu Iciently accurate for many situations ot interest in cnemica

. . . i i % 16-19
involves a prefactor, a determinant whose elements are deflneddynam'cs and feasible for systems of several at ’

by the stability (monodromy) matrix. This means that in addition !N @ recent lettér’ we described a new formulation of FBSD
for calculating semiclassical correlation functions. In this

* Address correspondence to School of Chemical Sciences, University Scheme, the prefactor is compensated for by the semiclassical
of lllinois, 601 S. Goodwin Avenue, Urbana, lllinois 61801. phase and the expensive evaluation of the stability matrix and
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the corresponding determinant is no longer required. Compared H(t) = H — hud(t' — t)B (2.3)
to the full semiclassical treatment which deals with the forward

and backward propagators separately, the new version of FBSDWhich includes an instantaneous “kick” at tinte In the
reduces by a factor of 2 the number of integration variables, Semiclassical coherent state representdfidi(t,.) takes the
guarantees a smooth integrand, and eliminates the calculatiorform

of the prefactor. For this reason, this FBSD scheme is practical

for simulations on polyatomic systems. At the same time, owing ~ U(t;u) = (Znh)fnquofdeD(qO,po;qf,pf)

to the partial neglect of interference between the forward and i

backward propagations (which seems to be more serious than X exp{%S(qo,po;/,t))|g(qf,pf)D@(q0,po)| (2.4)
the corresponding neglect inherent in the semiclassical propaga-

tor within a given time direction), one can expect FBSD to be 41 qrpr denote the coordinates and momenta at the end of

less accura_t:g}han the_fu_IIy ser_niclassical meth_od. Neverthelessina forward-backward propagationS is the corresponding
model studieS on multidimensional anharmonic systems have ¢|5ssical action, angis a coherent state described by the wave
shown that FBSD gives very reasonable results over severalg,nction

oscillation periods, a time length often sufficient for important

chemistry to take place. The loss of accuracy in FBSD may be 2\n4 4 T T

roughly understood as follows: The semiclassical method is [19(doPd) = (;) (det) exr{—(q ~Go)'I*(a — qo)

an asymptotic theory in which the absolute value of the classical .

action is assumed to be much larger than Planck’s constant. In + lpg-(q — qo)] (2.5)
FBSD, the relevant quantity is the sum of actions along the h

forward and backward time contours, which are partially where the elements of (a diagonal matrix) are arbitrary

canceled out with each other. As a consequence, the effective arameters representing the widths of the Gaussians. The
action is not so large and the phase varies less rapidly than inP P 9 )

the individual propagators prefactorD in eq 2.4 assumes the form

This paper presents a more detailed derivation of the new aq; ap, aq;
FBSD for multidimensional systems and the results of its D(qq,py:0s.Py) = 2_”’2[de(— + I %—T —2ihi—T
application to the dynamics of water clusters. As in ref 17, we 9o IPo IPo
focus on correlation functions of the type 1 apf)]m
-1
_ _ — == (2.6)
C(t) — Tr(p(o)AéHI/hBe*IHt/h) (11) 2|h 8q0
whereH is the Hamiltonian of ther-dimensional system The _e_Iementg entering this determinant are determined from the
stability matrix
1 _
H=3Zp"m"p+V(q) (1.2) da(t)  aa(t)
with m being the mass matrix and the ordinary potential energy, T lop(t)  ap(t) :
A andB are two (scalar) Hermitian operators, ao@) is the W W
initial density matrix. (The superscript denotes the transpose of 0 0
a matrix or of a vector.) For simplicity we assume tBais a which obeys the differential equation
function of the position operator corresponding to the observable
dynamical variable(s). It is straightforward to extend the d , , N
following discussion to an arbitrary operator that is a general EM (t) + F()-M(t) =0 (2.8a)

function of all phase space variables. Section Il gives the

rigorous derivation of the prefactor-free FBSD in the coherent with the initial condition

