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ABSTRACT: The centroid effective frequency representation of path integrals as method = accurate method = LGA

6.4 12.0
developed by Feynman and Kleinert was originally aimed at calculating partition : g w 105
functions and related quantities in the canonical ensemble. In its path integral _ - 2 7
formulation, only closed paths were relevant. This formulation has been used by the - oy o
3 3 -2 -1 0 1 2
q

present authors in order to calculate the many-body Wigner function of the
Boltzmann operator, which includes also open paths. This usage of the theory
outside of the original intention can lead to mathematical divergence issues for method = FK method = GFK
potentials with barriers, particularly at low temperature. In the present paper, we
modify the effective frequency theory of Feynman and Kleinert by also including
open paths in its variational equations. In this way, a divergence-free approximation
to the Boltzmann operator matrix elements is derived. This generalized version of
Feynman and Kleinert’s formulation is thus more robust and can be applied to all oo e 20
types of barriers at all temperatures. This new version is used to calculate the

Wigner functions of the Boltzmann operator for a quartic oscillator and for a double well potential and both static and dynamic
properties are studied at several temperatures. The new theory is found to be essentially as precise as the original one. Its advantage
is that it will always deliver a well-defined, even if approximate, Wigner function, which can, for instance, be used for sampling initial
conditions for molecular dynamics simulations. As will be discussed, the theory can be systematically improved by including higher-
order Fourier modes into the nonquadratic part of the trial action.
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B INTRODUCTION in that the Wigner transform diverges at low temperature and/
or large potential curvature.”>'* More specifically, it is the off-

The Wigner transform of the Boltzmann operator, introduced , , ,
diagonal part of the density operator matrix elements

by Wigner almost a century ago," is an important tool for

analyzing quantum effects in statistical mechanics; see, e.g, n . n

selected papers in ref 2. It has, for instance, served as an (g - 5|p|q + 5> (1)

inexpensive tool for sampling quantized initial conditions for

molecular dynamics simulations; see, e.g., refs 3—6. that becomes meaningless when ZIQIf > 7. Here q is a
Unfortunately, it is only for systems of very limited coordinate, # is the off-diagonal distance, p is the density

dimensionality that it is possible to accurately obtain the operator, € is the imaginary frequency, and f = 1/ (kgT) where

Wigner transform of the Boltzmann operator. Due to its T is the absolute temperature. Under such conditions this

usefulness, the Wigner transform and the problem of its matrix element essentially becomes exp(—ar®) with & < 0; see,

e.g., refs 3 and 12.

The momentum part of the Wigner transform is the Fourier
transform of the off-diagonal part of the density operator.
From the previous paragraph it can be seen that it becomes ill-

computation is, however, the subject of intense ongoing
research.”~!" Consequently, many approximate schemes for
computing the Boltzmann Wigner transform also of large
systems have now been put forth.”®'*™'® Many of these
methods rely on introducing various harmonic approximations

in the otherwise intractable mathematical expressions.g'_@12 Received: July 1, 2021
This enables a sufficient simplification of the equations so that Revised:  September 23, 2021
an approximate, multidimensional Wigner transform can be Published: October 12, 2021
computed.

The harmonic models sadly show a serious shortcoming

when they are applied to problems involving potential barriers
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defined when QIS > 7. Although all moments of p can still be
calculated even when a < 0, the Wigner function cannot be
used for sampling momenta. This is a serious limitation of the
harmonic models and ways to modify them have been
proposed. For example, Liu and Miller'> put forth an ad-hoc
extrapolation of the Gaussian momentum exponent « into the
forbidden regime, so that a well-defined sampling function
exists for all temperatures and frequencies. Poulsen and co-
workers have simply chosen to set the momenta to zero and
skip the sampling when AIQIS > 7, which is a continuous
extrapolation of the 7IQIS < 7 case; see, e.g,, refs 3, 15, and 17.

The harmonic scheme of Poulsen et al.”" for calculating
Wigner transforms is an adoption of the effective frequency
theory of Feynman and Kleinert."®'” This scheme has been
applied quite successfully to a number of problems in
condensed phase involving the quantization of several hundred
degrees of freedom. More specifically, the method has been
used for calculating dynamic structure factors'”*°~** and
diffusion coefficients in liquids.'”**** Despite its relative
success, this scheme may be considered as an illegitimate
extension of the effective frequency theory of Feynman and
Kleinert in the sense that the latter is a theory for
approximating path integrals involving only closed paths,
while Poulsen et al.’ nevertheless applied it to path integrals
which include open paths as well.

Strictly speaking, the extension discussed above is uncontrol-
lable, meaning that divergence problems show up since the
effective frequencies are not optimized for open paths. As
already explained, these problems appear for barrier potentials
at low temperature and this is the reason why the theory has
not been applied to reaction rate problems, where a so-called
thermalized flux Wigner distributions must be computed."
Reaction rate theory is a central subject in chemistry and it is
therefore highly desirable to solve this problem.

The subject of the present paper is to fix the barrier problem
by developing an effective frequency theory tailored to path
integrals also involving open paths. It will be the first rigorous
effective frequency model which can calculate off-diagonal
elements of the Boltzmann operator and can be combined with
general potentials at all temperatures. The theory derived here
may be regarded as a first step toward making the effective
frequency theory applicable also to reaction rate problems. The
derivation is relatively similar to the original one by Feynman
and Kleinert;'®"? the main difference is the inclusion of open
paths, which makes the mathematics slightly more involved.

This paper is structured such that after the above
“Introduction” there is a long section on “Methods” where
we, based on the Feynman—Kleinert (FK) closed path
approach, derive new iterative equations by generalizing the
FK approach to include also open paths. This gives us the
Generalized Feynman—Kleinert (GFK) approach. Thereafter
follows a “Results” section before we end with “Discussion and
Conclusions”.

B METHODS

For simplicity, we formulate the GFK theory in one dimension.
The new theory is generalized to several dimensions in the
same way as the original Feynman—XKleinert theory; see ref 3.
In what follows we, for simplicity, frequently refer to open
paths but then actually meaning both open and closed paths
unless it is clear from the context that we only consider open
paths. We will consider a particle with mass M moving in the
potential V(x) at an inverse temperature f§ = 1/k;T.
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The open path effective frequency theory is derived by first
considering the Feynman path integral for the Boltzmann
operator:

exp(—/H)
= /dx dx’fx(ﬂh):x, lx"Y{x| Dx(7) exp(—S[x(z)]/h)
x(0)=x
()
with
ph M.
sl = [ ar {?x(r) + V(x(r))} "

The centroid of a path, x,, is the average value of the path:

1

ph
= E | dr x(7)

xC
(4)
We next express the Boltzmann operator using localized
operators, A(x,), whose path integral representations are each
restricted to paths with a certain centroid. We write

where

A(x)
. I’ Y(xl Dx(7) 6(x — x,) exp(—S[x(r)]/h)

x(pn)=
= /dx dx’ L(ijx
(6)

We now introduce a new quantity, the off-diagonal trace as

A(x,)
Dx(7) 6(x — x.) exp(—S[x(z)]/h)

x(ph)=x/
= f dw dx’ f
x(0)=x
(7)

which differs from a standard trace by also including open
paths. Due to the delta-function, it is unitless.” In the following
we will use the short-hand notation

Alx) = / Da(7) 6(x — ) exp(—S[x(2)]/h) ©
instead of eq 7. There is no ambiguity in this expression since
we consider both closed and open paths. Thus, in the following
Dx(7) always means integration over closed and open paths.
The idea is now to exploit the introduced locality when
calculating the above quantities.

