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ABSTRACT

The classical Wigner model is one way to approximate the quantum dynamics of atomic nuclei. Here, a new method is presented for sampling
the initial quantum mechanical distribution that is required in the classical Wigner model. The new method is tested for the position, position-
squared, momentum, and momentum-squared autocorrelation functions for a one-dimensional quartic oscillator and double well potential
as well as a quartic oscillator coupled to harmonic baths of different sizes. Two versions of the new method are tested and shown to possibly
be useful. Both versions always converge toward the classical Wigner limit. For the one-dimensional cases, some results that are essentially
converged to the classical Wigner limit are acquired and others are not far off. For the multi-dimensional systems, the convergence is slower,
but approximating the sampling of the harmonic bath with classical mechanics was found to greatly improve the numerical performance.
For the double well, the new method is noticeably better than the Feynman-Kleinert linearized path integral method at reproducing the exact
classical Wigner results, but they are equally good at reproducing exact quantum mechanics. The new method is suggested as being interesting

for future tests on other correlation functions and systems.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126183

. INTRODUCTION

When studying molecular systems computationally, a prob-
lem that can arise is how to account for the quantum mechani-
cal behavior of the atomic nuclei without having to solve the time
dependent Schrodinger equation using wavefunctions and, instead,
work with, e.g., trajectories, which has the potential to be signif-
icantly cheaper computationally for many chemically interesting
problems. Several different methods exist, which can be used to
address this problem, such as centroid molecular dynamics (CMD)'
that has been well explained by Jang and Voth,” ring polymer molec-
ular dynamics (RPMD),” semi-classical initial value representation
(SC-IVR)" that has been well explained by Miller,” Matsubara
dynamics,” and the classical Wigner (CW) method”® [also called
linearized semi-classical initial value representation (LSC-IVR), and
linearized path integral (LPI)]. A new implementation of the classi-
cal Wigner method is the topic of the present article.

The classical Wigner method starts with a quantum mechan-
ical phase space distribution, which is propagated forward in time
classically. Finding the initial distribution is typically problematic. In

this work, a new way to sample the initial phase space distribution is
presented and tested for some simple problems.

The classical Wigner method, CMD, and RPMD can all be seen
as approximations to Matsubara dynamics and give worse results
than Matsubara dynamics.”’ However, for large systems, Mat-
subara dynamics would be too computationally demanding to be
practical.’

Comparing CMD and RPMD to the classical Wigner method,
one major advantage of the former two is that the quantum mechan-
ical ensemble is conserved during the dynamics, while it is not in
the classical Wigner method. On the other hand, for a harmonic
oscillator, the classical Wigner method is exact for any correlation
function,” while CMD can formally be done for non-linear oper-
ators,'’ but it is a much more complicated process than for linear
operators, and RPMD is only exact for correlation functions where
at least one operator is linear.’

The classical Wigner method can be seen as an approximation
of the semi-classical initial value representation. In this approxima-
tion, quantum real time coherence is, however, lost, which may not
be very important in large or condensed phase systems since these
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typically decohere rapidly.'" An advantage with the approximation
is less oscillatory integrands to handle numerically."’

From the above comparisons, it can be seen that one of the
reasons for using the classical Wigner method is that it may better
handle non-linear correlation functions at a reasonable expense of
computational resources, compared to the other available methods.

In the new implementation of the classical Wigner method that
is presented in this paper, the initial phase space distribution is sam-
pled with an imaginary time path integral polymer similar to those
that can be found in CMD and RPMD, but in those cases, these
polymers are closed rings and in the present implementation of the
classical Wigner method, the polymer has an opening. The open
polymer presented here is more closely related to those that can be
found in the work of Bose and Makri'” and Bonella et al.' "

In what follows, first, the classical Wigner method is explained
(Sec. I1), and a new path integral open polymer implementation of it
is presented (Sec. I11). After that, the computational details (Sec. I'V)
and the results (Sec. V) are presented, and conclusions (Sec. V1) are
drawn.

Il. CLASSICAL WIGNER METHOD

The classical Wigner method was in its first form introduced,
but not necessarily recommended by Heller.” In its current more
general form, which is applicable to correlation functions, it was
introduced by Wang, Sun, and Miller.” The classical Wigner method
has as its basis the Wigner phase space distribution.”'® In one
dimension, easily generalized to any number of dimensions, the
Wigner transform is

(Q) f dye W/h<x+ 1

where () is an arbitrary operator, x is the position, p is the momen-
tum, 7 is a variable with the dimension of the length, £ is the reduced
Planck constant, and i is the imaginary unit. The Wigner function is
the Wigner transform of the probability density operator ;1 |¥)(¥/|,
where |[¥) is the ket of the state of the system. This distribution is an
exact quantum mechanical quasi-probability distribution and can be
used to calculate expectation values,

)= [ “ax [T dp(lmnew), Ix

The classical Wigner method consists of taking the quantum
mechanical transformed quantity and propagating it forward in time
with classical mechanics (CM), i.e.,

Olx

o

p1(Q), [xp]. @

(Fae®) wa= @), s0p0L  ©

where H is the Hamiltonian operator and ¢ is time. Thus, the classical
Wigner method works by initiating with a quantum mechanical dis-
tribution and then propagating it classically, thereby taking account
of all equilibrium quantum effects e.g., zero-point energy, but over-
looking e.g., dynamic tunneling and quantum interference within
the dynamics. The method is exact for potentials up to and including
harmonic terms.” For a detailed derivation of the classical Wigner
method, the review by Liu'” can be recommended.
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The classical Wigner method has been applied successfully to,
e.g., calculating the kinetic energy and density fluctuation spectrum
in liquid neon'” and vibrational energy relaxation rate constants, ”*’
but the classical Wigner method has also been found to have limita-
tions for calculating the self-diffusion coefficient of liquid water”' or
handling anisotropic materials.””

I1l. FEYNMAN PATH INTEGRAL OPEN POLYMER

Let us assume that the quantity of interest for a system is the
canonical time correlation function,

A A it it

(AB(t)) = % Tr{A e P eTBe_T}, 4)

where A and B are arbitrary operators, 8 is the inverse of Boltz-
mann’s constant times the absolute temperature, Z is the partition
function, and Tr denotes a trace. The choice of placing the Boltz-
mann operator after A, instead of before, is arbitrary and only deter-
mines the sign of the imaginary part of the correlation function,
since we have,

1 ta il 1 o _ppy i i )\ ¥
ZTr{ ﬁAeﬁBe ﬁ}=2(Tr{AeﬁHeﬁBe ﬁ}) (5)

The trace can be written as an integral over the position, x1,

eigenkets,
1 (=)
- dx
Z[w 4“

, 8

By dividing the Boltzmann operator e ! into N factors e” v/
and inserting N — 1 identity operators, 1 = /. dx;|x;)(x;|, the
correlation function can be written as

Ht . it

(AB(t)) = Ae e e

) ©

A 1| & e s _Bj
(AB(t)):Z{Hf dxj}<x1Ae el x2>
jo1 I e
(e o) (v o)
X{x2le N o|x3)...{xN-1]€ N |XN
_bp i, _in
><<xN e NehBe n x1>, (7)

which can be recognized as a Feynman path integral”’ in imag-
inary time (—iff), and this in turn can be rewritten as Wigner
transforms,

(AB()) = {H (7 d’;::f} ~4 2 ()
<(act) [ )( ), 2 e]
G

_ By iHt 4 iHt +
x(e S Be I;) [XN2x1>PN], (8)
w

7\u

where xn+1 = x1 so that the coordinates make a loop.
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If % is approaching 0 and only finite temperatures are of inter-
est, i.e,, N is approaching infinity, then the Wigner transform of
the Boltzmann operator is simply the classical Boltzmann factor. In
this same limit, the Boltzmann operators can be separated from the
transforms involving A and B and thus make up their own Wigner
transforms, without consequence,

o L dejdp]
(AB(0)) = Jim. {H S5 }
% e*g Z,:ll’f(xjﬂ’xj)(A) [)/bPl]
efng;lmp,)( oy - ) Dvopnl ()