state representation. In section Ill we discuss the implementation

of FBSD to study the vibrational motion of a water molecule M(0) = (1 0) (2.8b)

or cluster. Finally, section IV summarizes the present work. 01
Il. Theory where the matri¥ has the form
The dynamical part in the correlation function of eq 1.1 is 0 -1
. ; m
the Heisenberg representation of the operator second operator, , 2
— aHUAR e iHUA i Vati F(t) =|a°V (2.9)
By = ehiBe MR, For later use we rewritBy as a derivative A4 |
of an operator with respect to a paramatenamely aq2 t
T The stability matrix is thus given from the solution ofnf2
By =i L'E?) @U(t’“) (2.1) coupled first-order differential equations. Furthermore, the
numerical effort required for evaluation of the determinant is
where proportional ton®. For these reasons computation of the prefactor
is prohibitive if the number of coupled degrees of freedom is
U(t;u) = eigiBg iHih (2.2) large. It is argued in ref 17 that when FBSD is formulated in

the above derivative form, one can arrange for the contribution
is unitary and can be regarded as the evolution operator alongof the prefactor to be compensated for by other terms. In the
a forward-backward time contour 6>t — 0 for the time- following we present a detailed analysis of this result, which
dependent Hamiltonian eliminates the need for calculating the semiclassical determinant.
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Note that the propagatdd(t;«) contains contributions from
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To proceed, we examine the stability matrix in the neighbor-

all classical trajectories in phase space. The classical dynamicshood ofu = 0. Expanding through linear terms, one finds

is governed by Hamilton’s equations, namely

da_ 94y = m L
at apH(t) m "p (2.10a)
=0
—_ 39 o
= aqV(q) + hud(t' —t) an(q) (2.10b)

and the equation of motion for the classical action is

dS_1 ¢

-1
‘m “-p — V(q)

The classical forwargdbackward motion in phase space is
simple. Starting fromdo,po) at time 0, the trajectory lands at
(qt,ptF ) at the timet and then evolves frong(p;) backward to
reach the phase poir(pr) when the total time returns to zero.
The essential physics lies in the dynamics in an infinitesimal
time domain around the intermediate tirneAccording to the
equations of motion, all coordinates and momenta evolve
continuously except at time At that instant the momentum
undergoes a jump equal to the amount

op = huB; (2.11)

where B; 0B(qy)/dq:. Finally, the action at the time
increments by the amount

0S= huB,

(2.12)

whereB; = B(qy). If the operatoB is a constant equal By, all
trajectories return to their original point at the final time. In
that caseU(t;u) = exp(uBo), namely, the propagator is a
multiplier independent of time.

At this point we return to eq 2.1, the derivative expression
of the Heisenberg operat®y. Because the final phase space

g 9 (99 apy o 9 (90 9Py

i VRPN i R e, A i i PR T
g 3o\OP, d) 3Py " IPo\dPy

9 ap; 8 i) ap;

L T Y L e
80, ' 90o\0p, du P, 9Po\dP; du

wherel is then x n identity matrix. The derivativesq/op;

etc. are elements of the stability matrix that corresponds to the
backward evolution, i.e., the final poing(ps) depends on the
initial condition @qpy) of the backward trajectory. At this stage
we do not evaluate the derivatidp/du explicitly, as we wish

to allow an arbitrary momentum jump. By inserting these
expressions into eq 2.6 and using the following relation

detR + 0R) = detR(1 + Tr(R"0R))  (2.17)

which holds for any matrib®R and an infinitesimal variation
OR, the derivative of the prefactor takes the following form:

9 o1 fafa 18P 9P
8#D(qo,po,qupf) - 4TI'{ aqo(apt 2ih 8pt) ou
o [p _ oq 8101}
+ 2= 2Ih—'r -— 2.18
8p0(3pt Py ) A @1

