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Barrier-crossing and energy relaxation dynamics of non-Markovian inertial systems

connected via analytical Green-Fokker-Planck approach
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From numerical simulations, it is known that the barrier-crossing time of a non-Markovian one-dimensional
reaction coordinate with a single exponentially decaying memory function exhibits a memory turnover: For
intermediate values of the memory decay time, the barrier-crossing time is reduced compared to the Markovian
limit, and for long memory times, it increases quadratically with the memory time when keeping the total
integrated friction and the mass constant. The intermediate memory acceleration regime is accurately predicted
by Grote-Hynes theory; for the asymptotic long-memory slowdown behavior, no systematic analytically tractable
theory is available. Starting from the Green’s function for a general inertial (i.e., finite-mass) non-Markovian
Gaussian reaction coordinate in a harmonic well, we derive by an exact mapping a generalized Fokker-Planck
equation with a time-dependent effective diffusion constant. To first order in a systematic cumulant expansion,
we derive an analytical Arrhenius expression for the barrier-crossing time with the preexponential factor given
by the energy relaxation time, which can be used to robustly predict barrier-crossing times from simulation
or experimental trajectory data of general non-Markovian inertial systems without the need to extract memory
functions. For a single-exponential memory kernel, we give a closed-form expression for the barrier-crossing
time, which reproduces the Kramers turnover between the high-friction and high-mass limits as well as the
memory turnover from the intermediate memory acceleration to the asymptotic long-memory slowdown regime.
We also demonstrate that a non-Markovian system with single-exponential memory is singular in the zero-mass
limit and that the long-memory barrier-crossing slowdown reflects the interplay between mass and memory

effects. Thus, physically sound models for non-Markovian systems should include a finite mass.
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I. INTRODUCTION

Rare events, meaning chemical reactions, conformational
molecular transformation, or nucleation in metastable bulk
systems, involve in their time-limiting step the crossing of
a free-energetic barrier when described in terms of low- or
one-dimensional reaction coordinates [1-6]. The theoretical
description of such barrier-crossing phenomena has a long
history in physics and chemistry [7]. Arrhenius showed that
for a system in contact with a heat bath, the typical barrier-
crossing time scales as 7pefY, where B = 1/(kgT) is the
inverse thermal energy, Up is the height of the barrier in
the free-energy landscape, and 7y is a prefactor [8]. That
prefactor depends not only on the free-energy profile, as in
transition state-theory [9,10], but also on the dissipative cou-
pling to the environment [1-6,11-13]. Kramers calculated 1
in the Markovian limit, where environmental dissipation is
described by a time-independent friction coefficient y, im-
plying infinitely fast environmental relaxation dynamics [1].
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He derived explicit formulas for 7 in the high-friction limit,
where inertial effects due to the effective mass of the reaction
coordinate can be neglected, as well as in the low-friction
limit, where inertial relaxation effects become dominant. The
crossover between these asymptotic limits, known as the
Kramers turnover regime, was considered in many works
[14-16].

However, physical environments do not relax instanta-
neously. The influence of finite environmental relaxation
times on reaction coordinate dynamics was explored by
Zwanzig [17] and Mori [18], who used projection techniques
to show that the dynamics of a low-dimensional observ-
able defined for a general many-body system is described
by the generalized Langevin equation (GLE). The GLE is
an integro-differential equation that generalizes the Newto-
nian equation of motion by explicitly accounting for the
coupling of the observable to its responsive environment
in terms of a non-Markovian (i.e., time-dependent) friction
memory kernel I'(t) and a time-dependent force. Thus, the
GLE correctly accounts for the loss of information when
projecting the high-dimensional phase-space dynamics onto
the low-dimensional observable dynamics and constitutes
an exact coarse-graining method. An alternative strategy to
eliminate or reduce non-Markovian effects is to use suit-
able multidimensional reaction coordinates that explicitly
account for solvent degrees of freedom, which basically corre-
sponds to the Markovian-embedding treatment of a GLE with
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multiexponential memory kernel [19]. Several methods to ex-
tract all GLE parameters from time-series data exist [20-30]
and using such methods the GLE has been applied to vi-
brational spectroscopy in terms of bond-length vibrations
[31-33], dihedral rotations [3,25,34,35], chemical reactions
in solvents [36-39], protein folding [40—45], and also more
complex systems, such as the motion of living organisms as
well as genetic, financial, and meteorological data [46-53].
Grote and Hynes (GH) derived a self-consistent equa-
tion for barrier-crossing rates in systems with short to
intermediate memory times in the medium- to high-friction
regime [54], which was subsequently successfully applied to
different barrier-crossing phenomena [55,56]. Pollak et al.
subsequently constructed a theory also applicable for long
memory times [57,58], which, however, does not allow to
analytically extract the asymptotic dependence of the barrier-
crossing time on the memory time. Many barrier-crossing
rate theories represent the free-energy landscape as an in-
verted parabola and thereby neglect relaxation in a free-energy
minimum prior to a transition. However, as we show in this
paper, this relaxation is important particularly for long mem-
ory times; therefore, the barrier free-energy landscape is more
realistically modeled as a single-well or double-well poten-
tial, relevant, for example, to chemical reactions and protein
folding [6,7,59-62]. In fact, from numerical simulations it
is known that the barrier-crossing time of a non-Markovian
one-dimensional reaction coordinate with a single exponen-
tially decaying memory function exhibits a nonmonotonic
dependence on the memory time [63]: Keeping the friction
(i.e., the integral over the memory function) constant, for
intermediate values of the memory time, the barrier-crossing
time is reduced compared to the Markovian limit but for long
memory times increases quadratically with the memory time
[64-66]. The intermediate memory acceleration regime is ac-
curately predicted by Grote-Hynes theory; for the asymptotic
long-memory slowdown behavior, no systematic analytically
tractable theory is available, a gap that is filled in this paper.
Starting from the Green’s function for a general inertial
non-Markovian Gaussian reaction coordinate in a harmonic
well given in Sec. II A, we derive in Sec. IIB by an ex-
act mapping a generalized Fokker-Planck equation with a
time-dependent effective diffusivity that accounts for non-
Markovian and inertial effects. Using the propagator of the
generalized Fokker-Planck operator, absorbing and reflect-
ing boundary conditions are introduced and an expression
for the first moment of the product of the first-passage
distribution and the diffusivity is derived in Sec. IIC. To
first order in a cumulant expansion of the time-dependent
diffusivity, we derive in Sec. IID an analytical expression
for the preexponential factor of the Arrhenius prediction
for the barrier-crossing time that essentially corresponds to
the integral over the potential-energy correlation function.
This expression can be straightforwardly applied to simu-
lation and experimental trajectory data without the need to
extract memory functions, as is necessary for standard non-
Markovian reaction-rate theories. The influence of different
potential shapes on the mean-first-passage time is treated in
Sec. IIE. In Sec. IIF, we derive a closed-form expression
for the barrier-crossing time for a single-exponential memory
kernel, which reproduces the Kramers turnover between the

Markovian high-friction and high-mass limits as well as the
memory turnover from the intermediate memory acceleration,
where agreement with Grote-Hynes theory is obtained, to the
asymptotic long-memory slowdown regime. In Sec. II G, we
demonstrate that non-Markovian systems are singular in the
zero-mass limit. In Sec. IIH, we show that the Langevin
equation, when properly derived from the GLE in the zero-
memory-time limit, preserves time reversibility, as opposed to
usual formulations of the Langevin equation in the literature.
Section III summarizes our results in terms of a condensed set
of equations and compares our predictions of barrier-crossing
times with previously published simulation results.

II. RESULTS

A. Non-Markovian Green’s function

We first consider the dynamics of a general stationary non-
Markovian stochastic process in a harmonic potential well.
The escape time from the harmonic potential will be later
calculated by applying an absorbing boundary condition at a
certain distance from the potential minimum, which is a com-
mon construction in reaction-rate theory [1,14]. Neglecting
possible nonlinear friction effects, the process is Gaussian and
the two-point positional joint distribution for the position to be
x at time ¢ and x; at time #y = O is in all generality, meaning
for arbitrary memory, given by

P(x, t;x0) = exp (—a(t)x*/2 — b(t)xxg — c(t)xg/2)N ",
(D

where N is the normalization constant. Note that for a sta-
tionary process, assumed in this section, the joint distribution
P(x,t; x9) only depends on the time difference t — ¢y = ¢. The
time-dependent unknown functions a(t), b(t), c(t), and A are
determined by the following four conditions:

(1) The joint distribution is symmetric, i.e.,

P(x, 1:x0) = P(xo, 1;x), @

(2) the joint distribution is normalized,

/OO dx/OQ dxo P(x,t;x0) = 1, 3)

(3) the covariance of the distribution defines the two-point
correlation function

/OO d)c/OQ dxgxxg P(x, t;x0) = (xxg) = C(t), “4)

which due to stationarity also only depends on the time differ-
ent ¢, and
(4) the variance of the distribution is denoted as Cy,

/OC dx/oo dxox®> P(x,t:x0) = (x2) =C0)=Cy  (5)

(note that due to symmetry, we have (x*) = (x(%)). With these
four relations, the joint distribution can be written in terms of
the correlation function C(t) as

__@=COx? _ X%
eXp ( 26,(1-C2(1)) 2c0>

Pl tx) = = e — )P

, (6)
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where we introduced the normalized two-point correlation
function as

Ct)=C@)/Cy (7

(see Appendix A for details). Using the single-point distri-
bution function, which results from Eq. (6) via marginaliza-
tion as

2
> exp (—5)
Pe= [ anPenn =D 2N @)
—0 (27 /Co]'/?
the conditional two-point distribution is obtained as
(=C()xo)
Px, t; eXP\~2c,a-C2()
Plx. tlx0) = (x,13x0) ( 2651 cz(z))) ©)

P(xo)  [2rCo(l — C2(1))]'/2

In fact, the expression [Eq. (9)] has been recently derived
from the generalized Langevin equation using stochastic path-
integral formalism [67], which underscores the exactness of
the current symmetry-based derivation. Since the conditional
two-point distribution in Eq. (9) corresponds to the distribu-
tion generated by the non-Markovian process with the initial
probability distribution P(x,t = O|xg) = §(x — xp), it consti-
tutes the Green’s function of the process.

