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We show that a single change in the derivation of the linearized semiclassical-initial value representation
(LSC-IVR or ‘classical Wigner approximation’) results in a classical dynamics which conserves the quantum
Boltzmann distribution. We rederive the (standard) LSC-IVR approach by writing the (exact) quantum
time-correlation function in terms of the normal modes of a free ring-polymer (i.e. a discrete imaginary-time
Feynman path), taking the limit that the number of polymer beads N — oo, such that the lowest normal-mode
frequencies take their ‘Matsubara’ values. The change we propose is to truncate the quantum Liouvillian, not
explicitly in powers of h? at A (which gives back the standard LSC-IVR approximation), but in the normal-
mode derivatives corresponding to the lowest Matsubara frequencies. The resulting ‘Matsubara’ dynamics is
inherently classical (since all terms O(h?) disappear from the Matsubara Liouvillian in the limit N — co), and
conserves the quantum Boltzmann distribution because the Matsubara Hamiltonian is symmetric with respect
to imaginary-time translation. Numerical tests show that the Matsubara approximation to the quantum
time-correlation function converges with respect to the number of modes, and gives better agreement than
LSC-IVR with the exact quantum result. Matsubara dynamics is too computationally expensive to be applied

to complex systems, but its further approximation may lead to practical methods.

I. INTRODUCTION

Dynamical properties at thermal equilibrium are of
central importance to chemical physics.t?2 Sometimes
these properties can be simulated adequately by entirely
classical means. But there are plenty of cases, e.g.
the spectrum of liquid water,® 2 hydrogen-diffusion on
metals,%7 and proton/hydride-transfer reactions,® 12 for
which one needs to evaluate time-correlation functions of
the form

l6,4)5(25) = lTr [efﬁH/ieth/hl%e*th/h} (1)
A Z
(where Z is the partition function? 8 = 1/kgT, Tr in-
dicates a complete sum over states, and the other nota-
tion is defined in Sec. II). Such time-correlation functions
are already approximate, since they employ the quan-

tum Boltzmann distribution e /7 in place of the ex-
act quantum-exchange statistics; but this approximation
is usually adequate (since the thermal wavelength is typi-
cally much smaller than the separations between identical
particles). What is less well understood is the extent to
which such functions can be further approximated by re-
placing the exact quantum dynamics by classical dynam-
ics (whilst retaining the quantum Boltzmann statistics).

The standard way to make this approximation is to
use the linearized semiclassical-initial value representa-
tion (LSC-IVR, sometimes called the ‘classical Wigner’
approximation), 215727 in which the quantum Liouvillian
is expanded as a power series in A2, then truncated at h°.
Millerd:16 and later Shi and Geval’ showed that this ap-
proximation is equivalent to linearizing the displacement
between forward and backward Feynman paths in the
exact quantum time-propagation, which removes the co-
herences, thus making the dynamics classical. The LSC-
IVR retains the Boltzmann quantum statistics inside a

Wigner transform 28 is exact in the zero-time, harmonic

and high-temperature limits, and has been developed into
a practical method by several authors.1? 22 However, it
has a serious drawback: the classical dynamics does not
in general preserve the quantum Boltzmann distribution,
and thus the quality of the statistics deteriorates over
time.

A number of methods have been developed to get
round this problem, all of which appear to some extent to
be ad hoc. Some of these methods are obtained by replac-
ing the plain Newtonian dynamics in the LSC-IVR by an
effective (classical) dynamics which preserves the Boltz-
mann distribution.283% Others, such as the popular cen-
troid molecular dynamics (CMD)31:32 and ring-polymer
molecular dynamics (RPMD) 2723333 are more heuris-
tic (and still not fully understood) but have the advan-
tage that they can be implemented directly in classi-
cal molecular dynamics codes. An intriguing property
of CMD and RPMD is that, for some model systems
(e.g. the one-dimensional quartic oscillator32:33), these
methods give better agreement than LSC-IVR with the
exact quantum result, even though, like LSC-IVR, they
completely neglect real-time quantum coherence.

This last point suggests that the failure of LSC-IVR to
preserve the quantum Boltzmann distribution may arise,
not from its neglect of quantum coherence, but from its
inclusion of ‘rogue’ components in the classical dynamics.
The present paper develops a theory that supports this
speculation. We isolate a core, Boltzmann-conserving,
classical dynamics, which we call ‘Matsubara dynamics’
(for reasons to be made clear). Matsubara dynamics is
far too expensive to be used as a practical method, but
is likely to prove useful in understanding methods such
as CMD and RPMD, and perhaps in developing new ap-
proximate methods.

The paper is structured as follows. Section II gives key
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background material including the well known ‘Moyal se-
ries’ derivation of the LSC-IVR. Section III re-expresses
the standard results of Sec. IT in terms of ‘ring-polymer’
coordinates, involving points along the imaginary-time
path-integrals that describe the quantum Boltzmann
statistics. Section IV gives the new results, showing that
smooth Fourier-transformed combinations of the ring-
polymer coordinates lead to an inherently classical dy-
namics which is quantum-Boltzmann-conserving. Section
V reports numerical tests on one-dimensional models.
Section VI concludes the article.

II. BACKGROUND THEORY

We start by defining the terms and notation to be used
in classical and quantum Boltzmann time-correlation
functions (ITA and IIB), and by writing out the standard
Moyal-series derivation of the LSC-IVR (IIC).

A. Classical correlation functions

Without loss of generality, we can consider an F-
dimensional Cartesian system with position coordinates

a=q,--.,qr, momenta p, mass m and Hamiltonian
p’
H = — 2
(p,q) =5~ +V(q) (2)

The thermal time-correlation function between observ-
ables A(p,q), B(p,q) is then

canlt / /dqe BH(p.a)

X A(Pa q)B(pt, q:) (3)

where [dp = [7_dpi... [ dpr (and similarly for q),
and p; = pi(p, q,t) and q; = q(p, g,t) are the momenta
and positions after the classical dynamics has evolved for
a time .