Inserting this expression in eq 2.14a and integrating by parts,
we obtain

. ) T
C.) = 2t [ febi|
% (8ifT — ia_pr ] + ﬁ — ZihaifT.r).i
ap, 2R op, o\ Py I | IPg
[9(do:Po) |P(0)AIG(do,Pe) T (2.19)

variables as well as the action in eq 2.4 depend on the paramete}"’he're it is assumed tha(qo,Po)|p(0)AIg(do.po) I~ O as one

u, we may divideBy into three parts corresponding to the
derivatives of the prefactdd(qo,po;qr,pr), the actionS(go,Po;x),
and the final coherent stafg(qy,pr)[] respectively. The correla-
tion function eq 1.1 can also be partitioned into three terms
accordingly

C(t) = Cy(t) + Cy(t) + C4(1) (2.13)
Using the fact that ag approaches zero the trajectories become
continuous at the midpoint, i.eqqps) — (go,pPo), S— 0, andD
— 1, we readily obtain

. n J
Cy(t) = —i(2rh) " [dq [ 0Py, D(GoPoidrP) o

x [9(010,P0) (0)A|9(Cg,Po) O (2.144a)
Calt) = Feth) " day [ o Slao Pt

x [9(00,P0) 1 (0)AI9(Ag,Pg) (2.14Db)
and
Cy(t) = —i(27h) ™" ['dqg [dp,

% [9(do,Po) | P(OVAIG(Ar P T, (2.14c)

component of the coordinates or the momenta gotte.
Through some algebra one can show

%L—g(qo,po)|P(0)A|9(QO’po)D:
0

—4Iq,[0(d0,Pe) | P(0)AIG(Ag,Pe) H 2 [G(d.Py) |

[9e(0)A + p(0)Aa]g(d:Po) T (2.20)

and
%@(qo,po)|p(0)A|g(qo.po)D=
0

110(00,00) [0(0)A — Ap(O)AI9(do P (2:21)

Combining these results we may wrilg(t) in the compact form

Cy(t) = —i(27h) " [dd, [ dpe[[@(doPe)lP(0)A]
19(Ag:Pe) mlg - @(%1po)|P(0)AqT|g(QO!po)EJ]

Py

1
ﬁpf)-a (2.22)

d
x — |I'*q; —
apt ( qf u=0

Thus, the term in the correlation function arising from the
prefactor takes the form
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ap
Ci() = [dao [dpfi(aopdg,| | (223)

The derivative of the total action with respective to the
parameteu can be evaluated straightforwardly:

T T
as 9P Gl
fclimo oo ap, Po By (2.24)
which yields
- aptT aqu
p— n “Fr Y
Cz(t) - (2.7Th) quO fdpo( au 4=0 apt Po + hBt

x [9(do,Po)|P(0)AI(Ae,Pe)

ap
= [ddo [dodfadopd 5|+ Culd)  (229)

where the contributiorCy((t) due to the delta pulse in the
effective Hamiltonian can be viewed as a quasiclassical cor-
relation function, namely, the Heisenberg oper&gis replaced

by the classical counterpastt) in the definition ofC(t) eq 1.1.
The first term in eq 2.25 is proportional to the momentum jump,

while the second quasiclassical term arises from the net |
increment of the action. In a similar manner we obtain an explicit 9Ven by egs 2.32 and 2.12,

formula for Cs(t):

Cy(t) = 2ih(27h) " fd% fdpo[ [[9(d0:Po) IP(0)A

19(0lo:P) g — [B(Clo:Po) | (0)AT " 9(Clp.Po) T

SN BN WL
apt( Y Zihpf) 2iRP0 ap;
ap,
[9(dlo:Po) | P(0)AIG(Clo,Po) a —o (2.26)

Again, the integrand is seen to be proportional to the derivative
of the momentum jump, i.e.,

ap
Cyt) = ['da, [ dpof3<qo,po)-a—#[ — @21
Adding eqgs 2.23, 2.25, and 2.27 one sees that
) = fd% fdpo[fl(%vpo) + 12(A0:Po) + f5(Ao:Po)]
X a—pt + C,(t) (2.28)
U |u=0 qc '

Furthermore, comparison of the above results reveals that

1
- E[fz(%vpo) + f3(d0,Po)] = f1(do:Po) (2.29)
from which it follows that
1
c = Efd% fdpo[fz(%rpo) + f5(A0:Po)]
X a—pt + C, (1) (2.30)
8# u=0 ac '

It is thus possible to eliminate the contribution of the prefactor
from the correlation function. To compensate for this omission,
the part of the correlation function that arises from the
momentum increment at the tintenust be multiplied by 1/2.