B. From the non-Markovian Green’s function to the generalized
Fokker-Planck equation

By taking a partial derivative of the Green’s function [Eq.
(9)] with respect to time, we obtain an expression that can be
brought into the form of a partial differential equation

IP(x. 1) GC'(1) [ 3 x 3?

at - Co QCOJ’W

where C’(t) denotes the derivate of C(¢); see Appendix B
for intermediate steps of the derivation. The Green’s function
of the Gaussian process in Eq. (9) is valid for a harmonic
potential of the form

j| P(x, tlxo), (10)

U(x) = Kx?/2, (11)

where K is the stiffness parameter that is independent of time
and space. For a harmonic potential of the form in Eq. (11),
the variance follows for a canonical system at temperature 7
from the equipartition theorem as Cy = kg7 /K, where kg is
the Boltzmann constant. With this, we can rewrite Eq. (10) in
the form

0P (x, tlxo)
ot

2

a a
= D(I)[aﬂU/(X) + —} P(x, tlxo)

0x2
I puw 9 puw
=D({t)—e e Px, tlxg), (12)
0x ax

where we used B =1/(kgT) and introduced the time-

dependent diffusivity

GoC'(1) CoC'(1)
co ~ W

By writing the probability distribution as a convolution of

the Green’s function P(x, f|xo) with the initial distribution
Po(xo) as

D(t) = —

13)

P, 1) = / dxoPo(xo)P(x, txo), (14)

we obtain from Eq. (12), an equation for the distribution
function

PO py D empvew 2w po gy 1)
ox dx

with the initial condition P(x, 0) = Py(x). This equation is
identical to the standard Fokker-Planck equation for an
overdamped Markovian reaction coordinate [68] except that
the diffusivity D(¢) is in general time dependent. For an
overdamped Markovian Gaussian process, the two-point cor-
relation function C(¢) is given by a single exponential (as
we will show explicitly in Sec. IIF) and thus the diffusivity
D(t) is a constant, as follows from its definition in Eq. (13).
Conversely, for a non-Markovian or an inertial Gaussian pro-
cess, C(¢) becomes multiexponential (as we will also show
explicitly in Sec. I F) and thus the diffusivity D(¢) depends on
time. We conclude that the time dependency of D(¢) is caused
by inertial and non-Markovian effects and therefore accounts
for their crucial effects on the barrier-crossing time.

C. Barrier-crossing times from the generalized
Fokker-Planck equation

In the following, we extend the method to calculate
mean-first-passage times from the standard Fokker-Planck
equation with a time-independent diffusivity [68] to the case
of a time-dependent diffusivity. The solution of the gen-
eralized Fokker-Planck equation for the Green’s function
[Eq. (12)] can be written formally as an operator exponen-
tial as

P(x, txg) = e" VPP (x, 0]xo), (16)
where we defined the overdamped Fokker-Planck propaga-

tor as

d d
D(x) = —e PV —PUW (17
0ox 0x

and the running integral over the diffusivity as

T@t) = f dsD(s). (18)
0

Note that Eq. (16), which employs operator-exponential for-
malism [68], is the same Green’s function as given in Eq. (9),
but is more useful for imposing spatial boundary conditions as
needed for calculating the mean-first-passage time. Using that
P(x,0]xy) = 8(x — xo), we can write the Green’s function in
Eq. (16) in symmetric form as

P(x, t|xo) = / dxs(® — x)e’ PO s (% — xo)

o0
- / dF8(F — x0)e" PO (% — x)
—0oQ0

= /PP Olxy), (19)
where we defined the adjunct Fokker-Planck operator as
N 0 0
Di(x) = VW —=PUX (20)
0x ox

From Egs. (16) and (19), it transpires that the Green’s function
satisfies the normal Fokker-Planck equation (12) as well as the
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adjunct (backward) Fokker-Planck equation, i.e.,
P (x, t|x
TEEI) — paypeo) P, o)

= D)D" (xy) P(x, t|x0). 1)

We define the survival probability in the domain between a re-
flecting boundary condition at x..f and an absorbing boundary
condition at the position x; > Xer as
Xf
dxP(x, t|xp), (22)

Xref

S(xo, 1) =

which has the limits S(xp, 0) = 1 and S(xg, 00) = 0 for x,er <
xp < xy. The first-passage (or escape) distribution follows
from the time derivative of the survival probability as
N dx 0 P

— 1

o (x, 11x0)

Xref

= — fo dxD(t)D(x)P(x, t]xo)

KXref

ad
k(-x07 t) = _5 S(-XOs t) = -

3 !
= —D(t)e PV —PUCDD(xp t]xg),  (23)
Bxf

where we employed Eq. (21) and used in the last step the
definition of D(x) in Eq. (17) and that the probability flux
at x..¢ vanishes. Applying the operator expression for k(x, t)
in Eq. (23) onto the adjunct Fokker-Planck equation (21), we
obtain

Ak (xo, 1)
at

which is a partial differential equation for the first-passage
distribution k(xo, ¢). The first moment of k(xg, ¢) can be calcu-
lated analytically only when D(t) is constant in time [68]. For
general time-dependent D(¢), we instead recursively deter-
mine moments of the product of the first-passage distribution
k(xo, t) and the diffusivity D(z) defined as

= D(t)D" (xo) k(xo, 1), (24)

kn(x0) = /00 det"D(t)k(xo, t)/ Do, (25)
0

where Dy is a constant with physical units of a diffusivity
that will be determined further below. By calculating the first
moment of Eq. (24) and using the definition of k;(xp) in
Eq. (25), we obtain

o0 d
DoD" (x0)ki (x0) = / dll@ k(xo, 1)
0

_ —/oodtk(xo,t) —_1,  (26)
0

where to reach the final result we performed a partial integra-
tion, used that k(xp, o0) = 0, and that the time integral over
the first-passage distribution k(x, ¢) is normalized to unity.
This equation can be inverted and yields for the first moment

Xf X ,
ki(xo) = Dy / dxePV™ f dx'e PV (27)
X0 Xref

Note that from the definition [Eq. (25)], it transpires that
ki(xo) only corresponds to the mean-first-passage time Tpgp,
which is the average time to reach the final position x; for
the first time when starting from x, if the diffusivity D(z)

is time independent and given by Dy. If, on the other hand,
the diffusivity D(¢) is time dependent, k;(xy) does not equal
Tmfp, in Which case there are different ways of how to proceed:
Using that the first-passage distribution for high barriers de-
cays single exponentially in the asymptotic long-time limit as
k(xg,t) ~ e "/mmiv/ Tmip» Tmfp 15 determined by the equation fol-
lowing from combining Eq. (25) for n = 1 and given D(¢)
with Eq. (27). A numerical solution of the resulting equation
is possible if the two-point correlation function C(¢) is known
reliably and the diffusivity profile D(¢) can via Eq. (13) be
accurately calculated. In typical simulation or experimental
scenarios, however, the correlation function becomes noisy
in the long-time limit and thus D(t — 00) cannot be reliably
estimated. An additional problem is that D(¢) for inertial and
non-Markovian systems typically oscillates in the long-time
limit, and thus the limit D(r — oc0) is not uniquely deter-
mined, as will be seen later. In the following section, we will
introduce a robust expansion method for D(¢), which allows
us to replace D(¢) by a constant Dy to leading order in a
systematic cumulant expansion.

D. Cumulant expansion of the time-dependent diffusivity D(z)

The key observation is that for a single-exponential corre-
lation function C(¢), the diffusivity D(¢) defined in Eq. (13)
becomes time independent, i.e., D(t) = Dy, and thus the
mean-first-passage time equals the first moment in Eq. (27),
i.e., Tmfp = k1(xo). It is important to note that only the corre-
lation function of a Markovian overdamped system is a single
exponential. The idea pursued in this section is to perform
a functional expansion of C(¢) by a systematic cumulant ex-
pansion, such that the leading term of this expansion yields
a constant diffusivity D(¢) = Dy that correctly accounts for
non-Markovian and inertial effects. The accuracy of this cu-
mulant expansion will be later checked by comparison with
previous simulation results for the barrier-crossing time.

To proceed, we rewrite Eq. (13) as

CC'(t) _gdC"(t)/dt

PO=""¢cey =% o

: (28)

where p is an arbitrary positive integer number that will be
discussed and chosen later. We furthermore define the single-
sided function

dcr(t)

$p(t) = —60)—

; (29)

where 6(t) defines the Heaviside function. The Fourier trans-
form of ¢,(¢) can be written as a power series in frequency
according to

(—1w)"

n!