In the high temperature limit, A(x,) is dominated by paths
that only probe a small neighborhood around their centroids.
This suggests substituting the actual potential in eq 3 by a trial
potential of the form

Voo (x(0) = L(x) + M@0 = %)
which is of the same form as used by Feynman and Kleinert.
Such a potential should work extremely well at high
temperatures. The same form will, however, be used for all
temperatures.

For each centroid, two unknown parameters L(x.) and
Q*(x,) must be determined. As we shall see, their values can
respectively be thought of as representing a smeared potential
and its second derivative similarly smeared and both evaluated

https://doi.org/10.1021/acs.jpca.1c05860
J. Phys. Chem. A 2021, 125, 9209—9225
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around x. The smearing width will be derived from the “size”
of all paths (open and closed) associated with that centroid.

Once L(x,) and Q*(x,) have been found, we can integrate
out all path variables in eq 6 except the centroid; see below.
This makes the effective frequency theory powerful: the
original multidimensional path integral becomes one-dimen-
sional and the Wigner transform can be calculated (see eq 48
in ref 3). Thus, as shown in Appendix A, the Wigner transform
of A(x,) becomes

(A ()wla, pl
1/2
L7e) X tanh ﬁﬂQ(;)cC)
— expl(—pL)) )| (5r06)
sinh(;ﬂQ(x)) ag” ()7 Q(x )R
1 ) tanh(%ﬂQ(xc)) )
R 3 T T T hagon
(10)

where tr stands for trial and ag’(x,) is given by

1 {hQ(xt)[i Coth(hQ(xc)ﬁ] ~ 1}
MQ*(x)p 2 2

(11)
ap’(x,) comes from Feynman and Kleinert’s original theory
and has dimensions length squared. For imaginary Q(x,) the

aFKz(xc) =

. . h
exponent in the momentum part contains tan(;ﬂlﬂ(xc)l)

which diverges when AlQ(x,)|f = 7; see ref 3. We point out
that eq 10 is the same in the original FK theory and the new
generalized effective frequency theory presented here (GFK).
The values of Q(x,) and L(x,) as functions of x, on the other
hand differ between the two theories.

Let us now determine L(x.) and Q*(x,) for a given centroid
x. The task is to replace V(x(7)) in A(x,) or A(x,) with
L(x) + %Mﬂz(xc) (x(t) — x)* in the best possible way. After
replacement, the off-diagonal trace A(x,) is transformed into
A, (x.), where

A, (x) = f Dx (2)8(% — %) exp(=S*{x(e)1/ 1)

(12)
Syx(7)]
- fo " 4 {%x(r)z + L(x) + %Mgz(x‘)(x(ﬂ - x‘)z}
(13)

The off-diagonal trace corresponding to the full Boltzmann
operator is approximated as

f dx Ax) ~ f dx, A, (%) = (14)

/‘dxc fDx(T) 5(x — x.) exp(=S;[x(z)1/h)

- / Dix(7) exp(~S{x(7)1/h) (15)
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where we notice that the last equality above is perfectly
meaningful since the value of x, in Sy:[x(7)] is determined by x.
in the path integration [Dx(7).

In order to make / dx. A, (x,) be as close as possible to
f dx, A(x,) we use the Jensen inequality.”> We start by writing
the exact path integral as

/dxc Ax) = /Dx(‘r) exp(—=S[x(7)1/h) = /dxc A, (x,)
y /Dx(z) exp(—{Slx(2)] = S3x(2)1}/ ) X exp(=S;[x(7)1/h)

/dxc A, (x,)
(16)
or
fde Ax,) = /dxc A, (x)
X (exp(={Slx(7)] = Sylx(2)1}/R)),
(17)
where the average of a function f is calculated by
Dux(7) flx(7)] X exp(=S;x(7)]/h)
(flx(D)]), = /
/dxc Atr(xc)
(18)

The Jensen inequality” rests on the convexity of the
exponential function and states that

A exp(p) + 4, exp(@,) 2 exp(Lp, + 1,0,),

Mt+d,=1 (19)

where ¢, and ¢, are arbitrary real numbers. Its integral variant
. 25
is

J &2 explp@) 2 e [ax 26 9)),

fdx Mx) =1

Using eq 20 in its multidimensional version with A[x(z)] =
exp(=S<Lx(D)1/h)/ [dx, A (x), s0 that [Da(z) Alx(e)] = 1,
and @[x(7)] = —(S[x(7)] — S;[x(7)])/%, we obtain

/dxs Ax,) > /dxc A, (x)

x exp(=([S[x(2)] = S;f[x(2)]),/h) (21)

We will thus seek the values of L(x,) and Q?(x,) that maximize
the right-hand side of eq 21. For this purpose we derive an
expression for A, (x.) in Appendix A using results from ref 3
and obtain

(20)

tanh(gﬁﬁ(xc)) v
2Q(x)p

2BQ(x)
sinh(%ﬁg(xc))
sinh(74Q(x.))
= a(xc)exp( - ﬂL(xC))

Next we wish to evaluate

A (x) = exp(=pL(x))

= eXP(—ﬂL(xc))(

(22)

https://doi.org/10.1021/acs.jpca.1c05860
J. Phys. Chem. A 2021, 125, 9209—9225
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(Slx(1)] = Slx(r)1),

Jax, [Dx(e) 6(x — %) x [ dr (V(x()) = L(x) = IMQ(x) (x(2) — x)*) X exp(~S3x(2)1/R)

fDx (r)8(x — x.)
Ay (x)

/ dx, A, (x)

S dr(Vix(2) = Lix) — M@ () (x(2) - %)*) X exp(~S3x(2)1/R)

/dxc A, (x) X

The quantity

(S[x(r)] - Str[x(T)] )thC

Dx(7) 6(x — x
= L2OREZD [ oo - 160

1 2 2 X,
- IME)(0) - | X ep(-SHEVR)
appearing in eq 23 is also an expectation value, using again the
weight-function exp(—S;;[x(7)]/f) but now evaluated for a
fixed centroid x, as opposed to in eq 18 where «, is integrated
over.

We may write

(STR(2)] — S, (D))
ph
- [ {(V(x(f)»i‘;—L(x)

1 2 2\\x, }
- —MQ T) — ¢

MO (){(x(2) — %)) -
where we need to calculate the different terms. Let us first look
at the average square position found in the last term:

@) = [Dx(0) 87 - 5) x #(0)

X exp(=S;[x(2)1/h)/ A, (%)

To evaluate this, we write the paths explicitly using their
Fourier representation. As will be seen, once this special term
has been found, all other quantities follow straightforwardly.
The paths in eq 26 include all closed and open paths x(7) with
a common centroid x,.