Shao and Makri

As that part cannot be separated from the one arising from the
quasiclassical contribution associated with the change in the
action, this must be achieved by multiplying the momentum
increment by a factor of 1/2.

Equation 2.30 is the main result outlined in ref 17. The
correlation function is given by the expression

o) = ~i(21h) "% 4 oy exif5 o)

x [9(do,Po) | P(0)AI9(0, P ), —o (2.31)
The trajectories follow the classical equations of motion with
the HamiltonianH up to the timet, at which point the
momentum component jumps by the amount

1 1
OPopy = HfiB; (2.32)

for a small value of the finite difference parameterAt the
same time, the action increments by the full amount given by
eq 2.12. Subsequent evolution takes place in the negative time
direction, and the integrand is evaluated when the time parameter
reaches zero once again.

Equation 2.31 (along with the momentum and action jumps
respectively) is a rigorous
semiclassical formulation of correlation functions that uses
trajectories in combined forwareébackward time for all degrees
of freedom. Its main advantage is that the contribution from
the prefactor is eliminated. As a consequence, the number of
equations to be solved scale linearly with the number of degrees
of freedom in the Hamiltonian. Note that the elimination of the
prefactor is achieved via amxact transformation of the
derivative form of the correlation function, resulting in an
expression wherhe momentum jump is one-half of that dictated
by the classical equations of motiofhis transformation was
feasible because the derivative formulation in terms of a small
parameter allows linearization of the equations. It should be
noted that the prefactor is equal to the negative of the total
contribution from terms arising directly from the momentum
jump; these terms are extremely important, as the remaining
term is merely a quasiclassical contribution.

The combined forwardbackward treatment of the correlation
function amounts to a stationary phase evaluation of the full
semiclassical expression, in which the individual forward and
backward time-evolution operators are treated via the Van Vleck
propagator. That full semiclassical formulation takes the form

C(t) = (2”;'1)72“ quF fdpF quB fdeDF(qF!pF)

x Dg(0g:Pg) eXF(iEQQvaF;QB!pB)) [9(drPR)p(0)A
19(dg 1Pe ) 10(dg.Pg) IBIA(Ak1.Pr ) U (2.33)

whereqgs,prs andgss,ps are the endpoints of the forward and
backward trajectories. OftelhandB are operators that depend
on only a few observable degrees of freedom (the “system”)
while the remaining coordinates constitute the environment (or
“bath”). Treating the intermediate integrations associated with
the bath components @f,ps via the stationary phase method
leads® to an FBSD expression where the trajectories evolve
continuously in the space of the bath, while their system
component jumps at the intermediate titnerhat procedure
amounts to an enormous simplification, as the cancellation
between the forward and the backward parts corresponding to
the dynamics of the solvent gives rise to small actions and thus
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Figure 1. (a) Real and imaginary parts of the correlation function of theHaasymmetric stretch as obtained from the FBSD calculations. Error

bars indicate one standard deviation. Solid lines are guides to the eye only. (b) Real and imaginary parts of the correlation functientbf the O
symmetric stretch. (c) Real and imaginary parts of the correlation function of +@-HH bend.