$p(w) = / dre™ (1) =110y M,p,

o0 n=0

(30)

where we defined moments of the pth power of the correlation
function as

M,, = /OC det"CP(t). 31
0
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As the only requirement for this expansion to work, we
assume all moments M, to exist, which holds if the corre-
lation function C(¢) can be written as a sum of exponentially
decaying oscillatory functions, which is a standard and rel-
evant scenario. Note that by virtue of the presence of the
derivative in the definition of ¢,(#) in Eq. (29) and the sin-
gle sidedness of ¢,(¢), the power series in Eq. (30) starts
with unity, which is crucial. In order to make the back-
Fourier-transform integrable, we define the inverse power
series

0o -1
Pp(w) = |: 1+ thw”Bnl,] , (32)

n=0

with coefficients B,, that follow uniquely from the set of
moments M,,, withm < n by standard power-series inversion.
To illustrate this, we write out the first two terms explicitly

qu(a)) =1—-10My, — a)lep + .-

=[1+10Mo, + (M, —MZ,) +---]7". (33)
It transpires that qu(a)), when written as one over a power
series in w, contains multiple poles that will lead upon
back-Fourier-transforming to a sum of exponentially decay-
ing (in general oscillatory) functions. To linear order in o,
we find ¢,(w) >~ 1/(1 +1wMy,), which leads to the single
exponential

Bp(t) 2= 0(t)e™ Mo /M, (34)

Since for a single-exponential correlation function C(t) =
e /", one has M, = sz, one finds that in this case the
second-order correction in @ in Eq. (33) vanishes (and so
do all higher-order corrections). In essence, the cumulant
expansion allows to write down a functional expansion in
terms of deviations of the correlation function C(¢) from a
single-exponential form. Note that the first-order result in
Eq. (34) does not reproduce the long-time asymptotic decay
of ¢,(¢) in case there are competing exponentially decaying
contributions; this is particularly true for correlation functions
that asymptotically oscillate, as is the case for highly inertial
or highly non-Markovian systems, which will be illustrated
below.

We so far have considered the numerator of Eq. (28). The
denominator of Eq. (28) can for ¢ > 0 be expressed in terms
of the function ¢(¢) as

Crt)y=— / oodsd Cd[;(s) = / oodsq)p(s) ~ e /Mo (35)

where in the last step we used the first-order cumulant-
expansion result from Eq. (34). By combining the results in
Egs. (34) and (35), we obtain from Eq. (28) for the diffusivity
to first order in the cumulant expansion

Go Go

D(t)~Dy=— = s 36
(1) = Dy s pMoy (36)

where we defined the relaxation time as . = Cy/Dy, for
which we obtain to leading order in the cumulant expansion
Trel = pMop. Note that to leading order in the cumulant ex-
pansion, the first moment k(xp) given by the expression in
Eq. (27) indeed corresponds to the mean-first-passage time

Tmfp- Higher-order corrections can be calculated by carrying
the cumulant expansion in Eq. (33) to higher order in w, in
which case the diffusivity D(¢) becomes time dependent and
as a consequence the mean-first-passage time Tpg, does not
equal the first moment in Eq. (27), which is not pursued in
this paper.

For p = 2, which is a natural choice as we will show below,
the relaxation time follows from Egs. (31) and (36) as the
integral over the squared correlation function

o0 _ 2 o0
Trel = 2/ drC?(r) = —2/ drC%(t)
0 Gy Jo
K2

__K [ 2/\.2 202
- G fo dRORO) — (2D, (37)

where in the last line we used Wick’s theorem, valid for
Gaussian variables, to show that the relaxation time in this
case corresponds to the integral over the potential-energy
correlation function (in the following simply called the en-
ergy correlation function). This is a very appealing result,
because it has been shown that in the inertial limit, the
barrier-crossing time is indeed determined by energy diffusion
dynamics [63].

To show independently that p =2 is a rather natural
choice, we consider the average over the time-dependent dif-
fusivity defined in Eq. (28) with a weight function w(z),
which we take to be given by the pth power of the rescaled
correlation function, w(t) = C?(t), according to

Jo dDOw@) L fym dC OO G
Jo drw(r) Jo~ deCr(r) pMo,”
(38)

D=

We see that we reproduce exactly the result for Dy in Eq. (36),
which means that the leading order of the cumulant expan-
sion corresponds to the average over D(¢r) with a weight
function proportional to CP(¢). This makes sense, since an
effective time-independent diffusivity should reflect the time-
dependent diffusivity in the time range that is relevant for the
escape process. Since the idea of a weighting function implies
a positive definite function and the correlation function C(¢)
can be negative even in the asymptotic long-time limit, this
requires an even exponent p. Furthermore, for p = 2, the
relaxation time defined in Eq. (34) corresponds to the energy
relaxation time, as shown in Eq. (37), and thus connects the
first-order cumulant expansion to the energy-diffusion limit
realized in the inertial limit. Finally, to keep the analytical
calculations at a manageable level, a small value of p is prefer-
able. Thus, we will use p = 2 in all further calculations and
confirm the validity of this choice by comparison with pre-
viously published mean-first-passage times determined from
simulations of barrier-crossing dynamics in double-well po-
tentials.

E. Explicit predictions for different potential shapes

The absorbing boundary condition at x; implied in the
double integral in Eq. (27) is in Fig. 1 illustrated for a few
different potentials by an abrupt decrease of the potential,
indicating that a particle coming from the left that crosses
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U
Uo

Xf X

XfX

FIG. 1. Illustration of different potential shapes considered for the calculation of the mean-first-passage time according to Eq. (27). The
adsorbing boundary condition is indicated by an abrupt decrease of the potential. (a) Harmonic potential. (b) The absorbing boundary condition
is located on the top of a barrier with vanishing slope. (c) The absorbing boundary condition is located to the right of the barrier.

the absorbing boundary condition will not be able to return
back to the left. Since the Green’s function is calculated using
Gaussian methods, our results are exact [except for the cumu-
lant expansion used to approximate the diffusivity D(¢) as a
constant D] for the harmonic potential shown in Fig. 1(a).
Our methods are expected to be also rather accurate for the
mean-first-passage time to reach the barrier top, illustrated in
Fig. 1(b), since the difference to a harmonic potential in panel
(a) is rather small. The difference of the mean-first-passage
time between crossing over the barrier to the other side of a
double-well potential, as illustrated in Fig. 1(c), and reaching
the barrier top, as illustrated in Fig. 1(b), however, is not ex-
pected to be represented accurately by our method for strongly
non-Markovian systems [69].

In the high-barrier limit, the double integral in Eq. (27)
can be solved by saddle-point methods [68]. To first order in
the cumulant expansion introduced in Sec. II D and using the
saddle-point approximation, the mean-first-passage time to
reach the sharp-kink barrier of a harmonic potential [scenario
in Fig. 1(a)] follows from Eq. (27) as

; T eﬁUo g 8T, (39)
T o= |— —— =71 — eP"0,
me =\ BU, DoBK ' BUL

the mean-first-passage time to reach the flat barrier top [sce-
nario in Fig. 1(b)] reads

mwefth K
trltjlf = =N Tel| 5—
P DO /3 hY KKbar Kbar

and the mean-first-passage time to reach over the barrier to the
other side [scenario in Fig. 1(c)] is given by

. 27 eflo B ( K )1/2 e

Tmfp = Do /—KKbar = 27 Tyel Kour e, 41)
where we used the definition of 7, in Eq. (36), the equiparti-
tion result for a harmonic potential Cy = kgT' /K, and where
Kyar 1s the absolute value of the potential curvature at the
barrier top. For details of the saddle-point approximation,
see Appendix C. The energy relaxation time 7, can be
determined for model systems or from experimental or simu-
lation trajectories by the integral over the squared correlation
function (determined in the free-energy well) according to
Eq. (37). We see that the different potential shapes shown
in Fig. 1 lead to distinct preexponential factors and a depen-
dence on the barrier height Uy for the case of a harmonic
potential with an absorbing cusp in Fig. 1(a). For potentials
with rather similar curvatures K and K, in the well and at

1/2
) L% (40)

the barrier, the factor /K /Ky, is expected to be rather close
to unity.

F. Explicit results for relaxation times

‘We consider the Mori GLE for the reaction coordinate (also
called the position for simplicity) x(t),

(o]

mi(t) = —Kx(t) — / dsT(s)i(t —s) + F(t),  (42)

—0Q

where m is the effective mass, which follows from projection
asm = kgT/ ()&2), K is the stiffness of the harmonic potential,
which is independent of time and position, the memory kernel
I'(¢) is here (for simplifying the Fourier analysis) defined to
be a single-sided function, i.e., ['(t) = 0 for # < 0, and we
have moved the projection time to minus infinity, such that
the integration of the non-Markovian friction extends over
the entire time domain [see Sec. IIH for a discussion of
how Eq. (42) follows from projection theory using the linear
Mori projection operator]. For a time-independent Hamilto-
nian and when using the stationary canonical distribution as
the projection distribution, the autocorrelation function of the
orthogonal force is given by

(FOF (") = ksTT (It —1']), (43)

where averages in this section are taken over the orthogonal-
force distribution. Note that the Mori GLE in Eq. (42) is
an exact equation of motion for a general nonlinear reaction
coordinate, unless one approximates the orthogonal force F (¢)
as Gaussian [70]; in this paper, we assume the orthogonal
force F'(t) to be Gaussian, as is appropriate for a Gaussian sys-
tem. In fact, employing projection operators that are different
from the Mori projection operator, GLEs with nonharmonic
potentials and with different properties can be derived [71,72].
Fourier transformation of Eq. (42) leads to

