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The formulation of the classical barrier-crossing problem is reviewed in the context of numer-
ical simulations, with the focus on barrier crossing problems where the reaction coordinate
depends in a non-trivial way on the Cartesian coordinates of many particles. Often it is
convenient to measure the barrier height using constrained dynamics. Such a calculation
requires a knowledge of the Jacobian for the coordinate transformation between Cartesian
and generalized (‘reaction’) coordinates, and it is shown that the calculation of this Jacobian
can be simplified. The conventional expression for the crossing rate is found to become
computationally inefficient when the barrier crossing is diffusive. An alternative formulation
of the barrier-crossing rate is given that leads to much better statistical accuracy in the

computed crossing rates.

1. Introduction

Activated processes play an important role in many
different areas of (chemical) physics (for a review, see
[1,2). During the last twenty years, much progress has
been made in deriving for the rate of activated processes
statistical mechanical expressions that are convenient to
use in numerical simulations (examples are ion associa-
tion reactions [3] diffusion in solids [4] or crystal
nucleation from the melt [5]). Although much of this
work is well known, the focus is usually on relatively
simple reactive crossings. The aim of the present paper
is to discuss some of the technical problems connected
with the numerical implementation of the conventional
expressions for rate processes in the case of complex
(many-body) reaction coordinates and diffusive barrier
crossings. To this end, we provide first a coherent
description of the theory of activated processes in classi-
cal many-body systems, in the context of numerical
simulations. In this review we borrow heavily from the
ideas of Bennett [4] Chandler [6]and Ciccotti et al. [3]
However, our presentation of the theoretical framework
is somewhat different and contains some aspects that, to
the best of our knowledge, are new. Subsequently, we
continue to discuss how the existing techniques can be
modified to deal more efficiently with the diffusive bar-
rier crossing problems.

Two concepts play a crucial role in the theory of
activated processes: the first is the reaction coordinate
¢ that connects the initial and final states of the system,
and the second is the barrier that separates them. The
existence of a reaction coordinate means that we can
characterize the macroscopic state of the system by a

single quantity ¢ that will be in general a function of
the configuration of the whole system, i.e.,
q=qlr,..., ry). For activated processes, there is a
region between the initial and final values of the reaction
coordinate where a system in equilibrium is unlikely to
be found. We loosely define this region as the ‘barrier’
separating the initial and final states. In the simplest
case, this barrier would be a region of high potential
energy, but in general the barrier will correspond to a
region of high free energy.

The Bennett-Chandler theory of rate processes is dis-
tinct from the more phenomenological theory of
Kramers [7] The Kramers theory considers a proto-
typical activated process, namely the diffusion of a par-
ticle over a one-dimensional external potential energy
barrier. The influence of the remaining degrees of
freedom is then accounted for by an effective friction
coefficient. In principle, there is no reason to expect
such a description to be valid in general activated pro-
cesses, especially when the reaction coordinate is a
global one. Moreover, even if we assume the Kramers
picture to be valid, determining the expression for the
“friction coefficient’ in ¢ space is non-trivial.

Before we proceed, let us briefly review why special
simulation techniques are required to compute the rate
of activated processes. Since the spontaneous crossing of
a high barrier is a rare event, the probability of obser-
ving such a transition may be negligibly small, even
during a very long run. As a consequence, it is not
feasible to measure the barrier-crossing rate with good
statistical accuracy in a conventional simulation. The
solution to this problem [4,6,8] is to generate only
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those trajectories in phase space that are likely to cross
the barrier and use the information gathered in these
simulations to compute the rate of spontancous barrier
crossing. The most common approach is to consider
only trajectories that cross the top of the barrier.
However, there is a considerable degree of freedom in
the selection of the initial constraint. Clearly, the com-
puted crossing rate should not depend on the sampling
scheme that we use.