smooth integrands; at the same time, the integrand is morerepresentatiof2! and implementing FBSD for all degrees of
oscillatory along the direction of the variables associated with freedom. While the system componentsigfps are also treated

the probed system, and thus these integration variables mustwithin the stationary phase method in that approach, the finite-
be treated via a combination of Monte Carlo and quadrature size momentum jumps permitted in the space of the system
methods. Replacing the exact integration by the stationary phaseallow for some interference between multiple bounce trajecto-
result wipes out the interference between multiple bounce ries. The present formulation, which uses a derivative method
contributions across the forward and backward parts of the to exponentiate the operators, is simpler than all of the above
dynamics and thus may degrade the accuracy if the potentialin that no additional integrations are introduced and, most
of the bath degrees of freedom is very anharmonic. However, importantly, there is no prefactor to be computed. At the same
important interference between system trajectories is fully time, the prefactor-free FBSD described here cannot account
accounted for in that scheme. Another way of arriving at FBSD for interference between distinct trajectories of the forward and
expressions where the system component of the momentumreverse time propagators as the momentum jump performed at
jumps at the intermediate time while the trajectories remain the timet is infinitesimal in magnitude. As a consequence, the
continuous in the space of the bath invoRfesxpressing the present method is similar in spirit to the linearization ap-
operatorB in exponential form by invoking the Wigneiweyl proximation of Miller and co-worker&22 although the math-
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Figure 2. Real and imaginary parts of the sum of the three correlation functions.

ematical details differ and the present prefactor-free FBSD was
obtained via a rigorous semiclassical procedure. Surféhalve

found that their linearization approximation, which also neglects
similar interference terms, captures the short time, transition-
state-like features of thermal rate constants correctly but fails

to describe nonclassical aspects of the recrossing dynamics

resulting from quantum interference on the time scale of two
or more vibrational periods. Our tekthiave demonstrated that

1 _Pk,f
[0(Q0:Po) p(0)QUI(QrPY = —{ Qs + i—

2 Wy

I

o 1
} 2 2 2 2
x expg — E(Qj,o +Q — _4hwj(Pj’0 + Py

the prefactor-free FBSD leads to reasonably accurate results for

correlation functions in multidimensional potentials where
relaxation and dissipative effects tend to weaken interference
phenomena.

Ill. Application: Vibrational Dynamics of Water

The FBSD developed above is a general technique for
investigating dynamical properties of a system. In addition to
correlation functions, the quantum average at timaf any
observable corresponding to the operdBocan be evaluated
via eq 1.1 in whichA is set equal to the identity operator. In

1
- %(Qj,opj,o - Qj,ij,f) (3-3)
and
1 Pio| 1
[9(Q0,Po)p(0)QUII(Q0,Po) L= | Qo + i— |_|
2 o | =
v exd— 2, — L p? (3.4)
2R 2w, M

]

These expressions are inserted into eq 2.28 in numerical
calculations.
It is convenient to retain the normal mode coordinates for

the following we consider molecular vibrations of a molecule the representation of the FBSD correlation function. The RWK2
or small cluster at low temperatures. Because vibrations are potentiat> which has been designed for calculating vibrational
collective motions, we focus on the numerical implementation spectra of water clusters is adopted in our work. That potential
of the FBSD for calculating correlation functions of the type consists of the Morse oscillator potential from the intramolecular

C(t) = Tr(p(0)Q ™" Qe M) (3.1)

whereQx is one of the normal modes of the system with respect
to the global potential minimum. It is a straightforward matter

to extend the procedure to the calculation of the dipole
correlation function if the functional form of the dipole moment

operator is available.