Alternatively, we can express B(p:,q;) as a function
of the initial phase-space coordinates (p, q):

B(ps,q¢) = Blp«(p,q,t), a:(p,q,t)] = B(p,q,t) (4)
such that

1
CAB(t) :W/dp/dq e_ﬁH(pvq)
X A(p q)B(p,q.t)

BH(p,q)
2 h /dp/dqe

x A(p,q)e“ " B(p,q,0) (5)

where the (classical) Liouvillian £p is3*

Lp= %P Vg — V(q)%q ) ep (6)

with
Va=| (™)

and the arrows indicate the direction in which the deriva-
tive operator is applied (and the backward arrow indi-
cates that the derivative is taken only of V(q)—mnot of
any terms that may precede V(q) in any integral). Equa-
tion (@) is less practical than Eq. (@) (which propagates
individual trajectories rather than the distribution func-
tion B(p,q,t)) but is better for comparison with the ex-
act quantum expression.

An essential property of the dynamics is that it pre-
serves the (classical) Boltzmann distribution, which fol-
lows because H(p,q) is a constant of the motion. As a
result, we can rearrange Eq. (@) as

cap(t) :ﬁ/dp/dq e PH(P.q)
x [e7“"*A(p,q)] B(p,q,0) (8)

showing that cap(t) satisfies
cap(t) = cpa(—t) (9)

which is the detailed balance condition.

B. Quantum correlation functions

For clarity of presentation, we will derive the results in
Secs. III and TV for a one-dimensional quantum system
with Hamiltonian H=T+ V kinetic energy operator
T = p2/2m, potential energy operator V = V(§), posi-
tion and momentum operators ¢, p, and mass m. How-
ever, the results we derive in Secs. III and IV are appli-
cable immediately to systems with any number of dimen-
sions (see Sec. IV.D).

The simplest form of quantum-Boltzmann time-
correlation function is that given in Eq. (@), but Cap(t)
is difficult to relate to the classical time-correlation func-
tion ca4p(t), because it does not satisfy Eq. (I4]) and is not
in general real. We therefore use the Kubo-transformed
time-correlation function33

Cap(t) = Tr [Kﬁ(/i) eiHt/h Be—ifl t/ﬁ} (10)

with

R 1 [P - _
Kg(A) = 5/0 d\ e M Ae=(B=VH (11)

This function gives an equivalent description of the dy-
namics to Cap(t), to which it is related by a simple
Fourier-transform formula.32



It is easy to show (by noting that e=*H and e~iHt/h
commute in Eq. ([0)) that Cap(t) satisfies the detailed
balance relation

CAB(t) = CBA(—t) (12)

This relation also ensures that Csp(t) is real (since re-
versing the order of operators in the trace gives Cyp(t) =

Ba(=1)).

The t = 0 limit of C45(t) can be expressed3? in terms
of a classical Boltzmann distribution over an extended
phase space of ‘ring-polymers’.22 28 When A and B are
functions A(q) and B(q) of the position operator ¢, the
ring-polymer expression is

x A(q ) (q ) —BNHn(p,q) (13)

where By = /N, [dp = [T _dpr... [~
larly for [dq, and

dpy and simi-

— fjmqi) Bl = =3 Bla) (1
N - ’ N&= T
Rn(p,q) TN(p q) +Un(a) (15)
Tn(p.q) =§; S f: (¢it1 — (16)
N =1
Un(a) =;V(qi) (17)

Similar expressions can be obtained when A and B de-
pend on the momentum operator (by inserting position-
momentum Fourier-transforms). To avoid confusion, we
emphasise that Eq. (I9) is exact at ¢t = 0, and that we do
not assume that the ring-polymer Hamiltonian Ry (p,q)
generates the dynamics at ¢ > 0.

C. The LSC-IVR approximation
1. The Wigner-Moyal series

To derive the LSC-IVR approximation to Cap(t), we
follow ref. [26, expanding the exact quantum Liouvillian
in powers of h2. We start by rewriting Eq. () as

Cap(t) :/ dq/ dA

x (q— A2 Kp(A)|g+A/2)
x (q+ /20 Bem R g — AJ2)  (18)

then insert the momentum identity

1 & . /
S(A—A') = %/ dp PA-2)/0 (1)

to obtain

o0

Cap(t) :%/7 dq/Oo dp
x [Ks(A)lw(p,q) [B

:l>>

()lw (P, q) (20)

where the Wigner transforms of A and B are given by

(Ka(Alwiro) = [ RPINL
< (g — AIES(Ag+A/2) (21)

and

[ / dA esz/h

(g — /2] TP BTN g 1 A/2),
(22)

(and note that we will often suppress the (p,q) depen-
dence of [Kg(A)lw and [B(t)]w)-
We then differentiate Eq. ([29) with respect to ¢,

dCap(t
= d d
dt 27rh/ q/ P

<ol |18 50)) @)

and expand the potential-energy operator in the commu-
tator in powers of A to obtain

{;[?I,B(t)]]w /O; dA ePA/h

x Ug—A/21B(t)la+A/2)  (24)

. . o] A A
ith 0 0 % 1 0*V(q) A (25)
mAoqgIdA h Nt Al Og? 2

Noting that each power of A can be generated by an
application of —ihd/0p, we then obtain

dCap(t)
dt T 2rh / dq/ dp

x [Ks(A)lw LIB(0)]w (26)

p 0 L () o
Limaq Z )\!<2> oq™  Op? (27)

A=1,0dd

This is the Moyal expansion of the quantum Liouvillian in
powers of h2. If all terms are included in the series, then
the application of L generates the exact quantum dynam-
ics (as is easily proved by working backwards through the



derivation just given). A compact representation of ﬁ,
which will be useful later on is,

e
ﬁpavmi'<;Z§>. (28)

where the arrows are defined in the same way as in

Eq. (IO)

2. Approximating the dynamics

To obtain the LSC-IVR one notes that Eq. ({Il) can be
written

L =L+ 0h?) (29)
where £ is the classical Liouvillian
_p 0 ov o
L= madq  Oq Jp (30)

and then truncates L at °. The LSC-IVR thus amounts
to replacing the quantum dynamics by classical dynam-
ics, such that C'4p(t) is approximated by

—/ dq/ dp

x [K5(A)w(p, q) e [B(0)]w

/ dq/ dp
x [Ks(A)w(p, ) [BO)w(pea)  (32)

where (pq, ¢;) are the (classical) position and momentum
at time ¢ of a trajectory initiated at (p,q) at t = 0.