—mw*F(w) = —Ki(®) — 10l (0)F(0) + F(0),  (44)

from which the response of the position to the orthogonal
force follows as

i(w) = 7 (@)F (), (45)
with the response function given by

i (@) =[K —mo? + 10T ()] 7" (46)
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From Egs. (43) and (45), the Fourier transform of the correla-
tion function C(¢) = (x(s)x(s + )} follows as
C(w)
kgT

[[(w) + ['(—o) 11 (@) 7 (—w)

[(w) + (o)
K — mw? + 107 (0))?
(o)  x(w)

= ; (47)
120] 120]

where the last equation follows directly from the definition of
the response function in Eq. (46) and where we used that x (¢)
and I'(¢) are real functions in the time domain. We define the
derivative of the correlation function as

icr) d [do -
Caty = 527 = E/Ee ‘C(w)
d ]
= / 2 o (), (48)
27

from which transpires that Cy,(w) = 1wC(w) and thus from
Eq. (47),

va (w)
kgT

The time-domain response function x(z) is a single-sided
function; therefore, the Fourier transform of the single-sided
correlation function Ct (1) = 0(¢)Cy,(¢) is, if the response
function x(¢) is regular in the limit + — O (we will come
back to this important condition when we discuss the massless
non-Markovian scenario in Sec. II G), given by

Chlw)

ksT

This is a useful result for analytical calculations, as the re-

sponse function ¥ (w) has the minimal pole structure. From

the time-domain function C;; (1), the single-sided correlation

function C*(r) = 6(¢)C(¢) is obtained by straightforward in-
tegration as

= X(-w) — (o). (49)

— X (). (50)

Ct@t) = —O(t)/oodstv(s) = kBTO(t)fmdsx(s), (&2))]

which can then be used to calculate the relaxation time 7.
according to Eq. (37). Note that the time-domain result in
Eq. (51) is equivalent to the Fourier-domain result

kgT
CHw) = lB—w (x(0) = X (@)). (52)

In the following, we will consider a single-exponential mem-
ory kernel

L) =6@mye""/z, (53)
with a memory time 7, whose Fourier transform is given by

v

r = )
(@) l+itw

(54)

1. Two-pole analysis for Markovian system: Kramers turnover

We first consider the Markov limit, obtained for vanishing
memory time v — 0, in which case the Fourier-transformed
memory kernel in Eq. (54) reads I'(w) = y and we are thus

left with the damped harmonic oscillator model. The response
function in Eq. (46) simplifies as
1

B _ _ 1
(@) = K—mo? +iyo  mo—o)(o—w) 63

with the two poles given by

12
wy (K
=—+|—-— . 56
P12 = om (m 4m2) (%6)

We note that the two poles coincide if the argument of the
square root vanishes, which happens at the crossover between
the overdamped and underdamped regimes and in which case
the correlation function is a single-exponential times a time-
dependent confluent prefactor that ensures evenness of the
correlation function, C(¢#) = C(—t). The response function in
the time domain follows from residual calculus as

X(t)z_@( e e > 57)

m w] — Wy W) — W1

with x (t = 0) = 0; i.e., there is no instantaneous response for
finite mass. The correlation function follows for positive times
from Eq. (51) as

N O(l)kBT el et
CT(t)= + , (58)
m oo —w) (o — o)
from which the variance follows as
kgT kgT
Co=20H(0) = ——2- =B (59)
m wiwy K

in agreement with the equipartition theorem and where we
used the convention for the Heaviside function that 6(0) =
1/2. In Fig. 2(a), we plot C(t) = C(t)/C, for three differ-
ent rescaled masses 1,,/Tx = mK/y? as a function of time ¢
rescaled by the harmonic oscillation period T = 27 /m/K,
where t,, = m/y is the inertial relaxation time and 7x = y /K
is the overdamped relaxation time. We see that for small
mass, 7,,/Tx = 0.01 (blue line), the correlation function de-
cays monotonically; for large mass, 7,,/tx¢ = 100 (green line),
long-range oscillations are visible; while for intermediate
mass, T,,/tx = 1 (red line), the decay is fastest and accompa-
nied by only a few oscillations. It transpires that the relaxation
time [Eq. (37)] defined by the decay of the squared correlation
function is minimal for intermediate mass (or intermediate
friction).

From Eqgs. (58) and (59), the energy relaxation time defined
in Eq. (37) follows as

(w1 + 0)* + w10

Trel = — . 60
o 10102 (0] + @2) 60

By inserting Eq. (56) into Eq. (60), we obtain the relaxation
time as
y m
T = 2+, 61)
Ie. K y
which is shown in Fig. 2(b) and transparently displays the
Kramers turnover: For large friction coefficient y (small
rescaled mass t,,/Tx = mK/y?), the relaxation time is linear
in y, and thus also the barrier-crossing time increases linear
in y, as follows from Eq. (27), while for small y (large
rescaled mass 1,,/tx = mK/ )/2), the relaxation time and thus

033311-7



ROLAND R. NETZ

PHYSICAL REVIEW RESEARCH 8, 033311 (2026)

~ 1.0
¢ (a)
0.5}
0.0
— T, / Tx =0.01
-0.5} e a1
10 Tm [/ Tx =100
0 2 4 6 8 /T
Trel 2 T T T
T
1
0.5
0.2 1 N 1 T
001 0.10 1 10 100 %
Tk

FIG. 2. Analytical results in the Markovian two-pole limit corre-
sponding to vanishing memory time t = 0. (a) Rescaled correlation
function C(t) = C(¢)/C, according to Eqgs. (58) and (59) and using
the results for the poles in Eq. (56) for three different rescaled masses
T,./Tx = mK/y?, where t,, = m/y is the inertial relaxation time and
x = y/K is the overdamped relaxation time. Time ¢ is rescaled
by the harmonic oscillation period in the frictionless limit 7" =
27 /m/K. (b) Rescaled relaxation time 1, /T according to Eq. (61)
as a function of the rescaled mass t,,/tx = mK/y>. The asymptotic
scalings in the high-mass limit (high t,,/tx) T.e; ~m/y and in the
high-friction limit (small 7,,/tx) Tl ~y /K are indicated by straight
broken lines. At the minimum at 7,,/tx = mK/y? = 1, the relaxation
time is given by 1,y = T /7, which (apart from a numerical prefactor)
corresponds to the transition-state-theory prediction.

the barrier-crossing time is proportional to 1/y. In between
these two limits, the relaxation time exhibits a minimum for
a friction given by y2 = mK; at this minimum, the relaxation

J

time is given by 7, = 24/m/K, which apart from a numerical
factor is equivalent to the transition-state-theory prediction, as
is explained in Appendix F.

The asymptotic behaviors captured by Eq. (61) follows
from pole analysis: In the high-friction limit y? > mK, we
obtain from Eq. (56) w; >~ 1K/y and w; >~ 1y /m. Since w; K
w7, we conclude that w; describes the asymptotic long-time
decay and thus is the dominant pole; we see from Eq. (61) that
the relaxation time in the high-friction limit indeed is given by
Trel ~ 1/w;. Since in the overdamped limit m — O the only
pole is w; [as follows directly from Eq. (55)], it transpires
that the correlation function C(¢) in this limit decays as a pure
and single exponential. Thus, the diffusivity in Eq. (28) is
time independent and our approach is exact since no cumulant
expansion is needed.

In the low-friction limit y?> <« mK, we obtain from Eq. (56)
w12 >~ 1y /(2m) + /K/m. The inverse imaginary part of w; »
sets the decay time, which diverges with increasing mass and
dominates the relaxation time in Eq. (61), as visualized in
Fig. 2. Note that in the underdamped limit m — oo, the decay
of the correlation function does not become single exponential
and thus our cumulant-expansion approach is approximate.

2. Three-pole analysis for non-Markovian system:
Memory turnover

We now consider the response function in Eq. (46) with
the single-exponential memory kernel in Eq. (54) for finite
memory time 7, which we rewrite in terms of the three poles
as

B l+itw
(@) =— 3 5
imt(w® —1w°/t —w(y/t + K)/m+1K/(mt))
1
_ - oo . (62)
mt(w — o )(@ — w)(w — w3)
Using the Cardano formula, the poles are given as
b
o =€y — —— =2, (63)
3eiur 3

where €, =1, 3= —-1/2 % 1+/3/2 are the complex three
cubic roots of 1, wuy = (—q/2+ (¢*/4+ p?/2T)'/})1/3,
p=c—b*/3, q=2b*/27 —cb/3 +d, =—1/t,
c=—y/(tm)—K/m, and d =1K/(mt); for details, see
Appendix D. The response function in the time domain
follows from residual calculus as