Xj+Xje1 +XJ+|

where y; = , N = , and H(y;,p;) is the classical
Hamiltonian. Now, assuming that the potential energy V(y;) is
independent of momentum, whereby most of the momenta only

occur in the kinetic energy term of the classical Hamiltonians,

2
f—fm, and the symplectic area, Zjl\il pj(xj41 — xj), it is easy to inte-
grate those momenta out analytically. The momenta that occur in
other places in Eq. (9) are p; and pn. p1 can occur within the
Wigner transform of A. Depending on how (A)W[yl, p1] depends

on pi, the integration over p; will turn out differently. As long as
I25dp1 (A ) [y1,p1]e” §HOW) e=imGe=x1) can be evaluated ana-

Iytically, e.g., for (A)W[yl, p1] being any polynomial of p; (see
Appendix A), all momenta except py can be integrated out ana-
Iytically. px can usually not be integrated out analytically since if B

XN+X)
2

iHt 5 _iHt
includes either position or momentum, then ( en Be )WD/N,pN]

will depend on both, unless the potential is constant, and typically
this dependence will be such that the integral is not easily evaluated
analytically. Hence, these integrations lead to

A A _ mN ﬁ -N N o )
(4B(1) - Nlﬂeoz(zﬂ;;) V zamn” {Hf_wdxf}

% / dpn e*ﬁPN(XrXN)A’(yl’XZ -x1)

mN

- ) -5, V()

x e B
B[ i i
x e NZW(eﬁBe h) [yn.pn ], (10)
w
where A'(yl,xz —x1)is
[ dp () Do) e FE i)
A'(yx—x1) = == = 5 7
1

[‘x’ dpl e Nm e—gpl(xz—xl)
oo s s -
[ a0 (4), i)t et
= m ZX—X
We puilyn)

and may depend on y; and/or x; — x1.

€3))
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Finally, the Wigner transform of the time-evolved oper-
ator B can be very difficult to derive. This is where the
classical Wigner method comes in through the approximation

(e¥Be ™) Dnopn] ~ (B)[xOmpw0).p(n.pn)] [as in
Eq. (3)] giving the final expression,

1(mN\? [ B N & e 4
(AB(t» N 7(%) ZmnNh {H .[oc dx]}
X/ de e‘éPA'(xl—XN)

o 2
(B e s G

xA'(yix2 = x1)(B) [xOw, prs 1), p O o )], (12)

where x(yn,pn,t) and p(yn,pn,t) are the position and momen-
tum coordinates describing the classical trajectory starting with yy
and py, and where also for practical reasons the limit of N — oo
has been removed, thereby also making the value of the correlation
function at t = 0 approximate. When referring to this expression, it
will be called (AB(t))yl. It is noted that Eq. (12) is closely related

to an expression recently published by Bose and Makri'” [Eq. (2.7)
in the reference], but not further explored by them. The main dif-
ference is that they use a Boltzmann operator that is symmetrized

around 4, i.e., e -Sf 5 . Equation (12) is also related to the L = 1
version of the method published by Bonella et al.,"”” more clearly
seen in the paper by Bonella and Ciccotti.* This method also han-
dles symmetrized Boltzmann operators but uses sum and difference
variables for the polymer.

Apart from the asymmetric placement of the Boltzmann opera-
tor explored in this paper and the symmetric placement explored in
the cited papers, another common handling of the Boltzmann oper-
ator is the Kubo transform.”* This will not be further explored here;
however, the Kubo transform of the new method can be found in
Appendix B.

It can be noted that in Eq. (12), the effective equilibrium Hamil-
tonian has terms % (%41 — x7)*. These look exactly like the poten-
tial energy of harmonic springs and are, therefore, called “spring
terms.” This kind of model for a system is usually described as beads
on a necklace, with the beads placed at the positions of the x;:s and
connected by springs. The ends of this polymer are connected via the
imaginary exponential — %pN (x1 — xn), thus making it “open” in the
sense that there is no force keeping the ends together, in contrast to
other path integral methods such as path integral molecular dynam-
ics,” ring polymer molecular dynamics,” or path integral Monte
Carlo.”® Even such a method as the open chain imaginary time path
integral of Cendagorta et al.”” would be considered a closed polymer
from this point of view. A graphical representation of the open poly-
mer in this work is shown in Fig. 1. This is the polymer advertised in
the title of this paper.

Looking back at Eq. (7), it can be seen that if A only depends on
the position, then A can operate to the left and transform into a func-
tion of x1, A(x ), thereby leaving a matrix element of the Boltzmann
operator. This operation removes the approximation of separating

N _B . . s
the Wigner transforms of A and e~ ¥, making this derivation less
approximate than the previous one. This means that a new version
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Y $5
Ys
xQ xﬁ
Y Yy
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FIG. 1. A drawing to exemplify a 7-bead open polymer, where the positions of
all the x:s and y:s have been marked. The springs represent the separations
that give a spring-term, and the line is the separation that gives the imagi-
nary exponential. y4 and y;7 (in the circles) are where A’(y4, X2 — x4) and
(B)y[x(r7,p7, 1) p(y7, p7- 1) ] are evaluated, respectively.

of Eq. (12) is

A A Nl mN H ﬁ -N N o )
501~ 5 535) Vs {}}[m d"f}
X f = dpy e iprGam)

2
B B N mN? N1 2
e’ N ( ﬁ*zjﬂ V(y)+ Z,,z\;;z Xt (x11=x) )

x A(x1)(B),, [x(w, pao 1), p G s )], (13)

where the only change compared to before is that A'(yl, X3 — X1)
has been replaced by A(x1). This expression will be referred to as
<AB(t))X . If A depends on both position and momentum, it is in

many cases possible to reorder operators so that all position depen-
dence is to the left of all momentum dependence, and then let the
position dependent parts operate to the left in Eq. (7), keeping the
momentum dependent parts in the matrix element. Of course this
would lead to a more complicated expression than A(x;). Opera-
tors of both position and momentum will, however, not be further
discussed in this article

If A depends only on momentum, then Eq. (12) will be equiva-
lent to Eq. (13) so that (AB(t)) = (AB(t)) . For this situation, the

X1 b4t

notation (AB(t) )y . will be used.

For simplicity of notation, the path integral open polymer
method will usually be called Open Polymer Classical Wigner, or
OPCW for short, in this paper.

For multidimensional systems, the path integral open polymer
method for sampling initial conditions can potentially get a severe
sign problem due to the factor e~ #” w (i) appearing in each degree
of freedom. The way this problem will be tackled in this article is to
sample the initial distribution of the most quantum mechanical or
most important degrees of freedom by the path integral open poly-
mer method and the other degrees of freedom by classical mechan-
ics, coupling each bead in the quantum mechanical part(s) with the
single bead in the classical parts.

ARTICLE scitation.org/journalljcp

IV. COMPUTATIONAL DETAILS

Equations (12) and (13) were evaluated by Monte Carlo for the
integrals over xj and py and with molecular dynamics for the time
propagation of (B)W[x(yN,pN, 1), p(yn, pns- t)]-

The correlation functions studied in this paper are autocor-
relation functions of position, position-squared, momentum, and
momentum-squared for a one-dimensional quartic potential. In
addition, a one-dimensional double well potential and a quartic
potential with many-dimensional harmonic baths were studied for
the position and position-squared autocorrelation functions.

A. Potentials and system parameters

The potentials studied in this work are a quartic potential, a
double well potential, and a quartic potential with various harmonic
baths.

The quartic potential was taken as

Vauartic (x) = %x{ (14)
where w is a unit of angular frequency.
The double well potential was taken as
‘0’ 4 1 2 2
Vdouble well (X) = o X Ty (15)

The multidimensional systems all use the quartic potential
together with the types of baths of Caldeira and Leggett.”’ These
systems, thus, have one mostly quartic degree of freedom and sev-
eral harmonic degrees of freedom that form a bath. The harmonic
degrees of freedom in the bath are bilinearly coupled to the quar-
tic degree of freedom. The form of the bath is the one suggested
by Craig and Manolopoulos.”” The bath is a discretized version of
a bath with a linear spectral density with an exponential cutoff, and
the parameters chosen for the current work are a cutoff frequency
of w and a system-bath coupling strength of mw. The complete
potential is

m2w3 4
—z %
4h

Fpo, 1-3 2 :
+;£mw len ﬁ + X1 m 5 (16)

where F is the number of degrees of freedom.