Physical insight into the LSC-IVR is obtained by go-
ing back to Eq. (B8)), and noting that truncating L at
RO is equivalent to truncating [ at A. Since A is the
difference between the origin of a forward path that ter-
minates at z (at time ¢) and the terminus of a backward
path that originates at z, it follows that truncating at
A is equivalent to linearizing the difference between the
forward and backward Feynman paths at each time-step.
Hence the neglect of terms O(h?) is valid if the forward
and backward paths are very close together, in which
case there are no coherence effects, and the dynamics be-
comes classical. The LSC-IVR is thus exact at t = 0
(where the paths become infinitessimally short), in the
harmonic limit (where the are no terms O(h?) in L), and
in the high temperature limit (where fluctuations in A
efficiently dephase).??

Despite these positive features, LSC-IVR suffers from
the major drawback of not preserving the quantum Boltz-
mann distribution (except in one of the special limits just
mentioned), since in general

Chp(t

(p,g)  (31)

or equivalently

CA(t)

Lle Py #0 (33)

As a result,

CRp(t) # CEa(-) (34)

i.e. the LSC-IVR does not satisfy detailed balance. In
the following Sections we will investigate why this is so.

III. RING-POLYMER COORDINATES

We now recast the standard expressions of Sec. II in
terms of ring-polymer coordinates. No new approxima-
tions are obtained, but the ring-polymer versions of these
expressions are needed for use in Sec. IV, where they will
be used to derive the quantum-Boltzmann-conserving
‘Matsubara’ dynamics.

A. Ring-polymer representation of
Kubo-transformed time-correlation functions

1. Exact quantum time-correlation function

Following ref. 48 (see also refs. 17 and [41)), we define
the ring-polymer quantum time-correlation function to

be
cho = [ da [ aa [ az a@Bia)
N

x [T@-1 = Aica/2le™ g + A/2)
=1

X (g + A /2]eHR )

x (2| g — A /2) (35)
where the functions A(q) and B(z) (with z in place of
q) are defined in Eq. (20) (and we have assumed that
A and B are functions of position operators to simplify
the algebra—see Sec. IVD). It is easy to show (by noting
that N —1 of all the forward-backward propagators are
identities, and that the sums in A(q) and B(z) become
integrals in the limit N — oo) that

Cap(t) = lim CI(0) (36)

In other words, Eq. (B4) in the limit N — oo is just
an alternative way of writing out the standard Kubo-
transformed time-correlation function C'4p(t). The ad-
vantage of Eq. (B4 is that it emphasises the symmetry of
the entire path-integral expression with respect to cyclic
permutations of the coordinates ¢; — ¢+1 (see Fig. 1);
this symmetry is otherwise hidden in the conventional
expression for Cap(t) [Eq. (IH)].



2. Ring-polymer representation of the
LSC-IVR

Sec. IIC. We insert an identity

(A= 8) = g [ dpem s ga)
It is straightforward to derive the LSC-IVR approx- 2mh ] o
imation from Eq. (B4) by generalizing the steps in
|
CNO =y [ da [ dp[1A]_(pa) [B0)] (b (39)
AB (2wh)N N
where
N N A~ X
oA _poa) = [ da () [Jlas = Aia/2le g 4 a2y (39)
=1
and
N . 3 . 3 .
[B(t)} (p, / dA / dz B(z) [ [(a — Ar/2le™ M z) (™M g+ Ayf2)etrrdeh (40)
1=1

are generalized Wigner transforms (and we will often sup-
press the dependence on (p,q) in what follows). Note
that -]y and [-]5 have different forms: [y is a sum of
products of one-dimensional Wigner transforms, whereas
[]% is more complicated, with each product coupling
variables in [ and [ + 1.89 Note that since we have speci-
fied that B is a function of just the position operator (in
order to simplify the algebra—see Sec. IVD), it follows
that

[B0)] (p.a) = Bla) (41)

The next step is to obtain the ring-polymer representa-
tion of the (exact) quantum Liouvillian, which involves
a straightforward generalization of Eqs. (B5)-(@Il). We

differentiate ng\g(t) with respect to ¢, obtain a sum of
N Heisenberg time-derivatives, and expand each mem-
ber in powers of A; to obtain an N-fold generalization of
Eqgs. B7) and (38). On replacing powers of A; by powers
of —ihd/dp;, we obtain

dc}ﬁ;
dt 27rh / dq / dp
—ﬂH
x [e A}NLN [B(t)]N (42)
where
N <
2 p 0 2 i 0 h 3

In=N22 vy g2 43
N l:1maq (QI) <8qz D) 5;01 ( )

and the arrow notation is as used in Eq. (I0). We can
write this expression more compactly in terms of Uy(q)

[
in Eq. @) as
iN:%p-vq—U bm<‘€ ?) (44)

(since all mixed derivatives of Un(q) are zero).
Following Sec. IIC, we then truncate the exact Liou-
villian at A" such that

Ly =Ly + O(R?) (45)
with
p 0 OV(g) 0
Ly = — — 46
N Z m dgq Oq Op (46)

The ring-polymer version of LSC-IVR thus approximates
the exact dynamics by the classical dynamics of N inde-
pendent particles, each initiated at a phase-space point
(pi,q1). The ring-polymer LSC-IVR time-correlation

function is
d
“(n h / / P

X [efﬁﬂA}ﬁeﬂwt [B(O)}

_W/ da [

X {e_/m/qﬁ [B(O)} N(Pu qt) (47)

W[N]
Cas

N

where [B(O)] N(pt, q:) indicates that this Wigner trans-

form takes its ¢ = 0 form, but is expressed as a function



of the momenta and positions (p¢, q;) of the N indepen-
dent particles at time ¢. It is easy show (by noting that
one can integrate out N —1 of the p;) that

ChE) = tim o) (48)
—00

i.e. that the truncation of Ly at h° gives the standard
LSC-IVR approximation in the limit N — oo (as would
be expected, since we have approximated the exact quan-
tum Kubo time-correlation function of Egs. (54]) and (B5)
by truncating the quantum Liouvillian at A°).