2. Response function

Let us consider a system of N particles having f
degrees of freedom. The set of generalized coordinates
describing the configuration of the system will be
denoted by ¢g= {ql,. .. ,qf}, and a point in the asso-
ciated phase space by x = {q, p}. The system can be in
two macroscopic states, A and B, and we assume that
the coordinate ¢g; can be considered as a reaction coor-
dinate, 1.e., a coordinate whose value characterizes the
macroscopic state of the system. The Landau free energy
as a function of ¢; has the form shown in figure 1, and
we denote the position of the maximum of the barrier by
gi. q1a is the minimum of the free energy corresponding
to the macroscopic state A and ¢ is that corresponding
to state B. To quantify the state of the system, we define
characteristic functions ns and npg that measure whether
the system is in state A (B). Usually, ny and np are
defined as follows:

na = oqt - q1), (1)
ng = 0qi - qik), (2)
where 6 is the Heaviside step function. Of course,
na +ng = 1. (3)
Moreover,
ni = na, (4)
nang = 0. (5)

However, for what follows the important thing is that
equations (4) and (5) hold on average, i.e. (13>~ (na)
and <nang) ~0. Hence, at a later stage, we are free to
choose other characteristic functions for n, and ng, as
long as they differ from the definitions above only in
regions of configuration space that contribute negligibly
to equilibrium averages. In particular, we are free to
choose other functional forms for nx and ng at the top
of the barrier.

The time evolution of the distribution function p(x, 7)
is given by the Liouville operator, %,

Pl - ), )
> o) = & p(x,0). ()
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Figure 1. Potential barrier for a typical activated process. In
particular, this corresponds to the case discussed in sec-
tion 9 where the reaction coordinate is the x coordinate of
a particle in a Lennard-Jones fluid. The barrier is given by
a harmonic potential U = U, - 0-5w q% with Uy = 10kgT
and w = 2-2.

For an arbitrary function g(x, t) it is
glx,1) = e g(x,0). (8)
Averages with p(x, t) can be written as
<g(t)> = |dx g(x)p(x, t) = de g(x, t)p(x, O), (9)
apd for the particular case of the equilibrium distribu-
tion;

<g>eq = de g(x)Peq(x)- (10)

The probability of finding the system in state A at time ¢
will be given by

Palr) = <nA(t)> = | dx na p(x, )

:de ogt - q)elx,2).  (11)

We are interested in studying the response function

o( t) defined as

APA(I

o(1) = APA(0)? (12)

where APA(t) is the derivation of PA(t) from its
equilibrium value,

APA(1) = Palt) - Paeq=Amalz)y,  (13)
with
Ana = na = (A (14)

The function ¢(t) gives the approach to equilibrium of
the probability of finding the system in state A, subject
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to an initial condition that remains to be specified. To
study the behaviour of A PA(t) it is convenient to take
the Laplace transform in equation (6)

zfa\(x,z) - p(x,O) = - zfa\(x,z), (15)
Ax,z) = (z+ 2) 'p(x,0). (16)

Substitution of this result in the expression of APA(I)
leads to

A ﬁA(z) = de A nAfa\(x, z)

= de Ana(z+ 2) lp(x,O). (17)

Let us assume now an initial condition of the form
px,0) = peg(x)x(q1), (18)

where y is a generic non-negative function dependent
only on the reaction coordinate ¢;. Normalization of
p(x, O) implies

dx peq(x)x(ql) = 1. (19)
Introducing equation (18) into (17),

AﬁA(Z) = .dx AI’lA(Z + z)- lPeq(x)X(ql)

= |dx peq(x)A nalz+ z)' lx(ql). (20)

Therefore,
¢/>\(Z) _ AﬁA(z) _ Analz+ z)' lX(Ql)>eq (21)
A PA(0) A naYDeq ’
and taking inverse Laplace transform we obtain
¢(t) _ Anae” IgX(QI)%q ‘
B naxeq

Using the properties of the Liouville operator this can
be written as

() = L xlade, _ Ama(0)A Yl
(Ana XDeq A nah X e

(22)

(23)

3. Exponential relaxation
Let us suppose now that, after the initial transitory
period, ¢(t) decays exponentially, i.e.,

p(r) = & 17, (24)

At this stage, the exponential character of the relaxation
function is a hypothesis that remains to be verified in
every specific case. In fact, there are examples where this
assumption is not justified [9] In each particular pro-

blem, we will have to find our whether an exponential
law is or is not valid for describing the relaxation of the
system. The time 7 characterizes the transition of the
system from state A to state B and, for activated pro-
cesses with a high barrier, we can expect it to be very
large.