Vip (%1, %25 - - -, Xp—1,XF) =

B. Monte Carlo

The maximum stepsize, AXmax,, Was individually set for all
degrees of freedom /, with an initial value of

o

This choice for stepsize is based on a harmonic approximation of
the potential energy, assuming the same average stepsize in x; and
yj» and aiming for 50% acceptance rate. The change in energy that
would give an acceptance likelihood of 50% for a Monte Carlo step

2In2
+ m,(N—l)N)

Axmax,l = (17)

o2V
Ox

hl 2
x1=0 &
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is N1In 2/p. 1/F of this energy could then be assigned to each degree
of freedom. For each degree of freedom, the maximum stepsize is set
so that the total energy change resulting from a change in position of
AXmax,; away from the minimum in the harmonically approximated
potential, weighted by N, and the path integral spring potential,
weighted by N — 1, would give this energy. This results in Eq. (17).
%L,:o = 0 and at
the same time N = 1, and in such cases, the maximum stepsize was
set to the thermal de Broglie wavelength.

The maximal stepsizes were updated as a group every 50 000th
step according to the algorithm of Allen and Tildesley™’ in order to
keep the acceptance rate close to 50%.

The momentum, py, was sampled from a Maxwell-Boltzmann
distribution at the temperature &, where kg is Boltzmann’s con-

The above does not work for a situation where

stant. The pseudo-random number generator used was ran2 of Press
et al.”' Data were collected, i.e., a molecular dynamics trajectory was
run, each 100th Monte Carlo-step.

The Monte Carlo chain begun in a part of phase space that has
alow probability of occurring, i.e., far from the equilibrium distribu-
tion. It was, however, found that the number of Monte Carlo steps
it takes to come close to equilibrium for the various simulated sys-
tems is negligible compared to the total length of the Monte Carlo
simulation runs and was, therefore, not explicitly accounted for.

C. Molecular dynamics

The molecular dynamics was conducted using the velocity Ver-
let algorithm.”** The time step was 0.050 w™' for the quartic and
double well one-dimensional systems, and 0.0350™", 0.0250™", and
0.020w™" for the quartic potential with harmonic baths containing
3, 6, and 9 degrees of freedom, respectively. The total time length of
each molecular dynamics run was 10w™".

D. Statistical evaluation of data

The block average method, explained by, e.g., Friedberg and
Cameron’ and Flegal, Haran, and Jones,” was used to calculate
the standard deviations of the correlation functions. The minimum
block size used was 10° Monte Carlo-steps. These standard devi-
ations were used as a measure of uncertainty and to determine
convergence.

E. Exact correlation functions

In order to have exact classical, quantum mechanical, and clas-
sical Wigner results to compare against, numerically exact results
were produced for the systems and correlation functions where this
was deemed doable.

For the quartic potential and double well potential, the classical
mechanics comparison was obtained by setting N = 1, in the same
program as was used to find the classical Wigner results, using 10°
Monte Carlo steps.

The quantum mechanical autocorrelation functions for the
quartic potential were calculated with a numerically exact program
that uses the lowest 2000 particle in-the-box energy eigenfunc-

tions, with a box length of 404/ %, as a basis set to approximate
the 40 lowest energy eigenfunctions of the quartic oscillator. These

ARTICLE scitation.org/journalljcp

eigenfunctions were then used to evaluate the necessary matrix ele-
ments and could be propagated in time analytically. The quantum
mechanical autocorrelation functions for the double well potential
were calculated in a similar way, but the basis set was the 12 lowest
energy eigenfunctions of the harmonic oscillator, V(x) = 1mw’x’.

For the quartic potential with harmonic bath, just as without
the bath, a classical comparison was calculated with one bead, N =1,
in the classical Wigner routine, using 10° Monte Carlo steps. The
quantum mechanical comparison at ¢ = 0 for this case was a path
integral Monte Carlo simulation with 80 beads, N = 80, run with
the same Monte Carlo parameters as the classical Wigner runs.
64 x 10° Monte Carlo steps were used for 3 degrees of freedom in the
bath and 16 x 10° Monte Carlo steps for 6 and 9 degrees of freedom
in the bath.

The exact classical Wigner data were generated as follows: First,
the matrix elements of the Boltzmann operator were calculated
using the numerical matrix multiplication scheme.”® In this scheme,

. T _fy
N =50 and N = 14 matrix multiplications of e ~"" were used for
Phw = 8 and Phw = 1, respectively. Afterward, a numerical Fourier
transform of these data was used for computing the Boltzmann
Wigner transform. Finally, this Boltzmann Wigner function was
represented on a grid for doing classical dynamics.

F. Feynman-Kleinert classical Wigner method

Many of the methods for acquiring an approximate initial dis-
tribution for a classical Wigner calculation use a harmonic approxi-
mation for the potential.”"** However, for potentials with negative
curvature, these methods all encounter problems when the tem-
perature is too low. For these situations, a modified local Gaussian
approximation’’ can be used instead. This is, however, not necessary
for the systems and temperatures in this paper.

The Feynman-Kleinert approximation’ is one of the harmonic
approximation methods, and its application to the classical Wigner
method is usually called Feynman-Kleinert linearized path integral
(FK-LPI).”” FK-LPI will be used as a comparison for OPCW.

G. Ring polymer molecular dynamics

Ring polymer molecular dynamics (RPMD)’ is a popu-
lar method for calculating approximate quantum dynamics. This
method was used as a comparison for the classical Wigner results.
The RPMD results were generated by using 32 and 5 beads for
Bhw = 8 and Bhw = 1, respectively, using a time step of 0.009w™" for
the quartic oscillator and a time step of 0.0125w ™" for the double well
and quartic oscillator with harmonic baths. The Kubo-transformed
results acquired from the calculations were transformed into the
asymmetric placement of the Boltzmann operator through the
method by Braams, Miller, and Manolopoulos.”' The way to calcu-
late momentum-correlation functions with RPMD is through time
derivatives of position correlation functions.””** This was consid-
ered too complicated for (p*p*(t)) so that this function has not been
included.

V. RESULTS AND DISCUSSION

In this section, the results from the calculations of a few differ-
ent autocorrelation functions for a few model systems are presented.
Each correlation function is presented by three lines. The middle
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(R4 ®))/ im0

FIG. 2. The position autocorrelation func-
tion for a quartic potential (BAw = 8).
Comparison between different numbers
of beads for the two versions of OPCW
and numerically exact solutions for clas-
sical mechanics (CM), classical Wigner
(CW), and quantum mechanics (QM).
The number of Monte Carlo steps used

(R4 )/ im0

for each number of beads, N, is 1 x 10°
for N=10and N =40, and 16 x 10° for N
=160. The outer lines of each type show
the standard deviations for the results. If
the standard deviation is small enough,
the outer lines are not visible. (a) Real
part of (kfc(t))yl, (b) imaginary part of
(a%fc(t))yl, (c) real part of (%%(¢)), ,
and (d) imaginary part of (xx(t))

£

line is the correlation function itself, and the upper and lower ones
show the standard deviation of the result. In most cases presented
here, the standard deviations are within the width of the middle
line.

A. Quartic potential phw = 8

When looking at the correlation functions for the quartic
potential calculated with the new method (Figs. 2-4) and numer-
ically exact classical Wigner (Figs. 2 and 3), it can be seen that
they flatten out and become constant at long times. This is due

to the fact that the classical Wigner method relies on classical
mechanics for propagation forward in time. For all systems with
potentials of higher order than harmonic, the classical trajecto-
ries do not give the correct coherence, meaning that the individ-
ual classical trajectories dephase against each other. Results for a
one-dimensional harmonic oscillator, where classical propagation
is exact, can be found in Appendix C. Analytic expressions for the
harmonic oscillator autocorrelation functions have been placed in
Appendix D.