B. Normal mode coordinates
1. Definition

The advantage of ring-polymer coordinates is that we
can now transform to sets of global coordinates describing
collective motion of the individual coordinates (py, qi, A;).
The choice of global coordinates is not unique. We will
find it convenient to use the normal modes of a free-
ring-polymer,2%47 namely the linear combinations of ¢
that diagonalize T (p, q) of Eq. (22)). These are simply
discrete Fourier transforms, which for odd N (which we
will assume, to simplify the algebrabl), are

N
Qn=>_Tng, n=0+1,. ..,
=1

LN —1)/2  (49)

where
N—1/2 n=0
Tin =4 V2/Nsin(2rin/N) n=1,...,(N —-1)/2
v/2/N cos(2min/N) n=—1,...,—(N —1)/2
(50)

and similarly for P, in terms of p;, and D,, in terms of
A;. The associated normal frequencies take the form

Wy = 2 sin (nj> (51)

such that the ring-polymer expression for Cap(0)
[Eq. ([@)] can be rewritten as

)= i e [0 [0
><A(Q> (Q ~AnEn(P.Q) (52)

where the normal-mode expression for the ring-polymer
Hamiltonian Ry (P, Q) is

N—-1)/2 P2
Ry(P,Q) = > %+5 w2Q2 | +UN(Q)
n=—(N-1)/2
(53)

and A(Q), B(Q) and Uy (Q) are obtained by making the

substitution
(N-1)/2
q = Z T1nQn (54)
n=—(N-1)/2
into A(q), B(q) and Uy(q) of Eqgs. [20)-(23]). Note the

definition of the sign of w, in Eq. (74), which results in
somewhat neater expressions later on. Note also that
Ry (P, Q) will not be used to generate the dynamics in
any of the expressions derived below which, like the dy-
namics of Sec. IITA, will involve N independent particles
unconnected by springs.

2. Time-correlation functions

It is straightforward to convert Eq. (B7) into normal
mode coordinates using the orthogonal transformations
in Eq. (), to obtain

CRNO =gy [ @ [ a2

X [efﬁﬁfi] (P,Q) [

Uj)
=
\_/

[E——

—
=
o
~
—

ot

ot
~

where

11 /_ dp, (56)

and [dQ is similarly defined. The generalized Wigner
transforms in Eq. [80) are obtained using Eq. (78] to
substitute (P, Q, D) for (p,q,A) in Egs. (58) and (B9,
and thus contain products of exp(iP, D, /k) in place of
exp(ipiA;/h). At t = 0, one obtains

B0 (P.Q = B@Q) (57)
where B(Q) is obtained by substituting Q for q in B(q)

of Eq. (20).

The (exact) quantum dynamics is described by

P/dQ

X [e_ﬁﬁfl}ﬁi}]v [B(t)}N (58)

de[N]
dt

where the Liouvillian Ly is obtained by expressing Ly
of Eq. (66) in terms of normal modes, which gives

iN:%P-vQ—UN sm< Ya ?) (59)

in which Uyn(Q) is obtained by substituting Q for q in
Un(q) of Eq. [Z3).



As in Sec. IITA, the LSC-IVR dynamics is obtained by
truncating Ly at h° to give

n=—(N—-1)/2

after which one obtains CXVB[,N] (t) in terms of normal
modes, which gives the (standard) LSC-IVR result in the
limit N — oo, according to Eq. ([{I]). Hence all we have
done in Eqs. (80)- (86 is re-express the results of Sec. ITTA
in terms of normal mode coordinates. The advantages of
doing this will become clear shortly.

C. Matsubara modes

We now consider the M lowest frequency ring-polymer
normal modes in the limit N — oo, such that M <« N.
The frequencies w, tend to the values

~ . 2nm
= = < _
Ty = Jim w,= L < (M-D2 (6]
which are often referred to as the ‘Matsubara
’ 62

frequencies’,2>* and so we will refer to these M modes
in the limit N — oo as the ‘Matsubara modes’. The
Matsubara modes have the special property that any su-
perposition of them produces a distribution of the coor-
dinates ¢; which is a smooth and differentiable function
of imaginary time 7, such that

r=Byhl, 1=1,....N (62

q = CI(T)>
(see Appendix A). Hence distributions made up of super-
positions of the Matsubara modes resemble the sketch in
Fig. 2. We will often write the Matsubara modes using
the notation

@n: lim &a

=0,%£1,...
N‘)OO\/N n 0; i i

£(M—1)/2 (63)

(and similarly for P,, D,). The extra factor of N—1/2
ensures that Q,, scales as N and converges in the limit
N — o0; e.g. Qo is the centroid (centre of mass) of
the smooth distribution g(7). We will refer to the other
N — M normal modes as the ‘non-Matsubara modes’. In
general, these modes give rise to jagged (i.e. non-smooth,
non-differentiable with respect to 7) distributions of ¢
(see Fig. 2).83

Matsubara modes have a long history=* in path-
integral descriptions of equilibrium properties, since they

give rise to an alternative ring-polymer expression for
Cap(0). If we define

/dP/dQA (Q)e

57,58,64,65 ;

M) Bu (P
CAB -BRM(P.Q)

(64)

with
(M—1)/2 P2
T Py 7~2 ~ ~ o~
=—(M—1)/2
(65)
N N (M-1)/2 N
UM( = ngnoo Z Z Tln\/NQn
I=1  \n=—(M-1)/2
(66)
apr =R M (M —1)/2)!? (67)
then
_ (M]
Can(0) = Jim_C2f(0) (68)
M<KN

where this limit indicates that M is allowed to tend to
infinity, subject to the condition that it is always much
smaller than N, such that the Q remain Matsubara
modes. In practice, a good approximation to the ex-
act result is reached once w(—1)/2 exceeds the highest
frequency in the potential V(q). Equation (@0) is seldom
used nowadays to compute static properties, because the
convergence with respect to M is typically slower than
the convergence of Eq. () with respect to N.52