The relaxation time 7 often is expressed in terms of
the Laplace transform of the relaxation function at

z=0:
¢/>\(Z = 0) = J:)D dr ¢(t) = T. (25)

Using equation (21) we obtain

-1
i Azt 2) 0
T =
z—0 <A na A X>eq
We are interested in deriving a microscopic expression

for the relaxation time. Differentiating the exponential
relaxation function yields

(26)

d6 _ 1 -
Qo Te . (27)
On the other hand, from equation (23) we obtain
dy _ Anse” ZA 7 (28)

dr <A nA A X>eq

From the definition of the Liouville operator it follows
that

O OA )
Fhy=- {ZAy}= aalx: aixdaq), (29

where # is the Hamiltonian of the system and the
brackets (braces) denote Poisson brackets. We then
obtain

ds _ (A nAq'l(t)X'I—QI(t)-beq ) <élx{q1)nA(t)>eq

dr <A nal X>eq B <A nal X>eq ’ (30)

where we have used the properties of the Liouville
operator and we have also taken into account that the
equilibrium average of élx{ql) is zero, as it is an odd
function of the momenta.

By equating expressions (30) and (27) one obtains

1 Grahg)na (),
YN (31)

This equation shows that the relaxation of the system
cannot be exponential at = 0 because although the
LHS of the previous expression is equal to - 1/7 at
t = 0, the RHS is zero, as it is the equilibrium average
of an odd function of the momenta. Therefore, the expo-
nential law can never be valid at exactly r = 0. Let us
now suppose that we are in a time region where ¢ < T.
In that case, e /" ~1 and
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o <q'1X{q1)nA(t)>e (32)

A nal e

This equation has been obtained under the hypothesis
that the relaxation is exponential and it is restricted to
times ¢ < 7. In the case of activated processes, we can
expect T to be very large, and it seems reasonable to
assume that there is a time window where this condition
holds. In fact, in chemical kinetics, it is usually assumed
that first-order reactions satisfy this requirement
(appendix A). The characteristic relaxation time is
related to the rate constant kap through

) k
T 1:—<n$ , (33)
eq

where kap is the macroscopic transition rate from state
A to state B. Comparison of equations (32) and (33)
leads to a microscopic expression for kap:

M) = 5 G s,

= kAB. (34)

We note that although kap is a time independent quan-
tity, the time correlation function M(¢) appearing in the
first line does depend explicitly on time. Therefore,
equation (34) is valid only if and when M(t) reaches a
plateau value, after an initial transitory period. The
assumption that the phenomenological rate equation is
valid implies that the relaxation function is exponential
and should remain very close to one, during the initial
transitory regime.

To proceed, a specific form for the function X(ql) is
needed. The most common choice is [6]

xq1) = ona. (35)

o is a constant that is determined by the normalization
condition:

de Peq(x)anA = 1,

1
a= : (36
Substitution of equation (35) in (34) gives
. 0
oy = B8 D (37)

CMA Deq
where we have used
A naAngdeg = <A Deg{B Deq, (3 8)

and nA(t) =1- nB(t). Again, equation (37) is valid only
if M(r) reaches a plateau. In the remainder of this
section, and in sections IV-VII, we consider the specific

case that the characteristic function is the Heaviside
function. We then have

Fag = @i - gH)oqi(r) - gf)eg M), (%)

<nA>eq
We can now quantify the condition for this plateau to
exist. Taking the time derivative of equation (39) we
obtain

dkap _ <él5(q1 - q;k)q‘l(t)fs(m(t) - qik)>eq
dt {MADeq .

In the plateau region, dkap/dz should be negligible.
Therefore, if a trajectory re-crosses the barrier at time
t its velocity should be uncorrelated to the velocity at
time 7 = 0.

An alternative expression for kap is

_ <q.15(q1 - qT)nA(- t)nB(t)>eq
- =~ : (41)

The equivalence of this expression to equation (37) can
be shown by using 7 (- t) = 1- ng(- t), and taking into
account that, due to the properties of the Liouville
operator, <él5(q1 - qT)nB(- t)nB(t)>eq = 0. Equation
(41) shows that only those configurations that are in
state A at time - ¢ and in state B at time ¢ contribute
to the transition rate.