In Fig. 2, it can be seen that at time ¢t = 0, the correlation
functions calculated with the new method converge from classical
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FIG. 3. The position and position-
squared autocorrelation functions for a
quartic potential (8Aw = 8). Comparison
between the two versions of OPCW and
numerically exact solutions for classical
mechanics (CM), classical Wigner (CW),
FK-LPI, RPMD, and quantum mechan-
ics (QM). The number of beads used in

the y4- and x4-calculations is N = 160,
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and the number of Monte Carlo steps is
16 x 10°. The outer lines of each type
show the standard deviations for the
results. If the standard deviation is small
enough, the outer lines are not visi-
ble. (a) Real part of (xx(¢)), (b) imag-
inary part of (x%(¢)), (c) real part of
(#232(t)), and (d) imaginary part of

(222(1)).
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FIG. 4. The momentum and momentum-squared autocorrelation functions for a quartic potential (8#w = 8). Comparison between OPCW [with (pp(t)) ,, and (p*P*(1))

t/ow! t/w!

el

being identical to (pp(t)), and (ﬁzﬁz(t))x , respectively] and numerically exact solutions for classical mechanics (CM), FK-LPI, RPMD, and quantum mechanics (QM).

The number of beads used in the calculations of (pp(t))

YiX1

is N = 160, and the number of Monte Carlo steps is 64 x 10°. The number of beads used in the calculations of

(j)zﬁz(t))y . is N = 80, and the number of Monte Carlo steps is 128 x 10°. The outer lines of each type show the standard deviations for the results. If the standard deviation
is small enough, the outer lines are not visible. (a) Real part of (pp(t)), (b) imaginary part of (pp(¢)), (c) real part of (p2p(¢)), and (d) imaginary part of (525> (¢)).

(R& )Y/ m o™

FIG. 5. The position and position-
squared autocorrelation functions for a
quartic potential (8Aw = 1). Comparison
between the two versions of OPCW and
numerically exact solutions for classical
mechanics (CM), classical Wigner (CW),
FK-LPI, RPMD, and quantum mechan-
ics (QM). The number of beads used in
the y1- and xq-calculations of (xx(t)) is
N = 80, and the number of Monte Carlo

(20 @m0

steps is 16 x 10°. The number of beads
used in the y4- and xq-calculations of
(#222(t)) is N = 80, and the number of
Monte Carlo steps is 64 x 10°. The outer
lines of each type show the standard
deviations for the results. If the standard
deviation is small enough, the outer lines
are not visible. (a) Real part of (xx(t)),
(b) imaginary part of (xx(t)), (c) real
partof (242 (¢)), and (d) imaginary part
of (22%(¢)).
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being identical to (pp(#)),, and (lfﬁﬁz(t)))C , respectively] and numerically exact solutions for classical mechanics (CM), FK-LPI, RPMD, and quantum mechanics (QM).
The number of beads used in the calculationsl, of (ﬁp(t))wl is N = 80, and the number of Monte Carlo steps is 128 x 10°. The number of beads used in the calculations
of <f’2f’2(t))y,,xl is N = 20, and the number of Monte Carlo steps is 256 x 10°. The outer lines of each type show the standard deviations for the results. If the standard
deviation is small enough, the outer lines are not visible. (a) Real part of (ﬁjz(t))yhxl, (b) imaginary part of <ﬁﬁ(t)>y,,x,v (c) real part of <ﬁ2ﬁ2(t))yl,xl' and (d) imaginary

part of (ﬁzﬁz(t))m.
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squared autocorrelation functions for a
double well potential (8Aw = 8). Com-
parison between the two versions of
OPCW and numerically exact solutions
for classical mechanics (CM), classical
Wigner (CW), FK-LPI, RPMD, and quan-
tum mechanics (QM). The number of
beads used in the y1- and x4-calculations
is N = 160, and the number of Monte
Carlo steps is 16 x 10°. The outer lines
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8 of each type show the standard devia-
;‘E tions for the results. If the standard devi-
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= imaginary part of (%x(t)), (c) real part
> of (¥24%(t)), and (d) imaginary part of
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J. Chem. Phys. 152, 094111 (2020); doi: 10.1063/1.5126183 152, 094111-8

Published under license by AIP Publishing


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

mechanics toward quantum mechanics as the number of beads is
increased. For all times, the correlation functions calculated with the
new method converge toward the exact classical Wigner method. It
can also be seen that the x;-method converges faster than the y-
method with respect to the number of beads. This is also the case for
the harmonic oscillator, see Appendix E, where an explanation for
this is also given.

Looking at the individual versions of the new method in Figs. 2
and 3, it can be seen that at least the real parts of (x%(t)), and

<5c25c2 (1) )x have converged essentially to within the thickness of the
1

line of the exact classical Wigner result for N = 160. (£%(t)), and

(5c25c2(t) >y1 converge quite slowly in comparison, and the results for

N = 160 are not entirely converged to the exact classical Wigner
result, even if they are close. (pp(t)),, . in Figs. 4(a) and 4(b) has
not converged all the way to exact quantum mechanics at ¢ = 0 for
N =160 but is close.

In Figs. 4(c) and 4(d), it stands out that (f)zf)z(t))y . is far from

converged to exact quantum mechanics at ¢ = 0, but this is a compli-
cated correlation function. Even though the result for N = 80 is not
very close to exact quantum mechanics at time ¢ = 0, the shapes of
the curves have some qualitative agreement.

Correlation functions with p” in the first operator can be
expected to be more difficult to converge than correlation functions
with %" in the first operator, since (p"),, will be integrated into an
nth-order polynomial of a difference between positions, while (%),
will just be a position, or an average of positions, to the power of n
(see Appendix A).

In Fig. 3, it can be seen that FK-LPI gives results very close
to exact classical Wigner for (%%(¢)) and the imaginary part of
(¥°4*(t)), while the real part of (¥*4°(t)) is a little bit further off.
OPCW gives as good, or slightly better, results as FK-LPI, except y;
for Im(%°4%(¢)).

0.5 T T T T T T
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In Figs. 4(a) and 4(b), it can be seen that FK-LPI gives a bet-
ter starting value for (pp(t)) than the calculations with the new

method. The oscillations are, however, qualitatively similar. For
(p°p* (1)) in Figs. 4(c) and 4(d), the results acquired with the new
method have a better value at ¢ = 0 and has more qualitative agree-
ment with the exact quantum mechanical result than the FK-LPI
result.

It is shown in Figs. 3, 4(a), and 4(b) that the classical Wigner
method gives worse amplitudes than RPMD for the linear auto-
correlation functions, (%x%(t)) and (pp(t)). It can, however, also
be seen that the classical Wigner method gives better amplitude
at short times and better phase overall than RPMD does for the
non-linear autocorrelation function (&2&2(1‘». This is not surpris-
ing as it is known that for RPMD to be exact for the harmonic
oscillator at least one of the operators in a correlation function has
to be linear.’

B. Quartic potential phw = 1

When, for the quartic potential, the temperature is increased so
that fhiw = 1, instead of Shw = 8, it is shown in Fig. 5 that (X%(t))
and (szcz(t)) for both versions of the new method are almost per-
fectly converged to the exact classical Wigner result for N = 80. This
is fewer beads than what seems necessary to achieve a similar con-
vergence at Shw = 8. This is hardly surprising as the classical and
quantum mechanical correlation functions are much more similar
at fhw = 1 than at fhw = 8.

In Fig. 6, it can be seen that (pp(t)), . is rather well con-

Y1X1

verged toward exact quantum mechanics at ¢ = 0. ( p* ﬁz(t))y . does
1>A1

not reach the limit of the exact quantum mechanics for the N = 20

calculation presented here but shows a qualitative agreement with

quantum mechanics up to t = 47"
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Generally, even for a lower number of beads the convergence
with respect to the number of Monte Carlo steps is worse for ffiw =1
compared to Sfiw = 8. This is, however, not a problem in practice as
fewer beads are required to converge the result to the exact classical
Wigner result at the higher temperature.

For (xx(t)) and (%°4*(t)), FK-LPI results are essentially the
same as the exact classical Wigner results. For (pp(t)), the results
from the new method and the FK-LPI results are very similar.
However, for (p°p*(t)), the FK-LPI results are somewhat closer
to the quantum mechanical result than the results produced with
OPCW.