We wish to find a Fourier representation suitable for
describing open paths where x, occurs explicitly as a Fourier
mode. We also need to evaluate the time derivative of x(7) so
that we can calculate the kinetic energy of the path. This means
that we need to interchange the infinite summation and
differentiation operations in our Fourier series expression. This
is permissible if x(z) is continuous and «'(7) is integrable.”®
Thus, we cannot adopt the Fourier series of x(z) directly by
regarding it as a ph-periodic function, since this function is
discontinuous at its open ends. We can instead achieve our
requirements by considering a continuous extension of x(z) as
follows.

We extend our open paths to new ones, %(), defined on the
double time interval 0 < 7 < 2fA. We shall require that our
extended paths be identical to the old ones in the original time
window: %(7) = x(7), 0 < 7 < fh and further that they are
symmetric around 7 = f#, ie, X(7) = X(2ph — 7), which fully

(26)
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/dxc Atr(xc)

(23)

determines x(7). By this prescription there is a one-to-one
correspondence between the x(7) and %(7) paths. Further, due
to the symmetry, the centroids of x(7) and %(z) are identical.

The x(7) paths can be defined for all real 7 by letting X(7) be
2ph-periodic. The %(7) paths are closed paths, and if we
restrict them to be physical, continuous paths, they fulfill all
our requirements. We may then write the Fourier series

ap + . a, cos 2mn + b, sin 2t
2ph

n=1 Zﬂh
ap+ Y a, cos(%) + b, sin(%]

n=1

#(7)

(27)

where b, = 0 for all n, due to the reflection property of %(z)
around 7 = fh. If we restrict this Fourier series to 0 < 7 < ff#,
we obtain our desired open path representation

x(t) =ay+ Y a, cos{%), 0<t<ph

n=1 (28)
The basis functions are orthogonal:
ph
dr cos[%) cos(ﬂ] = iémn X ph
0 ph ph 2 (29)
Clearly, a, is the common centroid of x(7) and %(7):
1 ph 1 2ph
a, = — dr x(7) = — dr %(7)
phJo 2ph Jo (30)
Likewise, it follows from eq 28 that
Bh
a, = 2 dr x(7) cos[ﬂ]
pnJo pn (1)

In Appendix B, we derive eq 28 again but by using the
normal modes of the open polymer. We also show how to set
up a general path integral using the path parametrization in eq

28. If we write @, = %, the trial action can now be evaluated

as (x, = ag)
Six(r)] = [)ﬁh dr {%x(‘r}2 + L(x,)
1 2 2
+ ZMQ (x)(x(7) — x) }

o 2
- MT/"'" Yl + QZ(xc)]% + BRL(x)
n=1

(32)

Returning now to eq 26, we write”

https://doi.org/10.1021/acs.jpca.1c05860
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(@)

[[Dx(2) 8z = %) x 5*(2) % exp(=SFx(D)1/7)/A, ()
/H:il da, x*(7) exp(—ﬂ% h I [0,

F Q1 - ﬂL(xc)>

ST, da, exp( ALY (0} +92(x)——ﬁL(x))

/H:il da, [x. + X a, cos(w,7)” exp(—ﬂ% h I (o,

+ 2% )

ST, do, oo 4% 5, [0

o 2
2 ),
a5 e
Mp 5 o, + Q)
Using the result (see page 83 in ref 27)
1 + i cos(nf) lcosh((ﬂ: — 10)a)
2a* o n+a*  2a sinh(7a) (34)

it is shown in Appendix A that

(@) = %7 + ap’ (%)
no sinh’(Q(x)(ph/2 — 7))
MQ(x) sinh(Q(x,)ph) (35)

Here the smearing width ag’(x,), given in eq 11, has appeared.
In the closed path theory we would find the simpler result:
(*(2))s = x* + apl(x.). Naturally, for closed paths, the
quantum fluctuations are independent of 7. According to eq
35, however, for open paths, fluctuations are smallest for
intermediate times 7 ~ /2 where (x*(7))i ~ x> + ap(x,),
while they increase exponentially as 7 — 0, Sh.

Since both the second and third terms in eq 35 vanish for
high temperatures, it seems reasonable to define a new time-
dependent open-path smearing width as

i sinhz(Q(xc)(ﬂfl/Z - 1))
MQ(x) sinh(Q(x,)ph)

az(xc, 7) = uFKZ(xC) +

(36)
The last term in this quantity diverges for imaginary Q(x,)
when 1Q(x,)|fA = 7 and becomes infinite when 1Q(x,)|fh — 7
from below. The old smearing width ap’(x.) on the other
hand does not diverge until 1Q(x,)|f# = 27. Here we find the
reason as to why the new theory is well-behaved and the old
not. As IQ(x.)|fh — = from below, the momentum sampling
should start to get problematic, but it does not because at the

X, M_ﬂ

+ Qz(xc)]%)
o 1+ cos(2w,7)
1 a)n2 + Qz(xc) (33)

2 1

n=

same time a*(x, T) goes to infinity thereby making 1Q(x,)!
smaller in size, since the latter is the Hessian of the potential
averaged over a*(x,, 7); see below. The reduced size of IQ(x,)I
pushes 1Q(x,)|fA away from 7.

Returning to eq 25, we see that we need to find

ph ph
S w2 = [ dr @ - s
(37)
Inserting eq 35 in eq 37 and integrating over 7, we obtain
ph
[ de (@) = 0

sinh(fhQ(x,)) — pAQ(x,)

= fhag (xc> +h ZM-QZ(xc) sinh(flg(xc)ﬂ) (38)

The average smearing width over the whole open path thus
becomes

2 =L ﬁhr x(1) — x)%))*

)= [ e (@) = 2P

sinh(BAQ(x,)) — phQ(x)

2MQ* () sinh(AQ(x.)f) (39)

We now turn our attention to the term (V(x(z))); in eq 25.
An easy way to find it is to consider the Fourier representation
of the potential:

V(x(z)) = i f_ : dk V (k) exp(ikx(z))

Using eq 28, we obtain

= aFKZ('xc)

(40)

/H:’;l da, exp(ika, + ik Z:o:l a, cos(w,7)) exp(—ﬂ% Z:ozl [a)n2 + Qz(xc)]%>

(V((2)) )y, = i [ : dk V (k) x

e . M 0
anzl da, exp(1ka0)exp(—ﬂ4 2"21 a) + Q? (x, )][a = a2

ST, ds, o~ 53 10 + 20015 )

2
1 2ik cos(w,z)

? cos*(w,7)

-1 f dk V(k)
2rJ -

or (see eq 33)

ST da e 42 B2, [

ol g0t

1
+ Qz(xc)]%) Mo, + Qx)

(41)

https://doi.org/10.1021/acs.jpca.1c05860
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VN = 5= [ &k V) explikag)

o 1 k*cos’(w,)
X expl — 2 0k
n=1 ﬁM (1)” + Q (xc)

= L/‘ dk V(k) exp(ikao — laz(xc, T)kz)
2w J - 2

(42)

Inserting the inverse Fourier transform of the potential V(x)

70 = [~ dr V() expl-iks) (43)

we obtain
(V(x(7)))e

= L/w dx V(x)/‘oo dk exp(—ikx) exp(iku0 - laz(xc, T)kz)
2nJ -0 —o0 2
1 © oo 1 ( ) 2
= [ a v [k exp| S, ok + 5
2n [w (x) —0o exp[ 2“ (x; T)[ aZ(xC’ T)