Equations (39) and (41) have a form that is similar to
that proposed by Miller [10] for the rate of a chemical

reaction: .
kAB oc<q15(q1 - qT)R(Q,P)%qa (42)

where R(g, p) is an (unspecified) function that measures
the ‘reactivity’ of the trajectory that passes through a
given point (q, p) in phase space; R(q, p) is one if the
trajectory is reactive and zero otherwise. Clearly, as
long as the labelling ‘reactive’ or ‘non-reactive’ is unam-
biguous, R( D, q) is conserved along the trajectory. The
problem with R is that its definition depends on the
time-window within which we assume that the barrier
crossing should take place. If we compare the expression
for the rate given in equation (41) with equation (42) we
see that a possible definition of R( D, q) would be

R= I’IA(- I)I’IB(I). (43)

In this definition of R, a trajectory is considered to be
reactive if the system was in state A at time - ¢ and is in
state B at time 7. Clearly, this labelling of trajectories is
valid only for times #”such that - 1< < 1.

Equation (39) is meaningful only if the computed rate
constant does not depend on the precise location of the
dividing surface ¢f, provided that ¢f is in the barrier
region. In appendix B we show the conditions under
which kap can be expected to be independent of gf.

(40)

kAB
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4. Transition rate
Let us next consider the behaviour of equation (39) in
the limit 7 — 0". In that case we find that

im M(t) — {pndq - qT)G(q'l)%q.

t—0" <I’l A >eq

In this limit, the rate constant approaches the value
predicted by transition state theory (TST) [11}

<5(q1 - qT)|q‘l|>eq _ kTST
— RAB .
2<nA>eq

The difference between the TST expression for the rate
and equation (39) is due to re-crossings at the top of the
barrier. If the re-crossing is significant, some trajectories
that were initially going from A to B will end up on the
A side at time 7 (giving no contribution to kap) and
some that were initially going from B to A will end up
on the B side (giving a negative contribution to kap).
As a result, kap will be smaller than it was at 7= 0".
It is convenient to define a transmission coefficient
k (0< k< 1) that accounts for the corrections to the
TST prediction for the crossing rate:

(44)

k
K= ﬁ. (45)

AB

Having considered the limiting behaviour of M(¢) for
long (1< 7) and short (1—0") times, let us finally
look at the behaviour of M(t) for t= 0. Somewhat
surprisingly,

M(0) =0+ lim M(z).
t—0

The reason why M(0) vanishes is that 1(0) is the equi-
librium average of an odd function of the momenta:

M(0) o< (i qr - qF)n(0)yg = 0. (46)

This discontinuous behaviour of M( t) at t = 01is due to
the choice of the Heaviside function as the characteristic
function, and must be taken into account if we wish to
express kap as the integral of a flux autocorrelation
function. For ¢ < T, we can write,

fan = KIS + J‘ dzf‘%@. (47)
0+ ’

As kiy is always an upper bound to the true rate
constant, the integral appearing in the previous expres-
sion is always negative.

5. Constrained dynamics and restricted ensembles

In many applications of practical interest, the reaction
coordinate is a complicated function of the configura-
tional coordinates of the system, and a closed equation
for its time evolution is not known. Let us therefore
consider how equation (39) can be used in molecular
dynamics (MD) simulations to compute the transition
rate between two macroscopic states A and B that are
separated by a high (free) energy barrier. Of course, we
assume that we are dealing with a situation where equa-
tion (39) applies. In particular, we assume that the
relaxation of the population of the macroscopic states
is effectively exponential.

If we try to compute the RHS of equation (39) directly
by standard MD simulation we face a serious difficulty,
since at equilibrium the system remains most of the
time in the vicinity of the free energy minima, and
configurations corresponding to the top of the barrier
are seldom reached. Since these are precisely the initial
states for trajectories giving a non-vanishing contribu-
tion to the RHS of equation (39), it follows that very
long computer simulations will be needed in order to
obtain good statistics. In fact, the same applies if one
uses equation (23) to measure the relaxation function
¢(1). The system has a very small probability of crossing
from one macroscopic state to the other during a typical
MD run.