(1) = mn< RN (4 + tenr)e™ (1 + 1wyr)e ) (64)
X == (w1 — )W —@3) (w2 — o)) —w3) (w3 — o) w3 —wr) )’
from which the correlation function follows from Eq. (51) by integration as
Ctit) = 0O)ksT < (t —1/w)e ! (T —1/wp)e (t —1/w3)e'! ) ©5)
mt (w1 — ) o) —w3) (wr — o)) (@ —w3) (w3 — 0 ) w3 — @)

with the variance given as

kgT kgT
Co=207(0)= —— "B _ BT (66)
mtT wiwrw; K

(

which again is the expected result from the equipartition the-
orem. In Fig. 3(a), we plot C(t) = C(t)/C, for three different
rescaled memory times t/7g as a function of time ¢ rescaled
by the oscillation period of the Markovian frictionless
harmonic oscillator 7 = 2w /m/K for fixed small rescaled
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FIG. 3. Analytical results for the non-Markovian three-pole sce-
nario for finite memory time 7. (a) Rescaled correlation function
C(t) = C(t)/Cy according to Egs. (65) and (66) using the results for
the poles in Eq. (63) for three different rescaled memory times t/tx,
where ¢ = y/K is the overdamped Markovian relaxation time.
Time ¢ is rescaled by the Markovian harmonic oscillation period in
the frictionless limit 7 = 27 /m/K and the rescaled mass is set to a
small value of 7,,/tx = mK/y? = 0.01. (b) Rescaled relaxation time
Trel /Tx 1n the zero-mass limit according to Eq. (70) as a function
of the rescaled memory time t/tx. The asymptotic scaling in the
long-memory-time limit 7, ~ 72 is indicated by a straight broken
line.

mass T,,/Tx = mK/y? = 0.01. We see that for small memory
time, 7/tx¢ = 0.1 (blue line), the correlation function decays
almost purely exponentially, while for intermediate memory
time, t/tx = 0.5 (red line), pronounced oscillations are visi-
ble but the decay time of the envelope is not changed much.
For long memory time, t/tx =2 (green line), we see that
the oscillation period has slightly changed and is now on the
order of T, while the decay time of the envelope is increased
considerably. These oscillations in the correlation function are
a key feature of highly non-Markovian systems and show that
for long memory time, the dynamics of the reaction coordinate
becomes similar to a highly inertial system, as has been noted
before based on simulation trajectories [63—66], meaning that
the effect of friction is effectively reduced. In Appendix E,
we explain this behavior in terms of a pole analysis, where
we show that the decay time of the exponential envelope in
fact diverges as 72 for long memory times. The presence of
oscillations with a period of T suggests that a finite system
mass m is crucial in order to correctly account for the effects

of long memory times, as will be discussed in more detail in
Sec. II1G.

From Egs. (65) and (66), the relaxation time defined in
Eq. (37) follows as

2
Trel = —— [ Li(@1, w2, 3) + h(wy, w2, @3)
m2t
+ Ii(w2, w3, w1) + L(wy, w3, w1) + 1 (w3, w1, w2)
+ L(ws, w1, w2)], (67)

where we defined the functions

1(t — l/w1)2
201 (w) — w2) (W) — w3)?’
2i(t —1/w)(t —1/w3)
(w2 + w3)(w3 — 1) (@3 — ) (w2 — w3)*
(69)

Lo, oy, w3) = (68)

L(wy, w, w3)=—

In the zero-mass limit m — 0, the factor m~2 in Eq. (67) is
exactly canceled, which yields the finite result

14+ (zK/y)?
ra = L (LK) (70)
K\ 1+4+1K/y
with the limits given by
y/K -1, ©<y/K,
Trel = 2 (71)
t“ K/y, > v/K,

(see Appendix E for details). So we obtain for small memory
times T a reduction of 7 that is linear in t, which leads to
the memory-induced speedup of barrier-crossing times, while
for large memory times 7, increases quadratically with t,
which leads to memory-induced barrier-crossing slowdown.
The memory-induced speedup term we obtain in Eq. (67) for
small 7 is in exact agreement with the zero-mass prediction of
GH theory, as demonstrated in Appendix F, while the turnover
to the memory-induced barrier-crossing slowdown for large
7 is missed by GH theory. This salient memory-turnover be-
havior is illustrated in Fig. 3(b), where we plot Eq. (70) as
a function of the rescaled memory time 7 /7gx. The minimum
of 1. appears for memory time t* = y /(2K), so we see that
in the limit of a vanishing confining harmonic potential, i.e.,
for K — 0, our Gaussian analysis predicts the minimum of
the relaxation time to move to infinite memory time. This
might explain why GH theory, which treats the escape over a
barrier without relaxation in a well, does not yield a minimum
of the relaxation time and also not the long-memory-time
slowdown of the barrier-crossing rate. For memory times
T > v, the relaxation time exhibits a quadratic increase. This
increase of the relaxation time is reflected by the slow decay
of the correlation function envelope visible in Fig. 3(a) for
long memory times. When taking the m — O limit of the
correlation function [Eq. (65)] before calculating the relax-
ation time according to Eq. (37), one misses the long-time
barrier-crossing slow down, as shown in Sec. II G, which
demonstrates that the barrier-crossing slowdown for long
memory time originates from the interplay between the three
poles and involves a finite mass.
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If instead of using p = 2 for calculating the moments ac-
cording to Eq. (31) one takes p = 1, the relaxation time is
instead of Eq. (67) given by an integral over the correlation
function t/' = [ dtC(r) = [;° drC(t)/Co. From Eq. (47),
we obtain [~ drC(r) = C(w = 0)/2 = kgTy /K?, together
with Cy = kgT /K; we thus obtain t/;' = y /K, which is in-
dependent of mass and of memory time. So we see that when
defining the relaxation time as the integral over the correlation
function (i.e., for p = 1), inertial and non-Markovian effects
are not accounted for. In contrast, when using p = 2 and thus
defining the relaxation as the integral over the correlation
function squared, which corresponds to the energy-energy
correlation function, inertial and non-Markovian effects are
accounted for. This is easy to understand, since, as shown in
Figs. 2(a) and 3(a), for large mass and large memory time
oscillations appear in the correlation function and the intergral
over the correlation does not reflect the decay time of the
exponential envelope.

G. The massless non-Markovian system with single-exponential
memory is singular

We reconsider the response function in Eq. (46) with the
single-exponential memory kernel in Eq. (54), but now di-
rectly take the massless limit m — 0 of the response function,
by which we obtain

B 1 l4+i1tw
Km=0(w) = =
K+i1yw/(1+i1tw) K+io(y + 1K)
_ -1y + T
T v+ K2 —1K/(y +1K)) |y +Kt

(72)

where in the last line we separated off a constant so that the
remainder of the response function decays to zero for w —
oo. Using this separation, the response function in the time
domain is straightforwardly obtained as

N 14
X (1) = 00—

T
y +Kt

e*IK/(}/#»TK) + (S(t)

(73)

We see that the response function exhibits a very unusual
delta-peak response at zero time. This singularity is a result of
neglecting the mass and only appears in the presence of a finite
memory time, which transpires from the fact that the delta
peak vanishes for t — 0. As a consequence of the presence
of this singularity, the separation of the Fourier transform
of the antisymmetric position-velocity correlation function
C.,(w) in Eq. (49) into the single-sided functions C‘;; (w) and
C’;;(—a)) defined in Eq. (50) is not possible. Instead, we use
Eq. (47) to calculate C(w) from Eq. (73) and obtain after back
Fourier-transformation

kgT
K(1+tK/y)

The variance follows from this expression as C,,—o(0) =
kgT /(K(1 4+ tK/y)), in stark contrast to the equipartition-
theorem prediction C(0) = kgT /K obtained from the three-
pole analysis in Eq. (66), which is a consequence of neglecting
the regularizing mass in the starting equation, as has been

Cro(t) = e MK/ (y+TK) (74)

pointed out before [73]. From Eq. (74), the relaxation time
defined in Eq. (37) follows as "0 = (y/K)(1 + tK/y),
which predicts a linear increase of the relaxation with
memory time 7, very different from the result from the
full three-pole analysis in Eq. (70). A heuristic fix of the
equipartion theorem, which actually cannot be physically jus-
tified, amounts to rescaling the result for the relaxation time
by the ratio of the massless and the actual variances according
0 (Cu=0(0)/C(0)*t"=" = (y/K)/(1 + tK/y), which cor-
rectly recovers the intermediate memory acceleration regime,
but misses the long-memory slowdown regime in Eq. (70). We
conclude that in order to correctly predict barrier-crossing
dynamics in the overdamped regime, one needs to keep
a finite mass in the equation of motion describing the
reaction-coordinate dynamics and take the limit of a small
or vanishing mass only in the final result for the relaxation
time.

H. The zero-memory-time limit of the GLE is time reversible

After having shown that the zero-mass limit of the GLE
is singular, we now discuss the Markovian zero-memory-time
limit T — 0O of the GLE, in which case the ordinary Langevin
equation is obtained, which constitutes the basis for traditional
Markovian reaction-rate theories [1,14]. As the main result of
this section, we show that in this limit also a singularity arises,
which in fact is crucial in order to preserve time reversibility
of the resulting Langevin equation. This resolves the puzzling
finding that in its usual formulation, the Langevin equa-
tion breaks time-reversal symmetry, while the GLE, which
is derived by exact projection from Hamilton’s equation of
motion, obeys time-reversal symmetry (as Hamilton dynamics
does).