For (%%(t)), the classical Wigner method gives worse ampli-
tudes than RPMD. For (szcz(t», the classical Wigner method pos-
sibly gets a somewhat worse amplitude than RPMD. For (pp(t)),
it is not obvious if one of the methods performs better than the
other.

C. Double well potential fhw = 8

In Fig. 7, it can be seen that all the approximate methods quite
early become very different from exact quantum mechanics. This is
because dynamical tunneling is important for describing the dynam-
ics of a system like this, which is not taken into account at all in the
classical Wigner method and not properly in RPMD. For (%x(t)),
the y1- and x;-versions of the open polymer method have converged
to the exact classical Wigner result by using 160 beads. For (*4* (1)),

0.6 \ T T
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the open polymer method has almost converged to the exact classical
Wigner result using 160 beads.

The FK-LPI results can be seen to essentially agree with the
exact classical Wigner result for the real part of (X%(t)) and to
be close to it for the imaginary part of (¥°%*(t)). For the other
cases, FK-LPI is further off. For the real part of (J%chz(t)), FK-LPI
is substantially off compared to exact classical Wigner. The FK-LPI
results do, however, stay almost equal to the exact quantum
mechanical results for as long as the exact classical Wigner
results do.

The classical Wigner method gives significantly better results
than RPMD for the real part of (%(t)) and the imaginary part of
(kzkz(t)), and slightly better results for the real part of (&Z&Z(t)).
For the imaginary part of (%%(t)), the classical Wigner method and
RPMD perform equally well.

D. Quartic potential in harmonic bath phw = 8

In Figs. 8 and 9, the position and position-squared autocor-
relation functions are shown for the quartic oscillator with a har-
monic bath of 3 degrees of freedom. The numerically exact quan-
tum mechanical comparison is only available for time t = 0 due
to the method used for its calculation (see Sec. IV E). It can,
in these figures, be seen that the new method converges from
classical mechanics toward quantum mechanics at ¢t = 0 as the
number of beads is increased. The possible exception is for low
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FIG. 9. The position-squared autocorrelation function for a quartic potential with a harmonic bath with 3 degrees of freedom (BAw = 8). Comparison between different numbers
of beads for the two versions of OPCW and numerically exact solutions for classical mechanics (CM), at all times and quantum mechanics (QM), at time t = 0. The number of
Monte Carlo steps used for each number of beads, N, is 1 x 10° for N.= 5 and N = 10, 16 x 10° for N = 20, and 64 x 10° for N = 40. The outer lines of each type show the
standard deviations for the results. If the standard deviation is small enough, the outer lines are not visible. The value in parentheses gives the number of Monte Carlo steps.
(a) Real part of (x242(¢) ), (b) imaginary part of (3242 (¢)) , (c) real part of (%4> (t))x1 , and (d) imaginary part of (22 (¢) >X| :
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numbers of beads for y1, as for N' = 5 Re(xx(t)),, is further from the
quantum mechanical result than classical mechanics is.

In Figs. 10-12, the position and position-squared autocorrela-
tion functions are shown for the quartic oscillator with a harmonic
bath of 3, 6, and 9 degrees of freedom, respectively.

In Figs. 8, 9, 11, and 12, it can be seen that the x;-results are
significantly closer to quantum mechanics at ¢ = 0 than the y;-results
are.

For the case with 3 degrees of freedom in the bath, results are
shown that are not entirely converged with respect to the number of
Monte Carlo steps used, and it is visible that the x;-version of the
method converges better with respect to the number of Monte Carlo
steps than the y;-version.

Overall, the calculations for the larger numbers of degrees of
freedom are fairly computationally intensive and have, therefore, not
been numerically converged with respect to the number of beads.
However, it is shown in Figs. 10-12 that when the harmonic bath
is sampled from a classical distribution, much larger numbers of
beads can be used in the quartic oscillator degree of freedom and
the number of Monte Carlo steps used is still the same or smaller
than used for a one-dimensional quartic potential with a lower num-
ber of beads. Making the bath classical, thus, improves the overall
convergence drastically. The classical bath calculations are so well
converged with regard to both numbers of beads and Monte Carlo
steps that the difference between y; and x; is almost unnoticeable
for the correlation functions shown here, and therefore, only the
xi-version is shown. The difference in numerical performance
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between the full OPCW calculations and the calculations with clas-
sical bath can be seen to increase when the size of the bath is
increased.

At time t = 0, the calculations employing a classical bath give
better values than those using the open polymer for all degrees
of freedom. However, even if the quartic oscillator part of a clas-
sical bath calculation were to be sampled with an infinite num-
ber of beads in the polymer, the classical mechanics of the bath
would still mean that the initial value of the correlation func-
tions would not necessarily be the exact quantum mechanical value.
The correlation functions for t > 0 for the classical bath calcula-
tions are qualitatively similar to but have higher amplitudes than
the full OPCW calculations. This is the behavior that would be
expected from a full OPCW calculation with a larger number of
beads.

For the real part of (¥’%*(t)), the long time value given by the
classical bath calculations is lower than the corresponding result for
the full OPCW calculations, except y; for 9 degrees of freedom in
the bath. From the full OPCW results for the quartic oscillator with a
harmonic bath with 3 degrees of freedom (Figs. 8 and 9) and the one-
dimensional quartic oscillator (Fig. 2), it can be expected that for the
same number of beads in the open polymer, x; will be more con-
verged toward exact classical Wigner than y; will be. For the quartic
oscillator with harmonic baths with 6 and 9 degrees of freedom,
Figs. 11 and 12, the results from calculations with classical baths
are closer to the y;-results than to the x;-results. This indicates that
the long time values of Re(ﬁczfcz(t» may not be very well described
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FIG. 10. The position and position-squared autocorrelation functions for a quartic potential with a harmonic bath with 3 degrees of freedom (S#w = 8). Comparison between
the x4-version of OPCW and numerically exact solutions for classical mechanics (CM), FK-LPI, and RPMD, at all times and quantum mechanics (QM), at time ¢ = 0. Results
for the x4-version of OPCW with 320 beads in the quartic oscillator and a classical bath, CB, are also shown. The number of beads used in the y4- and x4-calculations is N =
40, and the number of Monte Carlo steps is 64 x 10°. For the calculations with classical bath, the number of Monte Carlo steps used is 16 x 10°. The outer lines of each type
show the standard deviations for the results. If the standard deviation is small enough, the outer lines are not visible. (a) Real part of (X ()}, (b) imaginary part of (xx(¢)),

(c) real part of (¥2i2(¢) ), and (d) imaginary part of (22 (t) ).
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FIG. 11. The position and position-squared autocorrelation functions for a quartic potential with a harmonic bath with 6 degrees of freedom (S%w = 8). Comparison between
the two versions of OPCW and numerically exact solutions for classical mechanics (CM), FK-LPI, and RPMD, at all times and quantum mechanics (QM), at time ¢ = 0. Results
for the x4-version of OPCW with 320 beads in the quartic oscillator and a classical bath, CB, are also shown. The number of beads used in the y4- and x4-calculations is N =
10, and the number of Monte Carlo steps is 64 x 10°. For the calculations with classical bath, the number of Monte Carlo steps used is 16 x 10°. The outer lines of each type
show the standard deviations for the results. If the standard deviation is small enough, the outer lines are not visible. (a) Real part of (xx(¢)), (b) imaginary part of (xx(t)),

(c) real part of (¥242(¢) ), and (d) imaginary part of (32 (t)).

with the classical bath. This was to be expected as the zero point
energy leakage from the system into the bath should be consider-
able in this type of calculation, and the correlation function, even at
long times, is highly dependent on the magnitude of the oscillation
in the system degree of freedom.

It can be seen in Figs. 10-12 that the results from the classical
bath calculations and the FK-LPI results follow each other closely for
the first 2-4 w ™ '. At t = 0, the classical bath results are as good as or
slightly worse than the FK-LPI results.