_ (% — “O)ZJ

2a2(xc, 7)
1/2
)T f g v e - )
—(zﬂf(xc, T>] J v "P[ 27, r>] (44)

[anaG) 2 [ax e - i) al)

This is a Gaussian smearing of the potential around the
centroid x, = a,. We shall call it V,2(, ,(x,). Hence,

(V(x(0))i = Vg, n(®) (45)
Equation 25 can now be written

(ST — SEx()INE
S a {1

1 2 2\x,
- L) (ate) - 25 |

ph
L) + [ de Vo o)

Bh
- LR ()’ () »

Putting the pieces together, eq 23 becomes

(S[x()] = S0 =
[ A, (%) X (—[ihL(xC) [T Vg o) - MO az(x[))
/dxc Atr(xc)

so that eq 21 becomes

[, exp(~BL(x)) alx) x (,BL(xc) + MO () a*(x) — [ dr Vo o) /h)

X exp

We call the right-hand side of this inequality I = I[Q*(x,),
L(x,)]. Thus, I is a functional of the functions Q2(x,) and
L(x.). We need to make it stationary with respect to variations
in L(x,) and Q?*(x,) for all values of x,_. First we will determine
the potential L(x,) by requiring
L) = = [ e Vo o) - TM@s) 2(2)
x) =— T Ve x) — — x) a”(x
(3 ﬁfl 0 a“(x, 1)\ 3 (3 c
(48)

With this choice, consider the functional variation with respect
to L(x,). The variation vanishes since

o= [ [=pSL(x) exp(~pL()) @)

+ [ a exp(=pL()) @)
y f 4 EPEALE)) alx)(FoL(x)) _

x[
/ dx! a(x!) exp(—pL(x!)) (49)

Next we turn to the variation of Q*(x.). The right-hand side
depends directly on Q*(x.) but also indirectly through a*(x,),
a(x,), and /ghdr Vi(e,0(x)/h. Hence there are four
contributions to changes in I when varying Q*(x.). The
functional derivative of I with respect to Q*(x,) is

J ol ale!) exp(~pLx))

(47)

o _ —pPL(x,)) a(x, 'Bazx
M—GXP( PL(x)) a(x,) X —Ma"(x)

2 (50)

Next, we calculate the result of variations in Q*(x.) coming
from a?*(x.). We write it symbolically

ol 5az(xc)
6a2(xc) 5QZ(xC)
ol Brai(sy x 206
= ep(-AL()) als) X TMA () x So0s

The third term is

dax)
0Q*(x.) (52)

8 ba(x,) B ALl
Sa(x) 6Q*(x.) = ep(=AL(x)

Finally, the fourth term is

ph
SI 8 dr Vg, o(x)
ph 2
5/(; dT Vul(xd,[)(xc) 59 (xc)

ph
0" dt Vi, o(x)/h
= —exp(—pL(x)) a(x) X U agz(‘x;))

(83)
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Figure 1. Quartic oscillator Wigner functions for # = 2. Notice the different scale for the classical calculation (cl).

The sum of these four terms must vanish. As we shall see, we
can make the first and third terms sum to zero. Likewise with
the second and fourth. Looking at the first pair, we get

5 B da(x,)

a(x) >< Ma™(x,) = —QZ( )

o a(x) = 2 0In2a(x)
M 0Q(x) (54)

We already have expressions for a*(x,) and a(x,) in eqs 39 and
22, respectively. From these we can verify that eq 54 is fulfilled.

Next, let us look at the sum of the second and fourth terms.
The equation we get is

ph
ﬂ 2 aaz(xc) a[) dz Vaz(xc,r)(xc)/h
~MQ (%) X — = >
2 oY (x,) 09’ (x,) (85)
Using the chain rule, we may write
a 2
B @) x 221
2 0Q"(x,)
_ /ﬂ” i 0a*(x, 7) OV o)(%)
0 0Q*(x) 0da’(x, 1) (56)

Since a’(x,) is the path-averaged smearing width, we have

2 - L ﬁhr x(7) — %))
a(xg—ﬂhfo dr ((x(z) — x)"))

_L
= ﬂhﬂ dr a*(x, 7) 7)

Thus, we may write

0a*(x,) _ 1 ph

_ ;9 (% 1) da*(x,, )
0Q*(x) pnJo

0Q*(x) (58)

Equation 56 therefore finally becomes
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ph da*(x,7) av, (s ,)(x
2 -/ de 00 (%)  0a’(x,7)

AM 1 ph 0a*(x,,7)
p o / dz

Q% (x,)
ph 0a*(x,,
1 / de 092(90

M )

Q(x) =

V//Z(x 1—)( )

da’( x,,T)
0Q%(x,) (59)

where we have utilized the equality

Vaz(xc,‘r)(xc) _
2 (s, )

which follows from manipulations on eq 44.

Equation 59 is our iterative equation which is used together
with the expression for a*(x,, 7) in eq 36. The iteration starts by
first fixing a centroid x, and choosing a value for Q*(x,).
Iteration then goes on until convergence.

In eq 59 we need to evaluate da*(x, 7)/0Q*(x.). By
differentiating eq 36, the following expression may be found

da*(x,, 7) i 2 — coth(y) —
0 (x)  16MQ(x) y?

h sinhz(le(xc) (c- f))
2MQ(x.)* sinh(AQ(x.)B)

x {Zle(xc)(‘r _ g) coth(hQ(xc)(r _ g))

— hQ(x,)p coth(hQ(x)p) — 1}

z(x 'r)( )

(60)

smhz(y)

(61)

where we have set 7Q(x.)f/2 = y for brevity.

For the case of an imaginary frequency, the expressions for
a*(x, 1), a*(x.), and da*(x, 7)/0Q*(x.) change. By replacing
Q(x,.) with iQ(x,)l, the new expressions become

https://doi.org/10.1021/acs.jpca.1c05860
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Figure 2. Quartic oscillator Wigner functions for # = 8. Notice the different scale for the classical calculation (cl).

no sin?(1Q(x)I(BR/2 — 1))
MIQ(x) sin(IQ(x,)|7)

az(xc, 7) = “FKZ(’CC) +
(62)

PAIQ(x)| — sin(BAIQ(x)])

2MIQ(x.)I* sin(AIQ(x.)13) (63)

“Z(xc) = aFKZ(xc) +

and
da*(x,, 7) ~ wR |y£| — cot(lyl) — %
0 (x)  16MIQ(x)! Iyi?
fsin?(AIQGx)I(7 - £
~ sin ( i X, ( 2)) {ZleQ(xc)l(r _ é)
2MIQ(x )l sin(AIQ(x.)|3) 2
X cot(hlﬂ(xc)l(r - g)J
— hlQ(x)If cot(AIQ(x)If) — 1}, yl = M
(64)
Here
aFKz(xc)
_ 1 - hIQ(x )1 t(hIQ(xc)Iﬂ)
T MIQ(x)PB 2 2 (65)
B RESULTS

We will apply our new effective frequency theory to two
problems, viz. a quartic oscillator and a symmetric double well.
The results will be compared with predictions from the original
effective frequency theory, classical statistical mechanics as well
as accurate calculations. We will use natural units so that 2 =1
and we consider a particle with mass m = 1.