One way of dealing with this problem is to use the
constrained dynamics method [8] The basic idea is to
consider trajectories in configuration space corre-
sponding to the dynamics of the system under a given
constraint, and using the constrained averages to obtain
information about the unconstrained equilibrium
averages. In our case, the constraint will be that we fix
the reaction coordinate at the value corresponding to
the top of the free energy barrier, ie., ¢ = ¢f. Of
course this restricts the number of configurations
allowed for the system. In the remainder of this section
we review briefly the relation between averages com-
puted in the constrained and unconstrained systems.
We will assume for convenience that there is only one
reaction coordinate and that it is the only quantity
constrained in the dynamics (for the more general
case, see [8]).

Let us consider a system of N particles of mass m;
whose configuration can be described by a set of gener-
alized coordinates ¢ = {qa;oc= 1,...,3N } The set is
chosen such that it includes the reaction coordinate ¢;.
All the generalized coordinates are assumed to be func-
tions of only the positions of the particles. The
Hamiltonian of the system is given by the sum of the
kinetic and potential energies, K and U, respectively:

A=K+ U (48)
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Using the definition of the generalized momenta,
OL
Oqa”

where L = K- U is the Lagrangian of the system, the
kinetic energy can be expressed in the form [12]

Po = (49)

N 3N
Zmlrl = 2229" wp Palp = 2/‘) "G 'p.

(50)
Here, we have introduced the generalized mass matrix
g m = (51

w Z a%t aqﬁ )

Clearly, ¥ is a symmetric matrix. The canonical equi-
librium distribution of the system at temperature T is
o~ A#an)

P(q,]?) = idq dp e_ ﬁ%(q,p)9 (52)

with B = (kBT)' l, and kg the Boltzmann constant.
Integration over the generalized momenta yields the
configurational distribution,

plq) = Jdp pg,p) =

[F(g)|!2 e P

53
[ dlg(q)]! & 0 (53)
where we have used
+ 2\ VP
JdpeXp (-3pp" -7 ' p)= n @'”. (54)

Suppose now that the system evolves with time under the
constraint that the generalized coordinate ¢ is fixed at a
value ¢f. Let us denote the set of all generalized coordi-
nates except ¢i, by ¢s, and similarly for the momenta.
The equilibrium distribution of the ensemble generated
under the constraint ¢; = ¢* (and ¢; = O) is

exp [ #(gs.psi )] (55)
) das dp. exp | pA#{gs,ps 1) ]

1.e., the canonical distribution associated with the
‘constrained’ Hamiltonian

Hqs,ps; qF) =

Pc(qs,ps; qik) =

K(p) + Ulgt,q,),  (56)

with |
K ps) = 1pt A ' ps. (57)

The matrix ?’S(qsgqi") is the appropriate inverse mass
tensor, analogous to ¢ defined by equation (51), but
restricted to the set ¢s. It depends parametrically on
gi. It follows from equation (55) that the configura-
tional probability distribution in the subspace defined
by ¢1 = ¢t as given by the restricted ensemble is

P, (q : qi") - |§>S(QS; QT)|1/2 e BU(q1,95)
o - * .
[ dgu|@.(gis g)]' 7 & PVl

(58)

Next, we must relate the above distribution to the prob-
ability density of finding the system in configuration
(q%,qs) of the unconstrained system. This probability
density is given by equation (53):

)|l/2 - BU(q145)

|§) ql Qs
l/Ze_ﬁu() . (59)

Comparison of equations (58) and (59) yields

% 12
P(qT,qs) = C(qik) Jﬂql;_q&l)%) Pc(qs;qik), (60)

¥5(gs: ¢t

where we have introduced
J. qu|9’s(qs; QT)| i e BU(41,9) (61)
[dagg(q)'Pe e

which does not depend on ¢s. As is discussed in detail in
[8] (for a brief derivation, see appendix C),

clgt) =

AR
9(qt,q.)| 1), (62)
with H defined as
N
_ -1 991 Oq1
H= Zm o (63)
So, we finally obtained
P(qik, qs) = C(q;k)|H|l/2Pc(qs; QT) (64)