To clarify this issue, we consider the Mori GLE in the form
obtained by projection formalism [18,68], which reads [74]

B(w,1) = — Ky(B(w,1) — (B))
— /_PdsFM(s)B(w,t—s)—i—FM(w,t). (75)
0

Note that in contrast to the GLE [Eq. (42)], we have
been using to derive all explicit results so far, the Heisen-
berg observable B(w, t) and the orthogonal force Fy,;(w, t) in
Eq. (75) have an explicit dependence on the 6/N-dimensional
phase-space variable w = ({ry}, {py}), where N denotes the
number of particles and {ry} are the particle positions and
{pn} the particle momenta in three-dimensional space. Time
reversibility means that the trajectory of a many-body system
is invariant when time and momenta are inverted. The Hamil-
ton equations of motion are time reversible for a Hamiltonian
that is even in the momenta {py}. Note that Eq. (75) results
from an exact derivation and therefore must also be time
reversible. The time at which the projection is taking place, #p,
appears explicitly in Eq. (75) [74]. Equation (42) is obtained
from Eq. (75) by (1) pushing the propagation time in Eq. (75)
infinitely far into the past, p — —o0, which produces the
time ordering ¢ > fp and makes the upper integral boundary
in Eq. (75) equal to 4-00, (2) defining mass-rescaled param-
eters I'(t) = mO(t)["y(¢t), K = mK,,, and F(t) = mFy(w,1t),
where we defined the memory kernel I'(¢) to be single sided so
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that the integration range of the friction term can be extended
to the negative time domain, and (3) introducing a shifted
observable x(t) = B(w,t) — (B) and skipping the phase-
space dependence of x(¢) and F(t).

Setting 7p = 0 in the remainder, time reversibility around
t = 0 manifests for the Heisenberg observable as

B({ry}, {pn}. 1) = B({ry}, —{pw}. —1),
B({rN}v {PN}7 t) = _B({rN}a _{pN}’ _t)a
B({rN}’{pN}»t):B({rN}v_{pN}v_t)' (76)

Using the time-reversal symmetry of [y (¢), i.e., Ty (¢) =
'y (—t), which is proven in Appendix G, we obtain

fo ds Ty (9)B((rw ), (o). 7 — )

= fo_ dsTu()B(rn), —{pn}, =t —5). (77

Thus, the memory-friction term satisfies time-reversal sym-
metry as well [75]. Since the left side and the first two terms
of the right side of Eq. (75) are time reversible, realizing that
Ky is independent of time and momenta, the orthogonal force
must also be time reversible since the entire equation is, we
therefore conclude

F({ry}, {pn}, 1) = F({rn}, —{pn}, —1). (78)

Thus, not only the GLE as an equation is time reversible,
in fact each individual term of the GLE is time reversible
as well, which is a much stronger statement. For details and
derivations, see Appendix G.

In the Markovian limit, i.e., when the memory time goes to
zero, the memory kernel becomes infinitely short ranged and
can be written as

L (t) = 2yud(1). (79)
Using that

/dsFM(s)B(w,t—s)
0
=2yM/ ds8(s)B(w,t — )
0

t
= 2yuB(w, t)/ ds8(s) = yuB(w, t)sig(t),  (80)
0
we obtain in the Markovian limit the Langevin equation as

B(w,t) = — Ky(B(w, 1) — (B)) — yusig(t)B(w, 1)

where sig(?) is the signum function with sig(t) = 1 for¢t > 0
and sig(r) = —1 for t < 0. Obviously, the Langevin equa-
tion in Eq. (81) obeys time-reversal symmetry around ¢t = 0
but exhibits a discontinuity of the friction term at the time
origin, ¢ = 0, which reflects the fact that the friction term
in the underlying GLE in Eq. (75) vanishes for t —1p =
0. We note that this discontinuity of the friction term in
the Langevin equation (81) is unproblematic when consid-
ering time-averaged quantities. We therefore not only show

in Sec. IIG that the zero-mass limit is ill-defined for non-
Markovian friction kernels (at least for the single-exponential
kernel, we consider in this paper), we also show in the
present section that in the zero-memory-time limit the result-
ing Langevin equation is time reversible due to a discontinuity
of the friction term.

In summary, the zero-mass limit m — 0 for finite memory
time t is subtle for the single-exponential memory kernel
considered in this paper: A finite mass has to be kept during
the calculations and the limit m — O can only be taken in the
final result for the barrier-crossing time. The Markovian limit,
i.e., the zero-memory-time limit T — 0, is less problematic
and the limit can be taken on the GLE before deriving the
barrier-crossing time, which results in the ordinary Langevin
equation where time reversibility is preserved by a disconti-
nuity of the friction term. The Markovian overdamped double
limit m — 0, T — 0 is also unproblematic in the sense that
the limit can be taken on the GLE and it does not matter in
which order the limits are taken.

III. CONCLUSIONS AND DISCUSSION

Using an exact mapping of the Green’s function of a
Gaussian general non-Markovian reaction coordinate x onto
a generalized Fokker-Planck equation with a time-dependent
diffusivity, we derive an expression of the mean-first passage
to reach xy starting from xo < xy, which, combining Egs. (27),
(36), and (37), reads

Trel
Tmfp = re/ dxePU®

In this expression, x.f < Xxo is the position of a reflecting
boundary, Cy = C(t = 0) = (x?) is the mean-square position
of the reaction coordinate, and 7, denotes the relaxation time,
given by an integral over the squared positional correlation
function C(¢) = (x(0)x(#)) according to

dx’ —UGD (82)

Kref

2 oo
Trel = — f dr C*(1). (83)
C: Jo
The derivation is exact for a harmonic potential U(x) =
Kx?/2 and for a correlation function C(¢) that decays single
exponentially. Thus, the expression in Eq. (82) constitutes
an approximate generalization for arbitrary potentials U (x),
while for general C(¢) Eq. (83) corresponds to the first term
of a systematic cumulant expansion. Employing a saddle-
point approximation on the double integral in Eq. (82),
we obtain an Arrhenius-type expression for the mean-first-
passage time in terms of the exponential of the barrier
height Uj,

Tmfp = 7:rel®eﬁUov (84)

where © is a unitless factor that depends on the potential
shape. For the three scenarios shown in Fig. 1, it is given by
[Egs. (39)-(41)]

[ ﬂUo scenario Fig. 1(a),
1/2

scenario Fig. 1(b), (85)

Kbar ’
1 /2

Kbar ’

scenario Fig. 1(c).
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FIG. 4. Comparison of the mean-first-passage time Ty, (rescaled
by tx = y/K) to reach from the well minimum to the barrier top
[scenario Fig. 1(b)] for single-exponential memory predicted by
the theory presented in this paper (solid lines) with a previously
published asymptotic formula that was calibrated to simulation data
(broken lines) [69]. The comparison is shown for a barrier height
of BUy =3 and for three different values of the rescaled mass
T/t = mK/y? =10, 0.1, 0 (from top to bottom) as a function of
the rescaled memory time. Our theoretical results are for finite mass
given by Eq. (84), the second line of Eqgs. (85) and (67) (black solid
lines), and for zero mass by Eq. (84), the second line of Egs. (85) and
(70) (red solid line). The asymptotic formula is taken from Eq. (8) in
Ref. [69] (broken lines).

One key feature of our theory, which distinguishes it from
other theories, is that memory and inertial effects are fully
included and enter via the two-point autocorrelation func-
tion C(t), which from simulations and experiments can be
much more easily determined than the memory function. In
Fig. 2(b), we demonstrate that the so-called Kramers turnover,
i.e., the minimum of the barrier-crossing time of a Markovian
system for intermediate friction and the asymptotic scaling
in the high- and low-friction limits, Tmgp ~ (y/K)eP% and
Tmep ~ (m/ y)ePY | respectively, are correctly reproduced. In
Fig. 3(b), we demonstrate that also the much more complex
memory turnover, i.e., the minimum of the barrier-crossing
time for intermediate memory time 7t and the asymptotic
scaling Tpgp ~ 72ePY% | is correctly reproduced. It is note-
worthy that our theory reproduces exactly the GH theory in
the zero-mass and small-to-intermediate-memory-time limits,
but, in contrast to GH theory, also correctly reproduces the
large-memory-time limit.

In Fig. 4, we present a quantitative comparison of the
mean-first-passage time to reach from the well minimum
to the barrier top [scenario Fig. 1(b)] for single-exponential
memory predicted by the theory presented in this paper with
a previously published asymptotic formula that was calibrated
to extensive simulation data for a double-well potential with
a barrier height of Uy = 3 and a single-exponential kernel
[69]. The asymptotic formula was demonstrated to perfectly
describe simulation results for barrier heights ranging from
BUy = 3 to BUy = 8§ and for a wide range of memory times
and mass-to-friction ratios [69]. The mean-first-passage times
in the simulations were obtained from long trajectories by
calculating the mean all-to-first-passage times, i.e., counting
all recrossings of the starting position, which has been shown
to correspond to the escape time from a well and which is the
quantity predicted by reaction-rate theories [76]. We compare

our theory, for finite mass given by Eq. (84), the second line
of Egs. (85) and (67) (black solid lines), and for zero mass
given by Eq. (84), the second line of Eqgs. (85) and (70) (red
solid line), for three different values of the rescaled mass
Tn/Txk = mK/y* =10, 0.1, 0 (from top to bottom) with the
asymptotic formula Eq. (8) in Ref. [69] (broken lines). The
simulations in Ref. [69] were done for a double-well potential
of the form U (x) = Uy(x?/L? — 1)?, for which K/Kp. = 2.
For the comparison in Fig. 4, we use BU, = 3, since the
calibration of the asymptotic formula in Ref. [69] was done
with simulations at that barrier height. We see that our theory
and the asymptotic formula agree well for low memory time
and low mass, which reflects that in this limit our theory be-
comes exact. For large mass and long memory times, there are
deviations, yet, our theory reproduces the memory turnover,
which means the minimum in 7y, as a function of 7, and the
asymptotic increase for long memory times rather well.