The Quartic Oscillator. Here we consider a quartic
potential V(q) = q*/4. In this case we do not encounter any
imaginary frequency problem. Hence, the original effective
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frequency theory is always well-defined. The inverse temper-
atures that we study are § = 2 and 8. In Figure 1, computed
Wigner functions are shown for f = 2 obtained from an
accurate calculation, a classical calculation, and the original and
new effective frequency models, termed FK and GFK,
respectively.

Notice that the Wigner functions are not normalized to
unity when integrated. They are Wigner transforms of the
Boltzmann operator itself. In Figure 1 good agreement is seen
between all four predictions, albeit the classical calculation
yields clear deviations from the other results.

The results for the case f# = 8 are shown in Figure 2.

It is clearly seen that the classical result shows large
deviation from the other three results. Visually, the two
effective frequency theories agree well with each other and also
with the accurate quantum result.

In order to make the comparisons between methods more
precise, we have adopted the following measure of deviation of
an approximate Wigner function, W(q, p), from the accurate
Wigner function W,.(q, p):

error[W(q, p), W,;CC(‘I: P)]

[[da dp (W(g, p) = Wolg, )
[ da dp W, (q, p)° (66)

/2

In Table 1 such error values are shown for the quartic
oscillator at both =2 and f = 8.

Table 1. Quartic Potential®

FK GFK Cl
p=2 0.02 0.03 0.44
p=38 0.07 0.10 9.47

“Deviations from the accurate Wigner function are shown for original
Feynman—Kleinert effective frequency theory (FK), our generalized
effective frequency theory (GFK) and classical theory (Cl).

https://doi.org/10.1021/acs.jpca.1c05860
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It is again confirmed that the two effective frequency
theories are very close to each other. Moments of the Wigner
functions are presented in Table 2.

Table 2. Quartic Oscillator”

<xx(t)> for the quartic oscillator at § = 2

.

FK
GFK
classical

FK GFK accurate Cl
(), p=2 0.53 0.53 0.53 0.48
P, =2 0.73 0.79 0.73 0.50
(), =8 0.45 0.43 0.46 0.24
™, =8 0.57 0.61 0.56 0.12

“Moments of the Wigner function from original Feynman—Kleinert
effective frequency theory (FK), our generalized effective frequency
theory (GFK), accurate calculations and classical theory (Cl).

Compared to the accurate calculations and original effective
frequency model, the new theory is seen to give slightly larger
momenta as the temperature is lowered, while the classical
ones are clearly too small.

We will now consider the off-diagonal behavior of the

ﬁq+g>.We

density matrix, i.e, how 5 behaves in <q - g

define

o = J[da dn (g — Ziplg + 1)
[[da dn (g — Liplg + 2) (67)

and show the corresponding values in Table 3 for FK, GFK,
and accurate calculations.

Table 3. Quartic Oscillator®

FK GFK accurate
"y p=2 145 1.32 1.32
Py p=8 1.77 1.66 1.59

“n*) of the density matrix from the original Feynman—Kleinert
effective frequency theory (FK), our generalized effective frequency
theory (GFK) and accurate calculations.

The off-diagonal behavior of the density matrix is seen to be
better for GFK than for FK.

We end this section by showing the position autocorrelation
functions, obtained by running classical dynamics using our
Wigner functions to sample initial conditions (often referred to
as the “Classical Wigner” model). In Figures 3 and 4 we show
results for f = 2 and 8, respectively. The figures also contain
accurate and purely classical dynamics results. The results from
the two effective frequency theories are practically speaking
identical.

Particle in a Double Well. We now turn to a problem
with a barrier, namely, the double well, and we choose the

potential to be V(q) = —%qz + %q“. The double well

problem is substantially more challenging than what the
quartic potential is. For this potential the momentum part of
the Wigner function of the original effective frequency theory
becomes ill-defined in the interval € [S.1, 5.9]. We therefore
choose to consider inverse temperatures outside, but
reasonably close to, this range. We also consider the results
of the so-called local Gaussian approximation (LGA) proposed
by Liu and Miller.” This scheme utilizes the following
approximation to the Boltzmann operator Wigner transform:

—— accurate

| | | 1 | |
0 5 10 15 20
time

Figure 3. Correlation functions for the quartic oscillator at # = 2. The
three Wigner functions used as sampling functions for initiating the
classical dynamics are derived from the original Feynman—Kleinert
effective frequency theory (FK), our generalized effective frequency
theory (GFK), and classical statistical mechanics (classical). Accurate
quantum mechanical results are also shown (accurate).

<xx(t)> for the quartic oscillator at B = 8

T T T T T T

— FK
GFK
classical

—— accurate

1 |
0 5 10 15 20
time

Figure 4. Correlation functions for the quartic oscillator at # = 8. The
three Wigner functions used as sampling functions for initiating the
classical dynamics are derived from the original Feynman—Kleinert
effective frequency theory (FK), our generalized effective frequency
theory (GFK), and classical statistical mechanics (classical). Accurate
quantum mechanical results are also shown (accurate).

P(x, p) ~ (xl exp(—pH)lx)

ph _ B 2
% mQ (u(x)) Xp( 2mQ(u(x))” J (68)

where u(x) is the local frequency u(x)* = V’(x)/m and
Q(u(x)) is given by

_ pru)/2 u(x)* >0
tanh(Bhu(x)/2) ’ a
Q(u(x)) =
tanh(Blu)l/2) -~ 2
Bhlu(x)l/2 (69)
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Figure S. Double well Wigner functions for # = 4. Although not shown, the classical Wigner function has a peak value of around 13.5.

method = accurate

6.0
4.8
3.6
24
12
0.0
-2 0 2
q

2

method = FK
6.0
48
36
2.4
1.2
0.0
-2 -1 0 1 2
q

method = LGA
2 6.0
. 48
36
0
24
= 1.2
2 00
ST a4 0 1 2
q
method = GFK
2 6.0
. 48
36
0
24
= 1.2
-2 00
T R 1 2
q

Figure 6. Double well Wigner functions for # = S. Although not shown, the classical Wigner function has a peak value of around 28.

Equation 68 is always well-defined. Also, the phase-space
trace of P(x, p) is exact so the Wigner function is correctly
normalized. In Figures 5—7 we show the Wigner distributions
for f = 4, S, and 8, respectively, for the four methods that we
compare, namely, accurate, FK, GFK, and LGA.

For f = 4, it is seen that the Wigner function derived from
the original Feynman—Kleinert theory possesses a too narrow
momentum distribution near the barrier top in comparison to
the accurate result. The situation is similar for the LGA Wigner
function. Both of these functions also have a too large
maximum value of P(x, p). In comparison, the GFK function
behaves better. In the case of § = S, where AlIQ(x)|f is closer
to m, the same observations hold but they are more
accentuated. For f# = 8, the LGA Wigner function decays
very rapidly along the p axis and deviates substantially from the
accurate one.
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It is hard to judge how close the approximate Wigner
functions are to the accurate one. The comparison is further
complicated by the fact that only the exact function can be
negative. Again we may turn to our error estimate. In Table 4,
we present error values calculated using eq 66.