However, Eq. ([@0) tells us something interesting: The
Boltzmann factor ensures that only smooth distributions
of (p,q) survive in Cyup(t) at t = 0; but at ¢t > 0,
the force terms in Ly [Eq. [8@)] will, in general, mix in
an increasing proportion of non-smooth, non-Matsubara
modes, so that the distributions of (p, q) become increas-
ingly jagged as time evolves. The rate at which this mix-
ing occurs depends on the anharmonicity of the potential
V(q). In the special case that V' (¢) is harmonic, there is
no coupling between different normal modes, so the dis-
tributions in (p,q) remain smooth for all time. In other
words, smooth distributions in (p, q) are found in two of
the limits (zero-time and harmonic) in which the LSC-
IVR is known to be exact.

IV. MATSUBARA DYNAMICS
A. Definition

The results of Sec. ITIC suggest that there may be a
connection between smoothness in imaginary time and
classical dynamics. We now investigate what happens if
we constrain an initially smooth function of phase space
coordinates (p,q) to remain smooth for all (real) times
t > 0. We take the (exact) quantum Liouvillian L, and
instead of truncating at h° as in Eq. (86) (which gives the
LSC-IVR), we retain all powers of h?, take the N — oo

limit, and split Ly into

lim f;N = EM + lim i/error(Nv M) (69)
N—o00 N —oco



where the ‘Matsubara Liouvillian’

D S
M NS m OQn
n=—(M-1)/2
(M—-1)/2 =4
2 . h 0 0
n=—(M-1)/2

contains all terms in which the derivatives involve only
the Matsubara modes, and Leyyor (N, M) contains the rest
of the terms (given in Appendix B). We then discard
i/error(N, M), approximating Ly by Lp;. We will re-
fer to the (approximate) dynamics generated by Ly, as
‘Matsubara dynamics’. By construction, Matsubara dy-
namics ensures that a distribution of (p,q) which is a
smooth and differentiable function of 7 at t = 0 will re-
main so for all ¢ > 0.

The time-correlation function corresponding to Mat-
subara dynamics is

(M) 1 1

X [efﬂﬁfl}ﬁeﬁ”’t {B(O)}N (71)

We can obtain an explicit form for Cg\g (t) by taking the
same limit as in Eq. (@), allowing M to tend to infinity,
subject to M < N, which gives (see Appendix C)

CYE=(t) = lim CRE®) (72)

where
o) = % dP / dQ A(Q)e Py (P Q=i (P,Q)
X ethB((Q) (73)

in which the Matsubara Hamiltonian is

Hu(P.Q) = o 1 (@) (1)

and the phase factor is

o (M-v/2
0P, Q= Y = PonQn (75)

n=—(M—1)/2

with apy, Wy, P and Q defined in Sec. ITIC. Note that, in
deriving these equations (in Appendix C), we have not

proved that CK\Q (t) converges with M for ¢t > 0 (only
that the form of Eqs. (I02)-(04]) converges with M).
We test this convergence numerically in Sec. V.

Thus when the exact dynamics is approximated by
Matsubara dynamics, the quantum Boltzmann distribu-
tion takes the simple form of a classical Boltzmann dis-
tribution multiplied by a phase factor. At ¢t = 0, one

may analytically continue the phase factor (by making
P, — P, —imw,Q_,) to recover the ring-polymer dis-
tribution in Eq. ([@0). However, it is not known whether
this analytic continuation is valid at ¢ > 0 (except for
the special case of the harmonic oscillator), and hence
the most general form of quantum Boltzmann distribu-
tion (in the space of Matsubara modes) is the one given

in Eq. (I02)).

B. Matsubara dynamics is classical

We now rewrite £, in terms of (13, Q), to make ex-
plicit its dependence on N, and we also assume that M
is sufficiently large that Eq. (I02) holds, allowing us to

replace Un(Q)/N by Up(Q). This gives

. 1~ ~ ~ 2N | h
(76)

In other words, the Moyal series in Matsubara space®® is

an expansion in terms of (A/N)?, rather than h?. Now,
it is well known2? that the smallness of i cannot in gen-
eral be used to justify truncating the (standard LSC-
IVR) Moyal series of Eq. [ at h°, since at least one of
the Wigner transforms in the time-correlation function
[Eq. @9)] contains derivatives that scale as A~!. How-
ever, it is easy to show that the derivatives of all terms
in the integral in Eq. (I02) scale as N°. As a result, it
follows that all derivatives higher than first order in £y
vanish in the limit N — oo, with the result that

WMD2 B 9 aUmQ) 8
Ly = Z — = ~ = (77)
n=—(M-1)/2 m aQn 8@71 aPn

In other words, Matsubara dynamics is classical.

This is a surprising result, which needs to be inter-
preted with caution. It does not mean that the depen-
dence of B(Q) on the Matsubara modes evolves classi-
cally in the exact quantum dynamics, since the exact
Liouvillian L contains derivative terms that couple the
Matsubara modes with the non-Matsubara modes (for
which the higher-order derivatives cannot be neglected):
it means that the dynamics of the Matsubara modes be-
comes classical when they are decoupled from the non-
Matsubara modes.

One way to understand the origin of the A/N in
Eq. (I03) is to note that the Fourier transform between
ﬁn and lNDn (in the Wigner transforms of Eqs. () and
@) is exp(iNP,D,/h). Hence the effective Planck’s
constant associated with motion in the Matsubara coor-
dinates tends to zero in the limit N — oco. Note that
the dependence of the Boltzmann distribution on the
non-Matsubara modes is more complicated than that of
Eq. ([2), and contains powers of (A/N)~! which cancel
out the powers of (h/N) in Ly (which must obviously



happen, since we know that the exact dynamics is not in
general classical).