The initial density is constructed in terms of the ground
vibrational state,p(0) = |WoWy|, which factorizes in the

normal mode representation
o 1/4
—| ex Q
T
wheren = 3N — 6, N being the total number of atoms angl
the normal-mode frequencies. We tdRes a diagonal matrix

with elements equal tavj/2h. Carrying out the Gaussian
integrals, one readily obtains

n

QW = H

;

> (3.2)

interaction plus atomatom interactions and Coulomb terms
between point charges from the intermolecular interaction. The
classical equations of motion are solved in normal mode
coordinates. Our previous wdrkshowed that it is feasible to
sample the initial conditions via a Metropolis procedure with
the absolute value of eq 3.4 being the weight function. Here
for fast convergence we invoke the Geridonahan algorithm
developed specifically for higher dimensional integrals over
unbounded regions with Gaussian weighTheir approach is
based on the stochastic spherieeddial rules for integrations.
We report the results of the method described in the previous
section for a single water molecule as well as two- and four-
molecule clusters using 2500 trajectories for each degree of
freedom. The largest of these systems has 30 active degrees of
freedom and thus the calculation involves a 60-dimensional
integral which is evaluated with a total of 150 000 trajectories.
Figure 1 shows the correlation functions of the three
vibrational modes of a water molecule, namely the-HD
asymmetric stretch, ©H symmetric stretch, and-+HO—H bend,
obtained via the prefactor-free FBSD scheme described in
section II. Figure 2 shows the sum of the three correlation
functions. Since rotational degrees of freedom evolve on a
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Figure 3. (a) Real and imaginary parts of the correlation functions: the twdiQtretches of the donor in the water dimer. (b) Real and imaginary
parts of the correlation functions: the two-®l stretches of the acceptor in the water dimer. (c) Real and imaginary parts of the correlation
functions of the two HO—H bends in the water dimer.

slower time scale, this sum represents a good approximation to Figures 3 and 4 show similar results for the water dimer and
the correlation function for the normal mode vector of water. tetramer, respectively. The stable configuration of the tetramer
The fundamental frequencies of vibrations can be estimatedis cyclic. We also find red shifts (mainly due to intramolecular
from these figures. The frequencies for the-® asymmetric vibrations) for the studied normal modes. This observation is
stretch, O-H symmetric stretch, and HO—H bend are about  in agreement with the results from the self-consistent field
3658, 3573, and 1576 crh respectively. Comparing with the  calculations by Jung and Gerl&rin the dimer, the hydrogen
results of the normal-mode analysis, which are 3922, 3817, andbond induces an increment of the amplitude and a decrement
1639 cntl, respectively, we see strong red shifts due to the of the frequency for one of the OH stretches in the donor. In
anharmonicity of the system. It is clearly shown in these figures general, the larger number of degrees of freedom leads to
that anharmonic interactions affect the dynamics within about stronger mixing among the normal modes during evolution. All
10 fs. In addition, one observes energy transfer from thedO figures exhibit imaginary parts comparable in size to the real
asymmetric stretch to the nearly resonantkD symmetric parts of the correlation functions. This behavior is a manifesta-
stretch during the initial 40 fs. This time is still short for the tion of the quantum mechanical aspect of the dynamics at zero
H—O—H bend to be involved in the process of energy temperature. Itis remarkable that the error bars are small in all
redistribution in the molecule. cases, even though the number of samples per integration
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Figure 4. Real and imaginary parts of the correlation function of theHDstretch with the highest frequency in the water tetramer.

variable is rather small. Most importantly, the size of the error nary components are of purely quantum mechanical origin, as
bars is seen to be a slowly varying function of cluster size. This classical correlation functions are always real-valued. If the
is very encouraging for performing FBSD calculations with truly  dipole moment operator is known to a reasonable approximation,

large systems. the real part of correlation function can be used to extract
_ spectral line shapes. Future work in our group will deal with
IV. Concluding Remarks similar investigations in molecular clusters.

We have presented a rigorous, yet practical methodology for
calculating semiclassical correlation functions or expectation

values. The key features of this approach are (a) the CombinedFellowship for Science and Engineering and the National
tregtment of the forward and. backward time evolution operators, Science Foundation. N.M. thanks the researchers of the National
Whlch_guarantee a smooth integrand a_mena_ble to Monte Ca.rloHeIIenic Research Foundation for their hospitality during her
sampling, and (b) the absence of a semiclassical prefaCtorWh'Chsabbatical leave from the University of lllinois.
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