Again we see that the results for the two effective frequency
theories are quite close to each other and much better than the
classical results. Note that for f = 5, as opposed to for the
other fB-values, FK is sligthly worse than GFK. This is because
B = S is quite close to the f-range where FK becomes ill-
defined. The LGA approximation is seen to perform slightly
worse than the two effective frequency theories.

We may also consider moments of the Wigner function; see
Table S.

The original Feynman—Kleinert effective frequency theory is
seen to give results quite close to the accurate ones. Our new

https://doi.org/10.1021/acs.jpca.1c05860
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Figure 7. Double well Wigner functions for # = 8. Notice the different scale for the LGA calculation. Although not shown, the classical Wigner

function has a peak value of around 150.

Table 4. Double Well Results”

FK GFK LGA Cl
p=4 0.14 0.14 0.16 2.0
p=5 0.26 0.18 0.25 3.4
p=8 0.28 0.35 0.52 12
p =10 0.35 0.42 0.67 29

“Deviations from accurate Wigner function results calculated from eq
66. Results are shown for the original Feynman—Kleinert effective
frequency theory (FK), our generalized effective frequency theory
(GFK), local Gaussian approximation (LGA),'” and purely classical
theory (Cl).

Table 5. Double Well Results for Moments of the Wigner
Functions”

FK GFK LGA accurate Cl
(), B=4 1.71 1.66 1.71 1.71 2.18
P, =4 0.48 0.54 0.48 0.49 025
(), =5 1.65 1.59 1.65 1.65 223
), B=5 0.44 0.51 0.44 0.44 0.20
(¢, =8 1.53 1.48 1.55 1.55 2.34
P, B=8 0.40 0.46 0.39 0.36 0.12
(45, B=10 1.47 143 1.52 1.52 2.38
*), p =10 0.39 0.44 0.37 0.33 0.10

“Results are shown for the original Feynman—Kleinert effective
frequency theory (FK), our generalized effective frequency theory
(GFK), local Gaussian approximation (LGA),"* accurate calculations,
and classical theory (CI).

method systematically slightly overestimates the momentum of
the system and similarly slightly underestimates (g*), while the
classical results are substantially worse. The LGA approx-
imation is clearly seen to work well. In fact, the LGA model
predicts the most correct moments, being slightly closer to the
accurate ones than the original FK model.

In Table 6 we show the average value of #* for the double
well at various temperatures. When f is near the interval [S.1,
5.9], we see the divergence behavior in {;*) as obtained from
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Table 6. Double Well Results for (7%} of the Density
Matrix”

FK GFK LGA accurate
), p=4 6.72 2.36 3.68 2.63
oM, p=5 133 2.53 5.14 2.97
), p=6 106 2.63 6.97 322
), p=8 7.13 276 11.79 3.56

“Results are shown from original Feynman—Kleinert effective
frequency theory (FK), our generalized effective frequency theory
(GEK), local Gaussian approximation (LGA),"> and accurate
calculation.

FK theory. Also, the LGA approximation performs poorly: It
predicts too large values of (17”) which is equivalent to a very
slowly decaying density matrix in its off-diagonal direction. The
GFK model predicts values of (5*) being in much better
agreement with the accurate values. Thus, the GFK method
outperforms the LGA and original effective frequency model
when it comes to predicting the off-diagonal behavior of the
density matrix.

As in the previous section, we show the position
autocorrelation functions, obtained from the Classical Wigner
model. This is done in Figures 8 and 9 for f = 4 and 8§,
respectively.

The results for the two effective frequency theories and the
LGA result agree quite well with each other. They are all
clearly better than the classical results. We conclude that it
does not matter which of the three theories you adopt for the
position autocorrelation functions. Due to the Classical Wigner
model itself, the results obtained are essentially equally far
away from the accurate result.

B DISCUSSION AND CONCLUSIONS

A new effective frequency model for imaginary time path
integrals has been proposed. Since the new theory is a
generalization of the Feynman—Kleinert (FK) theory in that it
also includes open paths, we term it the Generalized
Feynman—Kleinert theory (GFK). More specifically, GFK

https://doi.org/10.1021/acs.jpca.1c05860
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Figure 8. Position autocorrelation functions for the double well at # =
4. The four Wigner functions used as sampling functions for initiating
the classical dynamics are derived from the original Feynman—
Kleinert effective frequency theory (FK), our generalized effective
frequency theory (GFK), local Gaussian approximation (LGA), and
classical statistical mechanics (classical). Accurate quantum mechan-
ical results are also shown (accurate).

<xx(t)> in the double well at § = 8
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Figure 9. Position autocorrelation functions for the double well at # =
8. The four Wigner functions used as sampling functions for initiating
the classical dynamics are derived from the original Feynman—
Kleinert effective frequency theory (FK), our generalized effective
frequency theory (GFK), local Gaussian approximation (LGA), and
classical statistical mechanics (classical). Accurate quantum mechan-
ical results are also shown (accurate).

“trains” the effective frequency trial action also on open paths
as opposed to the original model which was developed for
closed paths only. This removed the divergence problem
inherent in the original Feynman—Kleinert theory, when
obtaining the Wigner functions for barrier problems. The
inclusion of open paths in the variational procedure was shown
to lead to a more accurate off-diagonal behavior of the density
matrix. The GFK theory is, however, not generally more
accurate than the original closed-path model of Feynman—
Kleinert. On the contrary, it was seen to provide quadratic
moments that are slightly worse than those predicted from the
original FK model (and LGA model as well).

What are the reasons for the observations mentioned just
above? We first point out that the two effective frequency
theories utilize the same trial action. GFK is thus not more
elaborate. It, however, “trains” its trial action on a larger class
of paths. It is therefore not surprising that when comparing
moments such as, e.g,, (x*) and (p”), which may be calculated
using only closed paths, the FK theory is more precise, since it
is optimized for precisely such paths. The present study,
however, suggests that when calculating such quantities the
differences between the two models are very small. On the
other hand, in studying quantities depending on the off-
diagonal behavior of the density matrix, GFK outperforms FK
for temperatures close to where the FK theory leads to
divergence issues.

The results of this paper, suggest that the GFK theory
provides a “Jack of all trades” Wigner transform approach,
since its density matrix and Wigner transform plots are always
consistent (but not always the most accurate). This should be
contrasted to the FK theory with its divergence issues and the
LGA model which predicts an errorneous rapid decay of its
double well Wigner function along the momentum axis.

We end by pointing out immediate possible generalizations.
Instead of including just the centroid, we could include
additional Fourier modes in the anharmonic part of the trial
action. For instance, we could choose to use the two lowest
modes g, and a;, which turns the trial action into

ag,a m M X
St(r o 1)[x(1)] = fo dr {?x(r)z + Vg(aoyﬂl),L(%,al)(x(r))}
(70)

where
VQ(“Olal)lL(ag,ﬂl)(x(T))
1
= L(ap, a)) + EMQZ(%: a)(x(z) —ay — a, Cos(wlr))2
(71)

This is a generalization of eq 13. Thus, the action is now
expanded harmonically around a time-dependent path y(7) = a,
+ a; cos(w,7); see Figure 10.