In Figs. 10(a), 10(b), 11(a), 11(b), 12(a),and 12(b), it can be seen
that the classical Wigner method with a classical bath gives slightly
worse than or equally good results as RPMD does for (X%(t)) at
t = 0. Looking at Figs. 10(c), 10(d), 11(c), 11(d), 12(c), and 12(d),
it can be seen that the classical Wigner method with a classical bath
gives slightly better results than RPMD does for (£*4(t)) at ¢ = 0.
RPMD, however, goes to higher values at long times for the real part
of (&chz (1) >, and this may be a better value as it follows (&Z&Z(t))

which should be better converged than <5c25c2 (t)>

x°
»1

E. Summary of results

For all the cases studied here, the results of the new method
converge toward exact quantum mechanics at time ¢ = 0 as the num-
ber of beads increases. Additionally, for all cases where the exact clas-
sical Wigner result is available, the new method converges toward
this result as the number of beads increases. These convergences are
what should be observed according to the derivation of the method.

Some of the results for the one-dimensional quartic oscillator and
double well have converged essentially to within the thickness of the
line of the exact classical Wigner result.

For the correlation functions where a comparison has been
made, the x;-version of the new method converges faster than the
y1-version with respect to the number of beads used. The x;-version
also converges better than the y;-version with respect to the num-
ber of Monte Carlo steps for these cases. Note also that for almost
every graph shown, it can be seen that for a larger number of
beads, more Monte Carlo steps have been used to converge the
results.

The results for the multidimensional systems using many beads
in the polymer for sampling the initial distribution of the quartic
oscillator degree of freedom and classical mechanics to sample the
initial distribution of the bath show a significant improvement in
convergence toward the exact result at t = 0 compared to the results
of using fewer beads for the full OPCW quartic oscillator with har-
monic bath. The long time values of Re(562552(t)) may, however, be
significantly different from the exact classical Wigner result. This is
likely to be a result of increased zero point energy leakage when a
classical bath is used.

Iflooking at the one-dimensional and multidimensional poten-
tials, using a classical bath for the multidimensional cases, the results
from the open polymer sampled classical Wigner method is about
as good as the results from FK-LPIL For the double well potential,
the new method clearly reproduces the exact classical Wigner results
better than FK-LPI, but the new method does not come closer to
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FIG. 12. The position and position-squared autocorrelation functions for a quartic potential with a harmonic bath with 9 degrees of freedom (B#w = 8). Comparison between
the two versions of OPCW and numerically exact solutions for classical mechanics (CM), FK-LPI, and RPMD, at all times and quantum mechanics (QM), at time ¢t = 0. Results
for the x4-version of OPCW with 320 beads in the quartic oscillator and a classical bath, CB, are also shown. The number of beads used in the y4- and x4-calculations is N =
5, and the number of Monte Carlo steps is 16 x 10°. For the calculations with classical bath, the number of Monte Carlo steps used is 16 x 10°. The outer lines of each type
show the standard deviations for the results. If the standard deviation is small enough, the outer lines are not visible. (a) Real part of (x(t)), (b) imaginary part of (xx(t)),

(c) real part of (x242(¢) ), and (d) imaginary part of (32 (t)).

exact quantum mechanics than FK-LPI. Comparing Figs. 3, 5,and 7,
it can be seen that the OPCW method works essentially equally well
independent of the potential involved, while in the case of FK-LP], it
works worse for the double well, which contains a region of negative
curvature.

In comparison to RPMD, it can be seen that for the one-
dimensional quartic oscillator, the classical Wigner method and
thereby also the OPCW method perform worse than, or in a single
case equally well as, RPMD for autocorrelation functions of linear
operators. For the autocorrelation function (&Zkz(t)), the classical
Wigner method gives better results than RPMD at the lower temper-
ature employed here and possibly worse results at the higher temper-
ature. For the one-dimensional double well potential, the classical
Wigner method is seen to give better results than RPMD for both
(#%(t)) and (#*%*(t)). Comparing classical Wigner with a classical
bath to RPMD for the multidimensional systems, the classical bath
calculations tend to be as good as or better than RPMD, apart from
the long time values of (&2&2 (1) )

VI. CONCLUSION

In this article, two versions of a new way of sampling the ini-
tial quantum distribution used in the classical Wigner method for
the calculation of correlation functions have been presented and
tested for the one-dimensional quartic oscillator and double well

and a quartic oscillator with linearly coupled harmonic baths. The
name used for the new method is Open Polymer Classical Wigner
(OPCW).

The new method will always converge toward the exact classical
Wigner result as the number of beads in the open polymer neck-
lace goes to infinity. For the y,-version of the new method and the
correlation functions and potentials tested here, this convergence
is mostly slow. For some cases, the x;-version of the new method
converges considerably faster.

Compared to FK-LP]J, the open polymer sampling for the clas-
sical Wigner method can give better, worse, or equal results. The
double well potential is a case where the two methods give notice-
ably different results, with the ones from OPCW being closer to
exact classical Wigner. Both methods, however, follow exact quan-
tum mechanics equally well for the double well potential. For a well
behaved molecular potential, OPCW will always converge toward
the exact classical Wigner result as the calculation gets more refined.
A harmonic approximation method such as FK-LPI will not nec-
essarily converge toward the exact classical Wigner result for all
potential energy surfaces.

The way forward from this study would be to test the method
developed here on other potentials and correlation functions. One
set of correlation functions that are of chemical interest and that
possibly could be calculated by the presented method are the ones of
Miller, Schwartz, and Tromp 4% that can be used to acquire reaction
rate constants. Potential energy surfaces in reaction rate calculations
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tend to have barriers, such as the one in the double well tested here,
and this is where the new method may be an improvement over
methods such as FK-LPI, since OPCW for the double well approxi-
mates the exact classical Wigner result noticeably better than FK-LPI
does.

Systems with many degrees of freedom are seen to be compu-
tationally demanding. Describing the harmonic baths studied with
classical mechanics improves the situation considerably. It would
thus be of interest to try this out on other multidimensional sys-
tems. This should be particularly useful when the coupling between
the system and the bath is weak. It would also be of interest to
try a less approximate simplification for the less quantum mechan-
ical degrees of freedom in a system, such as an open polymer
equivalent to the ring polymer contraction of Markland and
Manolopoulos.”” Another approach of interest for handling the
more computationally demanding systems would be to try to
enhance convergence using the techniques recently introduced by
Bose and Makri."”
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APPENDIX A: ANALYTIC FORMS OF A’(y, X2 - X1)
FOR (A),,[y1p1] BEING A POLYNOMIAL IN p,

If (A)W[yl,pl] is a polynomial with respect to py, i.e.,

(A)W[)/bpl] = kapy + kn—1P’11_1 . -kzpf + kip1 + ko, (A1)

where ky, . . ., ko are constants, then the solution to Eq. (11) is

A'(y1,x —x1) =

'”'Vz (=x1)?

2nmN 232
[ ZmmN o~ 2126

mN x3 — x1 o1 mNY 2 mN x; — x1
s (%) (Y5 ) e (35 e 25 -
H mN x; — x1 [ mN : mN x; — x1
T )*kl(")(ﬁ) Hl(\/% P )*"0

:ikj(-iy("ﬂ)EHj( ’LNXZ;XI), (A2)

.2 d] _.2
H(x) = (-1)e" dT(fE *, (A3)

where x is a dummy variable.