The deviations between our theoretical predictions (solid
lines) and the previously published asymptotic formula that
was calibrated to simulation results (broken lines) in Fig. 4
stem from two approximations of our current theory. First, our
derivation is done for a harmonic potential and treats the bar-
rier as an absorbing cusp, as illustrated in Fig. 1(a). We obtain
on the harmonic level a factorization between potential and
memory/inertial effects, as seen in Eq. (82); for nonharmonic
potentials, we expect a coupling beween nonharmonicities and
memory effects, which could be studied in simulations in the
future. Second, our derivation is exact for single-exponential
correlation functions C(¢) and treats more complex correlation
functions by a systematic cumulant expansion to first order
(see Sec. IID). As Fig. 3(b) demonstrates, for long-memory
time t the correlation function even for single-exponential
memory kernels does not decay single exponentially but ex-
hibits an oscillating-exponential decay. In future extensions of
our theory, it would be interesting to go beyond the first-order
cumulant expansion. Last, we calculate the relaxation time
Tl from the integral over the squared two-point correlation
function, i.e., for p =2, which we argue to be a natural
choice because in this case 1. corresponds to the energy
correlation time, as shown in Eq. (37). In the future, it would
be interesting to check whether other choices, for example,
p = 4, reduce the deviations between the current theory and
simulation results in Fig. 4.
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APPENDIX A: DERIVATION OF THE GREEN’S FUNCTION

The condition in Eq. (2) that the joint distribution is sym-
metric leads to c¢(¢) = a(t). The normalization in Eq. (3)
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leads to

N = 2 (A1)

Ja2@) — bA(t)
The definition of the two-point autocorrelation function C(z)
in Eq. (4) leads to

b(t)
Ct)y=———"—7"—. A2
() 20— 00 (A2)
The definition of the variance Cy in Eq. (5) leads to
a(r)
Cho=—"++—. A3
07T @2(t) — B(1) (43)
Inversion of these equations leads to
1
a(t) (Ad)

T Co(1=C2(1)) |

IP(x, tlxo) _ C'@)((x = C@O)xo)xoC (1)1 = C*(1)) — (x = C()x0)*C*(1) + (1 = C*(1))CoC(1))

and

C@)

b= —ga=cay

(A5)

where we used the rescaled correlation function C(¢) defined
in Eq. (7) and from which Eq. (6) follows.

APPENDIX B: DERIVATION OF THE GENERALIZED
FOKKER-PLANCK EQUATION

By taking a time derivative of Eq. (9), we obtain

ot CoC(t)(1 — C2(1))?

where C’(¢t) denotes the derivate of C(¢). With the first and
second spatial derivatives of Eq. (9),

P(x,tlx0)  (x —C(t)xo)

Gl =y &), B2)
3*P(x,t|x0) (_ 1 (x — C(t)xo)* )
ax2 G =C21t))  C3(1 —Cx(t))?
x P(x, t|xp),

(B3)

we obtain by comparison with Eq. (B1),

IP(x, tlxo) C_"(t)P( xo) — C_ﬁ P (x, t|xo)
o Ca) IPTEES T ax
B Co?/(f) BZP(x,t|xo)’ (B4)
C@) ax2

which is equivalent to Eq. (10).

APPENDIX C: SADDLE-POINT APPROXIMATION
OF THE MEAN-FIRST-PASSAGE TIME FOR DIFFERENT
POTENTIAL SHAPES

To first order in the cumulant expansion introduced in
Sec. II D, the mean-first-passage time to reach the final po-
sition x for the first time when starting from x, follows from
Eq. (27) as

Xf X ,
— / dxefV® [ dye PV (cly
X0 Xref

For high barriers, this double integral can be estimated us-
ing the saddle-point approximation. Let us first consider the
scenario depicted in Fig. 1(c), where the initial position xy is
located to the left of the barrier and the final position x; is
located to the right of the barrier. We write

Xf
Tty = D! f dxePU 1 (x). (C2)
X0

P(x, tlxo), B

(

Since the integral over x includes the barrier, the exponential
function in the integrand is maximal at the barrier position x =
Xmax; We therefore expand the function /(x) around x = Xpax
and obtain to first order

X
1) = / e P = 1) + (¢ =TT Ginax) + - -
Xref
Xmax ,
— dx'e PUGD +(x— xmax)e*ﬁU(xmux) I
Xref

(C3)
The integrand is maximal at the minimum in the left well xyn,
which is included in the integral for Xt < Xmin < Xmax. AS-
suming a high barrier and correspondingly a deep minimum
in the well, the integral boundaries can be pushed to infinity
and the potential can be expanded to second order around the
minimum, so that we obtain

o0
I(x) ~ / dx/e—ﬂU(x') + (_x — xmax)e_ﬁU(Xmax) R

o]

[o.¢]
~ f A’ BU )= BK G~ 2
—0Q

+ (x— xmax)e*ﬁU(xmz.x) NI

2€7ﬂu(xmin) 2_7T
BK’

where we neglected the term proportional to e=#U@m) since
for large barriers it is negligible compared to the term propor-
tional to e AUCmin) To leading order, I(x) thus is a constant
and we obtain for Eq. (C2)

2 (Y
Tty = Dy =PU i) ,ﬂ_K dxefUO . (C6)
Xo

We now expand the argument of the exponential in the inte-
grand around its maximum at xp,x and extend the integration

(o2))

(C5)
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boundaries to plus and minus infinity, after which we obtain

21

~ D(;l e_ﬁU(Xmin)
BK

Tmfp

o0
y f o PU ) ~BK (e /2
—00

2w
gy =——
/BDO\/ KKbar

where Ky, denotes the absolute value of the curvature at
the barrier and Uy = U (xXmax) — U (Xmin) 1s the barrier height.
Using Dy = Cy/1e1 and Cy = kT /K, this is equivalent to
Eq. (41).

We now consider the scenario in Fig. 1(b), where the initial
position xq is located to the left of the barrier and the final

position xy = Xmax 1S located right at the barrier. We rewrite
Eq. (C1) as

pih, (C7)

Tty = D! / dxePU@ 1 (x). (C8)
Xo

To leading order, I(x) is again given by Eq. (C4) so we obtain
for Eq. (C2)

27-[ Xmax
Tinfp D(T o~ BU (min) ,/3_[( dxePU™ (C9)
Xo

We again expand the argument of the exponential in the in-
tegrand around its maximum at xp,x and extend the lower
integration boundary to minus infinity, after which we obtain

Xmax
Tt = D e=PU i) |2 / doxePU i) =Ky (r—xma)?/2
BK J o

T
~ BUo
e p—— L (C10)
BDo~/ K Kpar
which using Dy = Cy/te; and Cy = kT /K 1is equivalent to

Eq. (40).

We now consider the harmonic scenario in Fig. 1(a), where
both initial position xq and final position xs > xq are located in
a harmonic potential well U (x) = K x2 /2. We rewrite Eq. (C1)
as

Xf
Tty = D! f dxeY @1 (x). (C11)
X0

To leading order, I(x) is again given by Eq. (C4) so we obtain

for Eq. (C2)
[2 r
Ty Dal 18_712 dxeﬂU(x)’
Xo

where we used that U (xy,i;) = 0. We expand the argument of
the exponential in the integrand to first order around x; and
extend the lower integration boundary to minus infinity, after
which we obtain

Tmfp = Dal / ;—7;( /x'f docePU C+BG—x)U (xp)
o =T PUo~ [ T U (C13)
DoBU(xs)\ BK DoBK \ BU,

(C12)

where we used U(xy) = Uy, U'(xs) = Kxf = /20K, and
which is, using Dy = Cyp/ 1y and Cy = kgT /K, equivalent to
Eq. (39).

APPENDIX D: THREE-POLE ANALYSIS
USING CARDANO EQUATION

The three poles are determined from Eq. (62) by the
equation

@ + b +co+d=0, (D1)

withb= —1/t,c = —y/(tm) — K/m,and d = 1K/(mrt). In-
serting the definition w =t — b/3 into Eq. (D1) leads to

£+ pt+q=0, (D2)

with p=c—b?/3, g =2b%/27 — cb/3 + d. Inserting now

the definition t = u — p/(3u), Eq. (D2) reduces to
uS +qud — p*/27=0, (D3)

which is a quadratic equation for u* with the two solutions,

3 q g P
— —— :t — _—
L=y Nty

Taking the cubic root, we obtain a total of six possible solu-

tions,
1/3
q 512 P3
wmeaur=a| -2 /L D5
Uit = €l e[ 3 4+27} (D5)

where €, =1, 63 =—1/2 £ 1+/3/2 are the complex three
cubic roots of 1. To show that there are actually only three
distinct solutions of Eq. (D3), we first realize that

(D4)

= ——, D6
+ 273 (D6)
from which follows that
P
= —€;—. D7
Uy €j 3 (D7)

From the definition t+ = u — p/(3u), we obtain from the
positive-root solutions €;u; of Eq. (D3) three solutions of
Eq. (D2) as

i = €Uy — . (D8)
3€iu+
Inserting Eq. (D7) into Eq. (D8), we obtain
i = —Eiéji + u—_, (DY)
3u_ €i€;
where j = 1, 2, 3 is arbitrary. Using the relations
€1 =€ = /ey,
€6 =63 = 1/e,
a6 =6 =1/e;,
(D10)

€16 =6 = 1/e3,
€1€3 = €3 = 1/62,

66 =€ = 1/ey,
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it immediately follows from comparing Egs. (D8) and (D9)
that

(D11)

i = €Uy — P = €xuU_ — L,
3euy 3eu_

where k = 1,2, 3 is determined from the values of i and j
according to the relations in Eq. (D10). We conclude from
Eq. (D11) that there are only three distinct solutions of
Eq. (D2) that can, without loss of generality, be expressed us-
ing the positive root #,. given in Eq. (D8). From the definition
w =t — b/3, we finally obtain for the poles

p b
36ju+ 3 ’

(D12)

w; = €Uy —
withi=1,2,3.