The above equation implies that we can obtain averages
of configurational quantities in the unrestricted
ensemble from averages computed in the restricted
one, except for the constant C(gT). More explicitly, for
an arbitrary function 4(g) it is

A@)dqi - qt)y= Clgt)H[ P alg)y.  (65)

Here and in the following, the subindex ¢ when placed
after pointed brackets denotes averages under the con-
straint ¢; = ¢f. As a consequence of equation (65),
ratios of averages in the restricted ensemble can be
translated directly into ratios of averages in the unre-
stricted situation through

AlQ)dq1 - gt)>_ H| Al
Blg)dqi - qt)> (H[ '"Blg)y,

Up to this point we have limited ourselves to configura-
tional properties A(g), ie., to properties depending
only on the coordinates of the system. What happens
if 4 also depends on the momenta? The relationship
given by equation (60) holds only for the configurational
part of the distribution function. The equilibrium
momenta distributions generated by the constrained

(66)
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and unconstrained dynamics are different and there is
not simply a proportionality relation between the two of
them. But this is not a serious difficulty since at equili-
brium the unconstrained momenta are distributed
according to the Maxwell-Boltzmann law. Therefore,
a practical way of proceeding is to write from equation
(60)

olqt,qs,pr,ps) = plat, qs)F( p)
= Clgi)|H[ e, qt)F(p).  (67)

The above expression shows clearly that equation (66)
also can be applied to compute the equilibrium average
of a general function A(q,p), provided we use con-
strained dynamics to generate the configurational distri-
bution, but unconstrained dynamics to follow the
subsequent time evolution of A.

Before closing this section, we emphasize that equa-
tion (67) shows how constrained dynamics can be used
to compute static equilibrium properties of the con-
strained system. The same equation can be used also
to study the time evolution of the system, subject to
the condition that the system at ¢ = 0 satisfies the con-
straint. However, in that case the constrained dynamics
are used only to generate the initial conditions, and the
full (unconstrained—constrained) dynamics should be
used to study the subsequent time evolution.

6. Transition rate
The relation between restricted and unrestricted
averages can be used to facilitate the computation of
the rate of activated processes with a high free energy
barrier. Equation (39) can be rewritten as

kag = PO(QT)R(f), (68)
where (
o _ Slgi - gt
Pilgt) = gt - q1)y (69)
and
_ <@g - gh)efgnlr) - gtp
R(t) = PRI . (70)

Py is the equilibrium probability density of finding the
system at the top of the barrier divided by the equilib-
rium probability of finding it in the reactant side. R(7) is
the averaged flux at the top of the barrier multiplied by
the probability that the system ends up on the product
side at time 7. R(#) can be measured directly by using
constrained dynamics, as it is the ratio of averages
involving delta functions of the reaction coordinate.
Application of equation (66) yields

I OE |H|* l/2q'19[_q152t)' GT)]% (71)
(A

Unfortunately, Py cannot be computed directly using
constrained dynamics. It can, however, be cast in a
form that can be computed using constrained dynamics.
But, before showing stress, we stress that Py is a time-
independent equilibrium quantity. It can therefore be
computed also using Monte Carlo (umbrella) sampling
[13] Let us consider the equilibrium probability density
p(gt) of finding the system with a given value gf of the
reaction coordinate, i.e.,

plgt) = a1 - qt)>= |dg g1 - gr)elq).  (72)

Obviously,

! darelqr)
We differentiate In p(g), using equation (53):
iln p(ql') = 1 i
Oa qus|9’(Qf, g.)|'? & PUlr) Ogy
X qus|?(qf, qs)|l/2 e ﬁU(q(,qs)' (74)

It is easy to verify that the above expression is equiva-
lent to

Flg.qs)3 g1 - gr) (75)

O _
aqunp(qr)_ Saqi-qr)y

where we have defined

Oln [%(q1,q.)|'"
F(ql,qs): n| (41 4)|

i B(?U(ql,qs)
oq Oq1

The RHS of equation (75) can be expressed as a ratio of
constrained averages through equation (66),

(76)

-1
ey In p( f) = |H(qf»qs)| I_:(l/qzl'qqs) s (77)
G QH qr,q5)| e

Here, the subscript ¢”denotes averaging in an ensemble
subject to the constraint ¢; = gf. In order to obtain
p(qi") we must integrate equation (77), starting from
some reference value of gf and up to gi. A convenient
choice is gf = qia, i.e., the position of the minimum of
the free energy corresponding to state A. The value of
olq A) can be obtained from a direct equilibrium simu-
lation. Then, we arrive at

olgt) _ J*T Hgt.g) PRt (o

= dgr -
i) Yo Hqt,q) .