APPENDIX B: KUBO TRANSFORM

One possible form of the Kubo transform”* of the open polymer expression presented in this article is

(AB(ﬁ)Kubo fT{ / dr e M Ae - )‘)HB(t)}

1 mN H B _N N ° °° — i (x—xy)
v (2] 4/ h [t [ dpy et
Z(Znﬁ) 2nmN {JI} —oo xJ} —o0 py e’

B[ PN
Q(A+Z V(J’J)*;;%z Z]_

) ), Lm0

X e
1 N-2
N( A (yx2—x1) + 2 A Vet Xkaz = Xae1) + A "(yn-1 28 = xn- 1)) (B1)
k=1
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It can be noted that the double counting of A’(yn—1, xy — xn-1) is due to the approximation (Q eféH) [x.p] ~ (O ) [, p](

ARTICLE scitation.org/journalljcp

W) )

_Epa . . . .
~ (e N Q) [%,p]. This double counting leads to an asymmetry that means that the resulting correlation function may have an imaginary

part. If using the Kubo transform, this may be an unwanted property, so the mean of the above expression and its complex conjugate may be

used instead,

{AB(6)) 0 (2?/3])\/% 'N{Hf }f dpy e

% iﬁl ZN V(J’J)*'Mz 2 Z] 1 (Xﬁl x])
! )( B) o [x(yn. pns 1), p (4 s 1))

1 —Lpn(a—xy
xﬁ(e ipn( A)( Ay, %0 —x1) + ZA(yk,ka X)) + A (yN-1, %N — xN_l))

k=2

+ eépN(x'fo)( A'(yn-1,%N-1 = xn) + ZA (Vi Xk = Xp1) + A "nx - xz))) (B2)

k=1

which should not give an imaginary part. If A’ (y}, xj+1
simplified to

(AB()) s ven ™ ;(;ﬁ;)% _N{H R } [odme

N-2

— x;j) is either an even or odd function with regard to x;,1

— xj, the expression can be

ZJ_ v ”ﬁxzﬂz T (7s) )( ) [x(yn> oo 1), p(yns ps ) ]

1 —
X N(COS(M)( A —x1)+ Y A (Yo X — xi) + A (yN-1, 2N — xN= 1))

k=2

+ eépN(xl_xN)A’(ybe _ xl) + e_épN(XI_XN)A,(nyl,xN _ xN—l)) (B3)

for even A’ and

a A 1({mN g —N £ TV IR V()+ Z’;‘z\;;z = (% x])
(AB(t))Kubo)oddzE(ﬁ) ‘/znmN {1‘[ /w dxj}f dpy e ) nh )

X (B)W[X(J’N:PN> t),p(yn, pns 1) ]

1 _ N-2
X N(—iSin(M)( —A' (y1, %0 —x1) + ZA Dio> Xiea1 — X)) + A "(yN-1, XN — XN- 1))

k=2

— PPN AT (e ) b e TN AT (- XN—I)) (B4)

for odd A’.

APPENDIX C: RESULTS FOR HARMONIC
POTENTIAL phw = 8

Apart from the calculations shown in the main body of this arti-
cle, the four autocorrelation functions position, position-squared,
momentum, and momentum-squared were also calculated for a
one-dimensional harmonic oscillator.

The harmonic potential was taken as

1
Vharmonic (x) = Emwzxzx (C1)

where w is the angular frequency of the harmonic oscillation.

The Monte Carlo procedure and molecular dynamics were con-
ducted as for the other systems. The time step used in the molecular
dynamics was 0.050w™ .

In order to have exact values to compare our calculated
results against, anaytical classical and quantum mechanical cor-
relation functions were used. These functions are collected in
Appendix D.

As shown in Fig. 13 for both versions of the new method,
the real and imaginary parts of the position autocorrelation func-
tion converge from exact classical mechanics toward exact quan-
tum mechanics as the number of beads increases. (XX(t)), con-
verges toward quantum mechanics, with respect to the number of
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FIG. 13. The position autocorrelation
function for a harmonic potential (8w
=8). Comparison between different num-
bers of beads for the two versions of
OPCW and exact solutions for classical
mechanics (CM) and quantum mechan-
ics (QM). The number of Monte Carlo

("R @)/ (Em o™

steps used for each number of beads,
N, is 1 x 10° for N = 5, N = 10, and
N = 40, and 64 x 10° for N = 160.
The standard deviations are in all cases
small enough not to be visible. (a) Real
part of (&k(t))yl, (b) imaginary part of
(fcfc(t))yl, (c) real part of (xx(t)), .
and (d) imaginary part of (Xx(t))

£

beads, noticeably faster than (X%(t)), . This ordering of speed of
convergence with regard to the number of beads, N, is what could be
expected since (%(t)), requires the positions of neighboring beads
to converge to the same value, while (%(t)) , also requires the posi-
tions of next neighboring beads to converge to the same value (see
Appendix E 1).

In Fig. 14, the position-squared autocorrelation function can
be seen for both versions of the method studied. Both versions
of the method, just as for the previous correlation function, con-
verge from classical toward quantum mechanics as the number

of beads increases. Similar to the previous correlation function,
(5c25c2(t)>xl converges faster with respect to the number of beads
than (5c25c2(t)>yl , as could be expected (see Appendix E 2).

In Fig. 15, the position and position-squared autocorrelation
functions from the two versions of the open polymer method can
be compared to each other, exact classical mechanics, exact quan-
tum mechanics, and RPMD. FK-LPI is always exact for a harmonic
potential, so it is equivalent to exact quantum mechanics. As RPMD
is exact for correlation functions with at least one linear operator
in a harmonic potential,” the exact RPMD result is also equivalent

0.8 T T
(a) Y Re

(L0 'm0

FIG. 14. The position-squared autocor-
relation function for a harmonic potential
(Bhw = 8). Comparison between differ-
ent numbers of beads for the two ver-
sions of OPCW and exact solutions for
classical mechanics (CM) and quantum
mechanics (QM). The number of Monte
Carlo steps used for each number of

beads, N, is 1 x 10° for N=5and N = 10,

(20 E*me?)

4 x 10° for N = 40, and 64 x 10°
for N = 160. The outer lines of each
type show the standard deviations for the
results. If the standard deviation is small
enough, the outer lines are not visible.
(a) Real part of (#232(¢)) , (b) imagi-

N
nary part of (szcz(t))y , () real part of
(#%°(1)),, and (d) imaginary part of
(B2 (1)), -
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FIG. 15. The position and position-
squared autocorrelation functions for a
harmonic potential (8w = 8). Compar-
ison between the two versions of OPCW
and numerically exact solutions for clas-
sical mechanics (CM), classical Wigner
(CW), RPMD, and quantum mechanics
(QM). The number of beads used in
the y4- and x4-calculations is N = 160,
and the number of Monte Carlo steps is
64 x 10°. The outer lines of each type
show the standard deviations for the
results. If the standard deviation is small
enough, the outer lines are not visi-
ble. (a) Real part of (x4(t)), (b) imag-
inary part of (xx(t)), (c) real part of
(#222(¢)), and (d) imaginary part of

(2222(1)).

(k4 @)/ @mo™

(82 (Pm2e0?)
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to exact quantum mechanics for (X%(t)). For (9%29%2(1‘)), it can be RPMD is not exact when both operators in the correlation function
seen that the classical Wigner method gives better results than are non-linear.

RPMD. This is to be expected as the classical Wigner method is In Fig. 16, the momentum and momentum-squared autocor-
exact for any correlation function for a harmonic potential, while relation functions are shown. For these correlation functions, the
%% [@ke ®m oM
04 r

0.2
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FIG. 16. The momentum and momentum-squared autocorrelation functions for a harmonic potential (87w = 8). Comparison between different numbers of beads for OPCW
[with (pp(t))yl and (ﬁzpz(t))y being identical to (pp(t)), and (ﬁzﬁz(t))x , respectively] and exact solutions for classical mechanics (CM) and quantum mechanics
(QM). The number of Monte Carlo steps used for each number of beads, N, for the calculation of (pp(t)),, . is 1 x 10° for N.=5and N = 10, 4 x 10° for N = 40, and

64 x 10° for N = 160. The number of Monte Carlo steps used for each number of beads for the calculation of (ﬁzﬁz(t))y L isTx 10° for N = 5, 4 x 10° for N = 20, and

128 x 10° for N = 80. The outer lines of each type show the standard deviations for the results. If the standard deviation is small enough, the outer lines are not visible. (a)
Real part of (pp(t)),, .., (b) imaginary part of (pp(t)), . , (c) real part of (ﬁzﬁz(t))y .- and (d) imaginary part of (ﬁzpz(t))y "
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two versions of the method are identical. (pp(t)) i CODVerges in a

similar way as (¥%(t)),, does with respect to the number of beads.

i),

respect to the number of beads from classical toward quantum
mechanics. In this work, (ﬁ2p2(t))y . is the most difficult corre-
1AL

lation function to converge with respect to the number of Monte
Carlo steps. That is why no results from calculations with N = 160
are shown, and why the standard deviations are visible in the results
for N = 80.