All developments proceed essentially as before and the
required expressions can be calculated with the path integral
technique outlined in Appendix B.

Expansion of trial action around path y(T)
both curves has a =1 and a,=1: case of hf=10

(¥

!

r — y(1)=l+cos(®,1)
X(D)=y(T)+8x(T)

x(1)

0,5~ —

Figure 10. Trial action x(7) expanded around a path y(7).
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By proceeding as just outlined but including more and more
modes, the trial action approaches the exact action. In
multidimensional applications, we could apply this multimode
theory to the most important degrees of freedom, but use the
single mode version detailed in this paper for the other degrees
of freedom. Further, we could apply similar ideas as presented
here for developing trial actions for path integrals involving
thermalized flux operators. In this case, besides the centroid,
we would impose further constraints on the open paths by
requiring the paths to pass the dividing surface at 7 = fh/2;
see, e.g, refs 4 and 28. As shown in the Supporting
Information, such further restrictions can be implemented by
inserting delta functions into the off-diagonal path integral.

Bl APPENDIX A

Miscellaneous Results

The purpose of this appendix is to derive eqs 10, 22, and 35.
We first derive eq 10. We start from eq 10 in ref 23 which gives
the Feynman—Kleinert approximation to the Wigner transform
of the Boltzmann operator. It reads

(exp(—pH))y g, p]

1/2
Marn
L coth(nQ(x,)8/2)

= [ en(-pwin)) x g[

MQ(x,)

(g ) tanh(hQ(x,)4/2) 2)

X —_
P ( MQ(x)h

1/2
=/ j—h exp(—fW () x | Zanh(hQ()p/ 2>]

ﬂg(xc)aFKz(‘xc)
1 1 ,  tanh(AQ(x)p/2) ,
Xexp(?ap;(xc)(q_x“) T Mon ]
(72)

where a = a(x,) is related to the Feynman—Kleinert smearing
width by @ = 2MQ(x )ag’(x.)/h. The centroid potential is
Wi(x) = L(x) + % In 73"1};(525;/;)?2/ 2

Let A,(x,) denote the operator you get from A(x,) by
replacing the true potential by the Feynman—Kleinert trial
potential in eq 9. From the definition of A(x,) in eq 8, it
follows that by adopting the FK trial potential

(exp(=pla, p = [ B,GDulapl oy
and so by comparing with eq 72 we get

exp(—pW(x))

(Atr(xc))w[q’ pl= h
1/2
nh tanh(flg(fc)ﬂ/z)] % e [_l%(q —x)
PQx,) agy (%) 2 apc” (%)
MQ(x)h (74)

which is eq 10.
We next derive eq 22. By performing an inverse Wigner
transform on eq 74, we get

OC/IAW(’CC)I’C) = d_p exp[M

- . ](Atxxcnw[q, vl

1/2
- exp(—ﬁW(xE»[L]

“FKZ(xc)ﬂ
X exp| — ! (x o X, )2
P Z“FKZ(xc) 2 ‘
MQ(x,) 2
- —— (¥ — %)
4 tanh(25Q(x,) ) (75)

The off-diagonal trace is just integrating (x’lAtr(xC)|x> over
both x and x’. The result is eq 22.
Finally we derive eq 35. By combining eqs 33 and 34, we
obtain
_
MO (=)
h cosh(Q(x)(ph — 21))
2MQ(x,) sinh(Q(x.)fh)

1
+ m(hﬂ(.ﬁcg)ﬂ coth(Q(x)ph) — 1)
(76)

(D) = 5

Using coth(x) = coth(x/2) — 1/ sinh(x), we rewrite the third
line so that

1
 2pMQN(x)
h cosh(2Q(x,)(pA/2 — 1))
2MQ(x,) sinh(Q(x,)ph)

h hQ(x,
m{ (x)8 coth(Q(x)ph/2) — 1}
h 1

T 2MO(x) sinh(QGx)pR) 2BMQ(x)
. f cosh(2Q(x,)(fh/2 — 7)) N
TR MOk smh@Gpn) (=)
n

" 2MQ(x) sinh(Q(x,)ph) (77)

(@) ="

Here the old smearing width from the original Feynman—
Kleinert theory has appeared. It is

3 h {hQ(xc)ﬂ
CMQ( Bl 2

Arg 2 ('xc)

coth(Q(x,)ph/2) — 1}

and fulfils (x*(7)), = agl(x) + x2 if only closed paths are
considered. The first part of eq 77 can be simplified by using
cosh(2x) = 2 cosh?(x) — 1 = 1 + 2sinh?*(x). We then have

<x2(7)>tr

_ .2 no 1+ 2sink*(Q(x)(BR/2 - 7))
‘ 2MQ(x,) sinh(Q(x.)ph)
+ gl (x) - !
T MO () sinh(Q(x)pR) (78)

or
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<x2(1)>tr = xcz + aFKZ(xc)
h sinhZ(Q(xc)(ﬂfl/Z -1))
MQ(x,) sinh(Q(x.)ph) (79)

which is eq 3S.

Bl APPENDIX B

Path Integral Using Open Path Fourier Modes

Here we show how to write the path integral representation of
the Boltzmann operator using Fourier modes. Normally, this is
done assuming closed paths, using the so-called Matsubara
frequency representation.'” Here, we do it for open paths,
which to our knowledge is much less explored. As an example,
we consider the calculation of the off-diagonal trace A =
f dx,A(x,) for a one-dimensional particle with mass M
moving in a potential V(x) at an inverse temperature f§ = 1/
kzT. In Cartesian coordinates, using N beads, we have

A= /_: dx[: dy (xl exp(—pH)ly)
. - N-1 5.
= [m dox, [m day kl:[1 (x] exp(—ﬁH)kckH)

(80)
Using the high temperature approximation (writing ' = 5/

(N -1))
(%) exp(—ﬁ’ﬁ)lxk+1)

°° 1P V) + Vix,)
) EXP[‘/} [m + f}

i
- gp(xkﬂ - xk)]

1/2
M M 1
- [ﬂ'zmz] eXP[ 2 B G G — )’

V(xk) + V(xk+1)]

7 2 (81)

we obtain

M = 1))V N
=[ poni? ]

- 1
dxk exp| —
k

Z (%1 — xk)z] X exp[—
k=1

ﬂ V(‘xl) + V(xN)
-1 2

(N-1)/2
M(N - 1) o MN-1
| prt /de Y

N-
Z (%gr — xk)
k=1 (82)

where we have introduced some short-hand notation: Xy = (x;,
- - v Vi
vy xy) and V(Zy) = i\l_; V(xg) + M We next

introduce the normal modes of the kinetic energy, which is
written in the form Y p' (s, — %.)%"" The jth normal mode
is

N
= E Qs
k=1

where the orthonormal N X N matrix Q has components

1/2 1.
(z— 6] (k= 3)m
ij =|— cos| ——|,

(83)

N N

j=0,.,N-Lk=1,.,N (34)

The eigenvalue of v, is

i
A =4 sinz(]—)
! 2N (85)
It follows that
N-1
T
xk = Z Qk]l/]
j=0
By expressing eq 82 in terms of normal modes, it becomes