Matsubara dynamics thus has many features in com-
mon with LSC-IVR: it is exact in the ¢ = 0 limit (when
all distributions of (p,q) are smooth superpositions of
Matsubara modes), in the harmonic limit (where the dy-
namics of the Matsubara modes is decoupled from that
of the non-Matsubara modes), and in the classical limit
(since setting M = 0 in Eq. (I02)) gives the classical time-
correlation function); and it neglects all terms O(h?)
in the (exact) quantum Liouvillian. However, Matsub-
ara dynamics differs from LSC-IVR in that it also ne-
glects the terms O(R°) that contain derivatives in the
non-Matsubara modes. One can thus regard Matsubara
dynamics as a filtered version of LSC-IVR, in which the
parts of the dynamics that cause the smooth distribu-
tions of (p,q) to become jagged have been removed.8?

C. Conservation of the quantum Boltzmann
distribution

Confining the dynamics to the space of Matsubara
modes has a major effect on the symmetry of the Hamil-
tonian. The LSC-IVR Hamiltonian Hx (P, Q) is simply
the classical Hamiltonian of N independent particles, and
is thus symmetric with respect to any permutation of the
phase space coordinates [e.g. (p1,q1) < (p3,¢3)]. On re-
stricting the dynamics to the Matsubara modes, most
of these symmetries are lost (since individual permuta-
tions would destroy the smoothness of the distributions
of (p,q)). However, one operation which is retained®®
is symmetry with respect to cyclic permutation of the
coordinates, which, on restricting the dynamics to Mat-
subara space, becomes a continuous, differentiable sym-
metry, namely invariance with respect to translation in
imaginary time:
dr

(see Appendix A). It thus follows from Noether’s
theorem,%? that

~ = (M—1)/2 ~
dAy(P,Q) d =~ dQn |
dr Tdt Z P dr =0 (1)
n=—(M—1)/2

where AM(IN’, Q) is the Matsubara Lagrangian. In other
words, in Matsubara dynamics, there exists a constant
of the motion (in addition to the total energy) which is
given by the term in brackets above. o

In Appendix A, it is shown that the phase 6, (P, Q) in
the quantum Boltzmann distribution [Eqs. (I02)-(I04)]
can be written

(M—1)/2 d@
uP.Q == > P (80)
n=—(M-1)/2

and is thus the constant of the motion associated with the
invariance of Hjy (P, Q) to imaginary time-translation.
Since H M(ﬁ, 62) is of course also a constant of the mo-
tion, it follows that Matsubara dynamics conserves the
quantum Boltzmann distribution.

As a result, Matsubara dynamics satisfies the detailed

balance relation
M M
i = ci-n) (81)

and gives expectation values
A\ [M] M 5 A
B t)y=—— [ dP [ d
(B)"0) =52 [ap [ 4
% e—ﬁ[fflvf(f’7(~2)—i91w(f’,(§)]B(Qt)
Qg = ~
=—— [ dP; | d
s [P [ aq

x e~ BlHM(P1.Q0~i0x (PL.Q)I B(Q,)

] / dp, / 4Q,
X efﬁﬁM(f’t’Qt)B(Qt)
=(8)"(0) (82)

which are independent of time (and equal to the exact
quantum distribution in the limit M — oo; see Eq. ([@4)).
Note that the step between the second and third lines fol-
lows from analytic continuation (P, — P, — imw,Q_,).

We thus have the surprising result that a purely clas-
sical dynamics (Matsubara dynamics) which uses the
smoothed Hamiltonian that arises naturally when the
space is restricted to Matsubara modes, conserves the
quantum Boltzmann distribution. At first sight this may
appear counter-intuitive. For example, it is clear that the
classical dynamics will not respect zero-point energy con-
straints, nor will it be capable of tunnelling. However, it
is the phase 0,/ (P, Q) which converts what would other-
wise be a classical Boltzmann distribution in an extended
phase-space into a quantum Boltzmann distribution, and
the phase is conserved.

D. Generalizations

The derivations above can easily be generalized to sys-
tems with any number of dimensions. For a system whose
classical Hamiltonian resembles Eq. (@), there are F' x M
Matsubara modes, one set of M modes in each dimension.
All the steps in Secs. IIT and IV.A-C are then the same,
except that, with F' dimensions instead of one, there is
now a sum of F' phase terms, each resembling 0,,(P, Q).
Noether’s theorem shows that the sum of these terms and
hence the quantum Boltzmann distribution is conserved.

We emphasise that the derivations above were carried
out for operators A and B in Cyp(t) which are general
functions of the coordinate operators §. Matsubara dy-
namics is therefore not limited to correlation functions



involving linear operators of position. The derivations
can also be repeated, with minor modifications in the al-
gebra, for the case that A and B are general functions of
the momentum operator (which results in functions of P
appearing in the generalised Wigner transforms).

V. NUMERICAL TESTS OF THE
EFFICACY OF MATSUBARA DYNAMICS

So far we have made no attempt to justify the use of
Matsubara dynamics, beyond pointing out that it is exact
in all the limits in which LSC-IVR is exact, but that, un-
like LSC-IVR, it also conserves the quantum Boltzmann
distribution. Here we investigate whether Matsubara dy-
namics converges with respect to the number of modes
M, and make numerical comparisons with the LSC-IVR,
CMD and RPMD methods. o

The presence of the phase 6/(P, Q) in the Boltzmann
distribution [Eq. (I02)] means that Matsubara dynam-
ics suffers from the sign problem, and thus cannot be
used as a practical method. However, we were able to
evaluate Cég/l] (t) (ie. Cl[qj\é] (t) of Eq. (I02) with A = g,
B = G) for some one-dimensional model systems. For
consistency with previous work,22:32 we considered the
quartic potential

1
Vig) = ;d' (83)
and the weakly anharmonic potential
1 1 1
V(g) = 50" + =&’ + —==q" (84)

2 10 100

where atomic units are used with m = 1. Calculations
using potentials with intermediate levels of anharmonic-
ity were found to give similar results (and are not shown
here).