, as all the other correlation functions, converges with

APPENDIX D: ANALYTIC CORRELATION FUNCTIONS
FOR THE HARMONIC OSCILLATOR

For the harmonic oscillator described in Appendix C, correla-
tion functions can be calculated analytically. (xx(¢)) and (pp(t)) are
straightforward to derive. (&zkz(t)) and ( B pz(t)> can be acquired
from the simpler correlation functions by using the cumulant expan-
sion of Cao and Voth.” The correlation functions are, for classical

mechanics,
(x4(1)) = ﬁcos(wt), (D1)
( (t)) /32 oy ———(1 +2cosz(wt)), (D2)
(pp(1)) = 7 ™ cos(wt), (D3)
(ﬁzﬁz(t)) 2 (1 +2cos (wt)) (D4)

and, for quantum mechanics,

XX h eﬁhw —iwt 1 iwt
(1)) = me(eﬁhw_le t e 1€ ) (D5)
2
(#2%(1)) = (e
amr? |\ efio -1

efho _ 1 ¢ + efhw _

+ 2( e[Shw —iwt 1

2
. eiwt) ), (D6)

fio
(Bp() = mhw( P o, 1 eiwt), (D7)

e/}hw ~-1 eﬁhm ~-1
< A2n 2(1‘)) 2?12 2(( P 1)’
efe — 1
Bhw 2
€ —iwt 1 iwt
+2( Fo ¢t C ) ) (D8)

APPENDIX E: COMPARISON OF THE REAL
AND IMAGINARY PARTS OF CORRELATION
FUNCTIONS FOR THE HARMONIC POTENTIAL

For the harmonic oscillator, the analytical equations of

motion can be put into (B)W[x(yN,pN,t),p(yN,pN,t)] and
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(E)W[x(xN,pN, 1), p(xn,pn,t)] in Egs. (12) and (13). This appendix
shows how some autocorrelation functions behave for the two
versions of the method presented in this paper.

1. Position autocorrelation function, (%%

(t))
For the case of (X%(t)), entering the analytical equations of
motion into Eqgs. (12) and (13) leads to

o 1(mN\: [ B [ e
w0 =7 55) Vs {Jnfwd"f}
% /‘oode e_éPN(Xl—XN)

(B v T )

X y1 (yN cos(wt) + % sin(wt)), (E1)

SO LA I, o
<xx(t))"'7Z(2nﬁ) 2nmNh {JITI —o0 d
x /wde e—éPN(Xl—XA')

2 _
_§(L\]+Z; 1V(}’1)+;;;,/;2 Zj\ill(xﬁl_x])z)

xe
X X1 (yN cos(wt) + % sin(wt)). (E2)

To simplify, py can be integrated out and all constants that are
identical in both cases can be collected into a single constant, C,

(t) = C{H f dx } ZJN' V(yf)+zh2ﬁ2 Z] (=)’ )

Xy (yN cos(wt) — [Sh (x1 - xN) s1n(wt)) (E3)

(%x(1)), —C{H/ dxj}

X X1 (yN cos(wt) — /)T( xN)sin(wt)). (E4)

(yl)+2n2/32 PR ("JH_"J)Z)

These correlation functions are Boltzmann-weighted averages,
which can be simplified to

(xx(1)),, = (yl (yN cos(wt) — (x1 —xN) sm(wt))) (E5)

[5h

(x%(t)), = (x1| yn cos(wt) — l—(xl —xn)sin(wt) |).  (E6)
o Phw
Now, the correlation functions can be separated into the real
parts,

Re(ik(1)), = cos(wt){y1yn)

_ cos(wt)
- 4 (<x1> + <x1xN> + <x1x2> + (xsz>)

- Cosiw) ((x1) + 2(x12n) + (x2xn) ), (E7)
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Re(2%(1)),

= cos(wt){x1yn)

cos(wt)

= (<x1> +(x1xn)), (E8)

and the imaginary parts,
m(xk()), = - ﬂh sin(wt) (31 (1 - xx))

N sin(wt)((xf) + (x122) — (x120n) — (x22n))

2fBhw
=N Sin(wn) ({(x2) - fraxx)), (E9)
Zﬁhw
m(xx(t)),, = ﬂh sin(wt){x1 (x1 — xn))
:—lsin(wt) x1) - (x1xn)), (E10)
Phw
where it has been used that all beads are equivalent after the
last momentum was integrated out, so, e.g., (xi,) = (xf) and
(x12n) = (x1202).
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For the real part, (xf) cos(wt) is the exact quantum mechan-
ics, apart from that the Boltzmann weighting factor in the average
is approximate as long as N is finite. Re(%%(¢)),, consists to a larger
degree of (xi) cos(wt) than Re(xx(t)), does. When N — oo and
the distance between beads becomes smaller both (x;xx) and (x2xn)
will converge toward (xf) (x2xn) will most likely converge more
slowly than (x1xy) as it depends on next neighboring beads instead
of immediately neighboring beads. This means that Re(&%(t)),,
could be expected to convergence toward exact quantum mechanics
faster than Re(xx(t)) 5, With respect to the number of beads. With
the same kind of reasoning, Im{%%(t)), could be expected to con-
verge faster with respect to the number of beads than Im{&(t)),,»
since the former depends on (x;xny) and the latter depends
on (xxn).

2. Comparison of real and imaginary parts
of (%24%(t)) for the harmonic potential

For (x xz(t)) the equivalent of Egs. (E5) and (E6) is

N? N
(kza%z(t»yl = (yf (y;z\] cos’ (wt) - ﬂh (x1 xn )y sin(wt) cos(wt) — m(xl —xn)’ sin®(wt) + Botm sinz(wt))>, (E11)
(kzkz(t)) = (x| y& cos* (wt) - (xl xn )y sin(wt) cos(wt) — LZ(X] —xn)’sin’ (wt) + N sin®(wt) |). (E12)
X /J’h PR w? Bw*m
Separating into real parts
R A2272 t _ 2 2 2 ¢ 2 N2 2 .2 ¢ 2 N .2 ¢
e(x 2( ))y1 = {yiyn cos”(w )—J’lm(xl - xn)”sin” (@ )+}’1m sin” (wt)
cos?(wt)
= (%1 + 206020 + 25720 + X720 + 4XT XN + XTI + 2X15N + 2X10X0 + XXy
N?sin’(wt) 2
- 7/32;.12 5 (xl + 2335, — 200N + XX — AX1X0XN + X1xN — 2X100XN + 2X1X0X0 + xsz)
Nsm wt
4B 2(m ) (xl +2x1%2 +x2>
cos’(wt) ;; 4 3 2.2 2 2 2.2
= ?«xl) + 4(x1xN> + 2(x1xN) + 4(x1x2xN) + 4(x1x2xN) + (xsz))
N?sin?(wt N sin”(wt
S [32h2(a)2 () + 2(hd) - a{haen) + (2)) + o 00) W( ) () + (mxn)), (E13)
Re(fczfcz(t)> = (xiy cos’ (wt) - szz(xl - xy)sin® (wt) + x7 N sin® (wt)
x1 /N 1[32h2w2 lﬁwzm
cos”(wt N?sin? (wt Nsin®(wt
= 08O () o) + ) - S () )+ () ¢ NI 1y gy

4

and imaginary parts

ﬁ2h2w2

pw*m
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Im<5¢25¢2(t) >y1 = _ﬁ% sin(wt) cos(wt)(yf(xl - xN)yN)

_Sﬂ% sin(wt) cos(a)t)((x;l) + 2(x?xz>

+ (xfx%) - <xfx§;) - Z(xlxlez\,> - (x%xi,))

= 8/?1'{1(0 sin(wt) cos(wt)((xf) + 2(XTX2>
—2(xixxy) - (0x3)), (E15)
Im(;c25¢2(t)>xl = —/% sin(wt) cos(wt)(xf(xl - xN)yN)
= 72[3% sin(wt) cos(wt)((x‘ll) - (xfxi;)) (E16)

From these expressions, it can be seen that (&Z&Z(t) )x for both
1

the real and imaginary parts is a combination of fewer and less
complex averages than (&zfcz (t)) . Less complex in this case means
1

averages of fewer different positions and of positions closer to each
other. Thus, it can be expected that <5c25c2 (1) )x converges faster with
1

regard to the number of beads than (szcz (1) )yl does.
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