Ao M(N - 1) A MN-1
parh’

(86)

N-1 - 5
Z 4 sinz(]—)yj2 - V(Py)
= IN N-1 7)

We have written Dy = (v, .., Uy_;) and utilized that [doy =
/ dxy since the determinant of the Jacobian of the mapping
between U Uy and Xy is unity. For mathematical convenience we
will define 77 = (1/N)?Dy,. It follows that 7, is the centroid of
the path. We can write

M(N - 1) (N7 MN-(N - 1)
A= — NN/Z/dffNexp - X
ponh 2 ph

Bt

One final coordinate transformation is needed. We set

1/2251n<2j_17:7) 1/2
=22 (N (- 1)

a i
ji=1,.,N-1 (89)

and
ap =My (90)

Again we write dy = (agyay_1)- Equation 88 tranforms into

mv - )"
A= 1) —(N-1)/2
( Par n ] ) ,l_[l 2s1n(2}N)

- M, j ’ 2 B -
X /daN exp(—:ﬂ };0 (E] G =N 1V(ﬂN) o1)

Using the identity (see proof at the end of this section)

NN/Z(N_(N
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N-1 1

. jn
-1 2 sm(—)
j=1 2N

Equation 91 can be simplified to

— N—l/Z
(92)

M (N-1)/2 N-1 M N-1 i 2
A=|—— 'ﬂX/dZie —-—p ~—1a?
[ﬂ4ﬂh2] g’ P 4/j=20[ﬁh] i
B -
- N — IV(“N)

N-1 2500 \/2 N-1
w.” M M
/dao I I /da].[ ’4” ] exp[—:[i 2 wjzajz
j=0

(93)

where w;, = %,] =0, .., N — 1. Equation 93 is the Fourier

representation of the path integral.
We next consider the equation for a; (j # 0):

2 sin(ﬁ) (N-(N 1))1/2.

_ 5l/2
j =2 :
jr
1/2 N k—L)in
- 2 ]
N 1/2[—) Z cos| 7( 2) XL
N N

k=1 (94)

Fix a value of j. If N is large in eq 94, this expression may be
written (use sin(x)/x = 1, x = 0)

1Y\.
LS [(k= )
a. = 2— Z —C X
" oph SN N
_L
1 ﬂfl Nzﬂfljﬂ'
=2— — CO. X1
=N
1 N ph T 1 b
=2 Z PR oo BIE i, — 2—/ dr cos(tw) x(7),
pric N T\ ph phto :
N — o ©s)

k=1
We have discretized the time axis as 7, = Tzﬂfl, k=1,.,N.

For j = 0, we obtain similarly

N
1 1

ag =
k=1

N %/Oﬁh dr cos(twy)x(7),

N — oo
(96)

We recognize eqs 95 and 96 as eq 31 and eq 30, respectively.
Thus, we have rederived the Fourier representation of x(7).
We may also consider the expression for x; in terms of the

k=1
LB, k =

N

normal modes in the limit N — oco. Again, let 7, =

1, .., N. From eq 86 we get

9223

N-1
x = x(g) = z Q;;l/j
j=0

N!/2

X

21/225“)(%) (N(N _ 1))1/2
jr

(97)
To proceed, we need to show that y(j, N) =
25in(;—;)(N~(N — 1))"?/jz can be set equal to unity for

large N. This is correct as long as j < N. At first sight, this is
not possible since j runs all the way up to N — 1. However, all
realistic paths x(7) that contribute to the path integral have a
frequency cut-off j < j,,,, which results from the kinetic energy
part of the path integral. Therefore, if j is so big that y(j, N) is
not unity, then j will by far exceed j,,,, if N is big enough. Thus,
ifj > juax then only a; = O contributes to the path integral and it
will not matter if we put y(j, N) = 1 in eq 97.

If N becomes large in eq 97 and k likewise so that

1

k=1
— 2 s . .
T = Tﬁfl is constant, then we get the following expression

for x(z;):
; 1\.
e ((e- 1)
x(7) = D cos| ——|a;

j=0 N
o[ m

= cos| — ;
& N

= x(r) = Z cos(w;)a;, N — ©

j=0 (98)

This is eq 28.

We finally show how to express the potential energy part of
the path integral in terms of Fourier modes as done in eq 93.
The part is

R B V(x) + Vixy)
S VE) = §v<xk>+—2
R
NN_IEVW) )

This rewriting should be acceptable for large N. When N — oo,
this becomes

L Z V() —

N-1,5

ph
L dr V(x(2))/h

/(;ﬂh dr V( Z cos(a)jr)aj)/fz

j=0

(100)
Then we may finally write the total path integral in eq 93 as
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A= daOH da, 2 exp—:ﬂijal ° 8 -ny; gu.
=1 =0

_ fﬁh dr V( z cos(w;7)a;)/h
0 i=0

(101)

where we have taken the limit N - oo.

Equation 101 is the central result of this appendix. If we
restrict the centroid g, to be gy = x, and consider a potential
V(x(r)) = L(x) + %MQz(xc)(x(r) —x)%, then we may
show that eq 101 rederives the result in eq 22.

We remember that eq 101 is the Boltzmann path integral
over all open paths. If we want to calculate matrix elements
such as, e.g, (x| exp(—fH)ly) we can apply eq 101 if we add
two extra integrations 5(y — x(0)) = /d6, exp(i6,(y — x(0)))/
27 = /d91 exp(i0,(y — ag — a; — ...))/2x and 6(x — x(Bh)) =
fd92 exp(i0,(x — ay + a; — a, + ...))/2x. In this Gaussian
integral, we first integrate out all (ay, ay, ..), followed by
integrating out 6, and 6,. In this way, also eq 75 can be derived
by simply fixing the centroid 4, to be gy = x..

Let us finally return to the identity in eq 92. To prove it, we
start with the result 1.392.1 in ref 30

n—1 kﬂ'
sin nx = 2"! H sin(x + —)
k=0 n (102)
Letting x — 0, we obtain
n—1
_ k
n=2" 1H sin(—ﬂ)
k=1 n (103)

Next, let n = 2m be even. Observe that the arguments of the
sine functions go through half the unit circle, symmetrically
around 7/2. By using sin(%) = sin(@), we may limit the
sine arguments to the first quarter of the unit circle only,
instead squaring the result. Thus

2m—1 kﬂ m—1 kil' 2
2m = 2sinl — | 2m =2 2 sin] —
m g Sm(Zm) m [g Sm(Zm)]

(104)
or

m—1 kﬂ'
12 - H 2 sin(—)

k=1 2m (105)

which was to be proved.
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B ADDITIONAL NOTES

“We notice that by adopting the standard N-bead time-sliced
path integral approximation to A(x,), we obtain the classical
partition function for an N-bead polymer which is held
together by harmonic springs with force constants k = M(N —
1)*/(ph)* and moves in the external potential V(x) at inverse
temperature /(N — 1). Its center of mass is fixed at x. See
Appendix B for the details of this derivation.

“When evaluating eq 33, the determinant of the Jacobian
which is associated with the mapping from Cartesian
coordinates to Fourier modes is not needed, since we are
calculating the ratio of two path integrals.
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