Figure 3 shows C’t[g[] (t) for the quartic potential, at an
inverse temperature of § = 2 a.u., for various values of
M. These results were obtained by propagating classi-
cal trajectories using the Matsubara potential Uy (Q) to
generate the forces, subject to the Anderson thermostat?
(according to which each P,, was reassigned to a value
drawn at random from the classical Boltzmann distribu-
tion every 2 atomic time units); Uy (Q) was computed
by taking the N — oo limit analytically, as described in
the supplemental material 2 A total of 10! Monte Carlo
points was found necessary to converge C’t[]]y] (t). Extend-
ing these calculations beyond M = 7 was prohibitively
expensive, and the final few M were particularly diffi-
cult to converge (since 0/ (P, Q) becomes increasingly
oscillatory as w,, increases). Nevertheless, the results in

Fig. 3 are sufficient to show that C’,gg/[] (t) converges with
respect to M, although the convergence appears to be-
come slower as t increases. For the weakly anharmonic
potential, convergence to within graphical accuracy was
obtained using M =5 for f = 2 a.u.
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We also confirmed numerically that Matsubara dynam-
ics conserves the quantum Boltzmann distribution. Fig-
ure 4 shows the phase 0,,(P,Q) as a function of time
along a Matsubara trajectory. When a coarse number of
polymer beads (N = 5) is used, such that the M lowest-
frequency modes are a poor approximation to the Mat-
subara modes, the phase is not conserved; however, as
N is increased, the variation of the phase along the tra-
jectory flattens, becoming completely time-independent
in the limit N — oo. Figure 5 plots the expectation

value <q2>[M] (t), which is found to be time-independent
as expected from Eq. (II7).
Figure 6 compares the Matsubara correlation functions

C(Ejy] (t) for both potentials with exact quantum, LSC-
IVR, CMD and RPMD results. The quartic potential at
B = 2 (panel a) is a severe test for which any method
that neglects real-time coherence fails after a single re-
currence. Nevertheless, we see that Matsubara dynamics
gives a much better treatment than LSC-IVR, reproduc-
ing almost perfectly the first recurrence at 6 a.u., and
damping to zero more slowly.? The Matsubara result
is also better than both the CMD and RPMD results.
The same trends are found for the weakly anharmonic
potential (Fig. 6, panel b), and were also found for the
potentials with intermediate anharmonicity (not shown).

VI. CONCLUSIONS

We have found that a single change in the derivation
of LSC-IVR dynamics gives rise to a classical dynam-
ics (‘Matsubara dynamics’) which preserves the quantum
Boltzmann distribution. This change involves no explicit
truncation in powers of A2, but instead a decoupling of
a subspace of ring-polymer normal modes (the Matsub-
ara modes) from the other modes. The dynamics in this
restricted space is found to be purely classical and to en-
sure that smooth distributions of phase-space points (as
a function of imaginary time), which are present in the
Boltzmann distribution at time ¢ = 0, remain smooth at
all later times. The LSC-IVR dynamics, by contrast, in-
cludes all the modes, which has the effect of breaking up
these smooth distributions, and thus failing to preserve
the quantum Boltzmann distribution. Numerical tests
show that Matsubara dynamics gives consistently better
agreement than LSC-IVR with the exact quantum time-
correlation functions.

These results suggest that Matsubara dynamics is
a better way than LSC-IVR, at least in principle, to
account for the classical mechanics in quantum time-
correlation functions.  We suspect that Matsubara
dynamics may be equivalent to expanding the time-
dependence of the quantum time-correlation function in
powers of A2 and truncating it at A°; this is in con-
trast to LSC-IVR, in which one truncates the quantum
Liouvillian™ at A°. However, further work will be needed
to prove or disprove this conjecture.



Matsubara dynamics is far too expensive to be useful
as a practical method. However, it is probably a good
starting point from which to make further approxima-
tions in order to develop such methods. The numerical
tests reported here show that Matsubara dynamics gives
consistently better results than both CMD and RPMD,
suggesting that these popular methods may be approxi-
mations to Matsubara dynamics.
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Appendix A: Differentiability with respect to
imaginary time

A distribution of ring-polymer coordinates ¢;,1 =
1,..., N, can be written as a smooth and differentiable
function of the imaginary time 7 (0 < 7 < fh) if the
limit

dq(7) . Qi1 — Q-1
= 1 =0 - =1h Al
dr TN T ogNn o TN (A1)
exists, i.e. if
lim g1 —q-1~N"* (A2)

N—o0

For a distribution formed by superposing only the Mat-
subara modes, we can use trigonometric identities and
the definitions in Sec. III to write

qi+1 — qi—1
(M-1)/2
2mnl\ ~ 2mnl\ ~
=922 nZ::l [cos <7]T\;L> Qn — sin (7;) Qn}

(A3)

Since n < N, the sine function on the right ensures that
Eq. (A2) is satisfied; also, repetition of this procedure
shows that higher-order differences of order A scale as
N~*. Hence a distribution ¢; formed from a superposi-
tion of Matsubara modes is a smooth and differentiable
function of 7. The same is true for distributions in p; and
Ay

To prove that the Matsubara Hamiltonian is invariant
under imaginary-time translation [Eq. (I0T)], we first dif-

ferentiate the Matsubara potential Uy (Q) with respect
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to 7, which gives

dﬁ]y[(é) . 751 ﬁM (Q) - ﬁM (q)
ZMAN) A4
dr Novso Bnh (A4)
where
N (M—1)/2
=1 m=1 n=—(M—1)/2

and P; represents a cyclic permutation of the coordinates
Gm — Gm+1, such that

(M—1)/2

vy Y

m=1 n=—(M-1)/

Py UM TlnT(m—l) ndm
(A6)

We then rearrange the sum over n in Eq. (AS)) into

(M—1)/2
TlOT(mfl) o+ Z [TlnT(mfl) nt+ 1 —nT(mfl) 771]
n=1
(A7)
and use trigonometric identities to show that
,I'lnT(mfl) nt+ T —nT(mfl) —-n
= T(l+1) nTmn + T(l+1) 7nTm -n (AS)

Re-ordering the sum over [ and using the property that
Tyo = N~1/2 gives

P1Uu(a) = Uni() (A9)
which proves that
AU (Q)
dr 0 (A10)

The same line of argument can be applied to the kinetic
energy i.52/2m7 thus proving Eq. (IT1).