APPENDIX E: ASYMPTOTIC ZERO-MASS ANALYSIS
OF POLES AND RELAXATION TIME

From the definitions in Appendix D, we obtain for the
variables p, g appearing in Eq. (D12)

b y/t+K 1
e Lo yErR El
p=c 3 m + 372 (ED
_ 20 b fd = 21 n 21K 1y (E2)
1= 7 "3 T 00 T 3 3w

We see that both p and ¢ for small mass m diverge as m™!, so

the terms involving u in Eq. (D12) are to leading orders in m
(including the nondivergent m® contribution) given as

1/2
P q
Uy >~ —— — —, (E3)
V"
12
Ly (e

3uy ~ V3 2p

For the poles in Eq. (D12), we obtain to leading orders (in-
cluding the m® contribution),

q b~ 1K 1K

~-_L o~ ~ , E5
@1 p 3 mpt Yy +1tK (E5)
b
w2:lpl/2+%) 3
K\'? Y \1/2 1y /T2
~ (= 14+ = — L (E6
(m) <+rK> T kAt k) B0
b
w3:—zp1/2+zip -3
K\'? 172 1y /72
~ (= (1+l) S 74 S,
m K 2K(1+y/(zK))

We see that w; ~ m® while w, ~ w3 ~ m~ /2 form — 0. In

particular, we obtain that w, and w3 have a real part given by
(K/m)'/? for large memory time 7, which is the oscillation
frequency of the undamped Markovian harmonic oscillator,
and an imaginary part given by 1y /(2K t?) for large memory
time 7, which in the correlation function in Eq. (65) leads to
a long exponential decay time proportional to 72, as indeed
seen in Fig. 3(a). All sums and differences of two different
poles diverge as m~'/? except

l)//‘L'2

wy +w3 > q/p —2”/3:m'

(E8)

This means that from the six terms contributing to T, in
Eq. (67) only the terms I} (wy, w2, w3) and L(w;, w2, w3) de-
fined in Eqgs. (68) and (69) contribute. To leading order, we
obtain

I( ) 1(t — t/a)l)2
1wy, W2, W3) =
201 (w1 — w)* (w1 — w3)?
L 1w N yim?c?

~ , E9
2010303 2K3(y + K1) 9

2i(t —1/w)(t —1/w3)
(w2 + w3) (@2 — w1 ) (w3 — W) (W — w3)?
N 2172

T (02 + w3)w3(wy) — w3)

L(w, w, w3) =—

m*t>
>~ (E10)
2y(y +K7)
Inserting these results into Eq. (67), we obtain
2
Trel = —— [ [i(01, @2, w3) + h(w;, 02, w3)]
m?t
_ 2K? yim*t? m*t’
T om2t? | 2K3(y + K1) 2y(y +K71)
B 2 . K273
 K(y +Kt)  y(y +Kt)
1 K/y)
_ v (1+GK/y) ELD)
K\ 141tK/y

which is Eq. (70).

APPENDIX F: GROTE-HYNES THEORY

The GH theory predicts the mean-first-passage time to
reach over the barrier, as illustrated in Fig. 1(c), in the pres-
ence of memory friction as [54]

GH _ TST @max _

27T Wmax
T L UO,

mfp — N (Fl )

)\a)min

where @max = o/ Kbar/m and wpin = /K/m are the fre-

quencies at the potential barrier and minimum (with both
curvatures defined as being positive) and ™57 denotes the
transition-state theory prediction. A is the barrier reactive fre-
quency, which is determined by the GH equation

'
A2+)»—( )=w2
m

(F2)

max’

where f‘(k) is the Laplace transform of the friction mem-
ory kernel. For a single-exponential memory kernel given by
Eq. (53), we obtain

14
14+1A

N f ~ C@t)e Mdt = (F3)
0

Inserting Eq. (F3) into the GH equation (F2), we obtain
a cubic polynomial. In the Markov limit t — 0, we have
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["(A) = y and the solution of Eq. (F2) reads

y )2 12
A=——x|— 2 . F4
2m <4m2 * wmax> =

Taking the positive root, we obtain

y? e,
TSpr = wmax[(m + wrznax) - %] -CTSTs (FS)

which is equivalent to the Kramers intermediate-to-high-
friction result. In the Markovian high-friction limit % > Wmax,
we obtain from Eq. (F5),

GH __ BUy
T = ervo, F6
"0 /K Koar (o)
which is identical to our result in Eq. (41) provided we choose
for the relaxation time the result obtained in the Markovian
massless limit 7,,; = y /K. In the Markovian low-friction limit
£ & Wmax, we obtain from Eq. (F5),

o =T, (F7)

which means that in this limit GH theory becomes iden-
tical to transition-state theory. As explained in Sec. IIF 1,
the transition-state theory prediction corresponds to the pre-
diction of the Kramers theory at the crossover between
the high friction and low friction, the Kramers turnover,
where the barrier-crossing time has a minimum. Thus, the
transtion-state-theory prediction is a lower bound for the
barrier-crossing time; friction and energy-diffusion effects in-
crease the actual barrier-crossing time.

In the zero-mass m — 0 limit, the solution of the GH
equation (F2) reads

Koot /v

A= ——,
I — tKpar /Y

(F8)

so that we obtain

1/2
‘L’GH — 27”/(1 - TKbar/y) K / eﬂUO (F9)
" K Ko ’

which agrees for small memory time t exactly with our result
in Eq. (71), except that the barrier curvature Ky, (which enters
the GH theory) has to be replaced by K, the curvature at the
potential bottom. So the GH theory correctly recovers the
speedup regime for small T but misses the long-memory slow-
down effect.

APPENDIX G: DERIVATION OF TIME-REVERSAL
SYMMETRY OF THE MORI GLE

In deriving a GLE, it is convenient (though not necessary)
to consider a general time-independent Hamiltonian for a sys-
tem of N interacting particles or atoms in three-dimensional
space of the form

N

2
H() =Y 32 +V({rw)),

(GD)

n=1
where a point in the 6N-dimensional phase space is de-
noted by w = ({ry}, {pn}), which is a 6N-dimensional vector
consisting of the Cartesian particle positions {ry} and the

conjugate momenta {py} and fully specifies the microstate
of the system. The Hamiltonian splits into a kinetic and a
potential part and m,, is the mass of particle n. The poten-
tial V({ry}) contains all interactions between the particles
and includes possible external potentials. Using the Liouville
operator

N dHw) & 9H(w) 8
Ler=2 2. ( opy ary o 81?%)’ ©2)

n=1 a=x,y,z

the Heisenberg observable B(w, t) is defined by propagation
according to [74]

B(w, 1) = "L B (w), (G3)

where Bg(w) is the ordinary time-independent observable,
here denoted as Schrodinger observable in order to
distinguish it from the Heisenberg observable. At time
t =1y, the Heisenberg observable coincides with the
Schrodinger observable. In the following, we assume that the
observable Bg(w) only depends on particle positions, i.e.,
Bg(w) = Bs({ry}). The time derivatives appearing in Eq. (75)
follow from the propagator expression of B(w, t) in Eq. (G3)
as B(w,t)= L(w)B(w,t) and B(w,t)= L*(w)B(w,1).
From the symmetry H({ry}, {py}) = H({rn}, —{pn})
of the Hamiltonian equation (Gl), the symmetry
L ({ry}, {pn}) = =L ({rn}, —{pn}) of the Liouville operator
[Eq. (G2)] and the propagator expression [Eq. (G3)],
the time reversibility relations in Eq. (76) immediately
follow.

The derivation of the GLE in Eq. (75) follows standard
procedures [68]: One introduces a projection operator P that
acts on phase-space functions and its complementary projec-
tion operator Q via the relation 1 = Q + P. Inserting this
unit operator into the time propagator relation [Eq. (G3)],
one obtains after a few steps the GLE in Eq. (75), where
tp defines the time at which the projection is performed,
which in principle can differ from the time 7y at which the
time propagation of the Heisenberg variable in Eq. (G3)
starts [74].

The parameter Ky, in Eq. (75) corresponds to the potential
stiffness divided by the effective mass and is given by

((LB(w, tp))?)
((B(w, tp) — (B))?)

Here, we define the expectation value of an arbitrary phase-
space function X (w) with respect to a time-independent
projection distribution pp(w) as

Ky = (G4)

x(@) = [ dox(@pmo), (@)
which we here take to be the normalized equilibrium canon-
ical distribution pp(w) = e H @/ &) /7 \where Z is the
canonical partition function Z = [ dwe™#@/*&1)_Obviously,
the parameter K, is independent of time and particle mo-
menta and therefore not influenced by momentum or time
reversal.
The complementary force in Eq. (75) is given by

Fy(w,1) = "2 QL2 B(w, 1p) (G6)
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and the memory-friction kernel is given by [74]

(Fy (o, 0)Fy (@, 1))

M= B, )

(G7)

From the fact that the Liouville operator is anti-self-
adjoint and that the complementary projection operator Q is
self-adjoint and idempotent, i.e., Q? = Q, it follows that the
memory-friction kernel is an even function, i.e., I'y(¢) =
'y (—t), which is used to derive the time reversibility of the
friction-memory term in Eq. (77).
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