To obtain the derivative of @n with respect to 7
(needed to prove Eq. ([I09)), we write

qi+1 — qi—1
268N h

. 1 [T(z Do — Tut1ynla
= lim —— All
and use trigonometric identities to obtain
Tiv1n —Ti—1n = 2T —p sin(2nw/N) (A12)
Since n < N, it follows that
d@n ~ 3
= —wn,Q_n A13
.G (A13)

where @,, is the Matsubara frequency defined in Eq. (87).



Appendix B: Error term for Matsubara
Liouvillian

The error term i}error(N, M) of Eq. [@3) is the differ-
ence L ~N — Ly between the exact quantum Liouvillian
and the Matsubara Liouvillian. Using Eqs. (85]) and (@7)
and the trigonometric identity

sin(a + b) — sina = 2sin (Z) cos (a + g) (B1)

we can write

(N-1)/2

7 P_, 0 P, 0
Lo NM) = 3, —Emm— 50,
n=(M+1)/2
_ ﬁU(Q) bln<2> cos (Y + 2) (B2)
with
o h (NZI)/Z <5 3 N <5 E (B3)
2 n=(M+1)/2 0Q -y 0P = 0Qn P,
and
(M-1)/2 4+ —=
. h o 0
V=3 — B4
9Q,, oP, (B4)

n=—(M—1)/2

Appendix C: Derivation of Matsubara
time-correlation function

To obtain the expression for CLAQ (t) in Eq. (I02),
we note that B(P,Q,t) is independent of the non-
Matsubara P modes (since, by construction, these modes
are not involved in the Matsubara dynamics) which can
therefore be integrated out, giving a product of Dirac
delta-functions in the non-Matsubara_ D modes.” As a
result, the Wigner transform [e*mi A - in Eq. [@3) re-

duces to
{GfﬁﬁA}ﬁ (Pum, Q)

(M-1)/2

= 2rh)N "M A(Q) / ay ]

n=—(M—1)/2

oiPnDn/h

N
x [T (Q.Dan)le™ ™t (Q,Dar))  (C1)
=1

where Pj; and Dj; include only the Matsubara modes
(and Q includes all N modes), and

(N—-1)/2 (M—-1)/2
n=—(N-1)/2 =—(M-1)/2
(C2)
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(where the dependence of nli on (Q,Dys) will be sup-
pressed in what follows). Expressing the bra-ket in ring-
polymer form, and using trigonometric identities, we ob-
tain

[e_ﬁﬁi‘q - (Pwm, Q)

m N/2
= 2rR)N"M [ — A dD
(2mh) (2776]\[712) (Q)/ M
(M—1)/2
X e—ﬁNme(Q,DM)/Q H eiPnDn/h
n=—(M-1)/2
N
Xexp{ 7N S VD) + Vi } (C3)
1=1
where
fu(Q, D)
(M-1)/2 2
4 D_,
= e Z (Qnsm?\?—i— 5 os?J)
N = (M-1))2
(N-1)/2
+ ) (@AW (C4)
n=(M+1)/2

N On taking the limit N — oo, and converting Dj; to
D, we find that the Gaussians involving Dy, in Eq. (C8)
have the form

exp <fm5,21N2 /25h2) (C5)
i.e. each Gaussian in D becomes a Dirac delta-function
in the limit N — co. This allows us to replace the third

line in Eq. (C8)) by

N (N-1)/2
exp |—Bn >V > TwQa (C6)
=1 n=—(N-1)/2

and to integrate out the ]5, giving

]

(N-M)/2
-(5r) @

(M-1)/2
« efﬁNP?W/Qm H £2iPnQ_n tan(nm/N)/h
n=—(M-1)/2
I B N (N-1)/2
X exp | ——— Vv T1,Qn
b L 2 ; 71_—(;—1)/2 e
i (N—1)/2
cexp |- ST @22 el (D)
L n=(M+1)/2




We then substitute this expression into the integral of
Eq. @) (with | dP replaced by [dPy), and take the
limit M — oo (subject to M < N), which allows us to
integrate out the non-Matsubara modes in Q. Use of the
formula™

N—-1

H sin (nm/N) = ]\/'/2N_1

then gives Eqgs. (T02)-(I04).

(C8)
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Figure Captions

Figure 1  Schematic diagram showing the structure of
the (exact) Kubo-transformed quantum time-correlation
function when represented in ring-polymer coordinates
as in Eq. (B4). The red and blue dots represent the
coordinates ¢; and z;; solid lines represent stretches of
imaginary time of length Sy h; arrows represent forward-
backward propagations in real time.

Figure 2 Schematic diagram showing that su-
perpositions of Matsubara modes give distributions of
path-integral coordinates ¢; which are smooth, differen-
tiable functions of imaginary time 7. Inclusion of non-
Matsubara modes gives jagged distributions.

Figure 3  Convergence with respect to number of
modes M of the Matsubara position auto-correlation

function C(E]qw] (t), calculated for the quartic potential of
Eq. (II8), at a reciprocal temperature of f = 2 a.u.
The red lines correspond to M = 1 (dots), 3 (chains),
5 (dashes) and 7 (solid). The solid black line is the exact
quantum result.

Figure 4 Evolution of the phase GM(IS,Q) along a
single classical trajectory on the quartic potential, with
M =5,and N =5 (dots), 9 (dashes) and oo (solid line).
The latter corresponds to Matsubara dynamics in which
the phase is conserved.

Figure 5 Time-dependence of the thermal expectation
value <q2>(t) for the quartic potential at 8 = 2, computed
using LSC-IVR (blue), and Matsubara dynamics (red:
M =1 (dots), 3 (dashes), 5 (solid)), and compared with
the exact quantum result (black).

Figure 6 Comparisons of position-autocorrelation func-
tions computed using different levels of theory, for (a) the
quartic potential and (b) the weakly anharmonic poten-
tial of Eq. (IT9). The Matsubara results were obtained
using M = 7 (quartic) and M =5 (weakly anharmonic).
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