In the expression for F (ql,qs), equation (76), the deter-
minant |§’| can be replaced by the Jacobian |J | of the
transformation from the Cartesian coordinates r; to the

In
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generalized ones ¢,. In effect, from the definition of &,
equation (51), it follows that

N
|(J- l)+§’J- I _ Hy,?, (79)
N
CLY) 5

which implies

and
oln|g|'"” o] (81)
oq: oq
Then we can rewrite equation (76) as
oln|J(qi.q)| , 0U(q1.q:)
a s) = Bs . 82
(q1,95) 20 P an (82)

which is the form which appears in the literature [8]

In practical applications of the scheme described
above, the choice of the reaction coordinate ¢; asso-
ciated with the reaction order parameter is dictated by
the physics of the problem. However, there is consider-
able freedom in the choice of the complementary set of
generalized coordinates ¢;. Of course, the final result
for the transition rate does not depend on this choice,
but the calculations simplify if an appropriate set of
generalized coordinates is considered. To the best of
our knowledge, this fact has not been exploited suffi-
ciently. Below, we show how a judicious choice of gen-
eralized coordinates leads to a significant simplification
of the calculations. Such a simplification becomes par-
ticularly important when ¢; is a global parameter
depending on the position of all the particles in the
system. In this case, it is convenient to choose the
complementary set in such a way that the generalized
coordinates are orthogonal:

Vo Vs = 8ap (83)
and
Vg Vago=0, (84)
for a, B > 1. Here, we have introduced the gradient
0 0
V=%, 2| 85
( or’ ory (85)

In appendix D we show that equations (83) and (84)
imply
| = [V (86)

and

ad_ 1 gy
= . 87
oqi |Vq1|2 e (87)

where f is an arbitrary function of the positions of the
particles. Using these relations, equation (82) becomes

(VIVa])- Vg VU Vg (85)
V|’ i

The first term on the RHS vanishes when ¢; is a linear
function of the Cartesian coordinates and then the only
contribution comes from the gradient of the potential
energy. On the other hand, if ¢; is a complicated non-
linear function of the positions of the particles, the con-
tribution of this term may be quite significant. The
important fact is that equation (88) allows the evalua-
tion of F and, therefore, of the transition rate in a direct
way from the expression of the reaction coordinate ¢,
without any need for further specifying the complemen-
tary set of generalized coordinates. An application of
the method has been reported recently for the case of
nucleation of a simple fluid [14] where the reaction
coordinate is a complex, nonlinear function of the full
configuration of the system.

Flq,q5) = -

7. Drawbacks

In the previous sections we reviewed the derivation of
the standard statistical mechanics expression for the rate
of activated processes that is amenable to numerical
simulation (equation (39)). However, in numerical simu-
lation it is important to distinguish between expressions
that are correct in principle, and those that are correct
and computationally efficient. So the question we wish
to address is whether equation (39) for the rate constant
is optimal from a computational point of view. The
question is important because equation (39) has been
the starting point for most molecular dynamics simula-
tions of activated processes. However, as we will show
below, equation (39) is most useful when it is least
needed, i.e., when re-crossing is not important and the
transition state theory prediction for the rate is reason-
ably accurate.

Let us first consider a simple example to illustrate the
problem: a square barrier of height U and width o that
separates two macroscopic states, A and B. When the
system is in equilibrium, the two states have the same
probability peq. We assume that the motion in the bar-
rier region is diffusive. In that case, the time evolution of
the system is governed by the Kramers equation [7]

ax_pngl_’ﬁ = aiqlpﬁU{qn)P(qbf)]J' b azp(;q?l -
(89)

where D is the diffusion constant of the system. This
equation follows from the continuity equation

olgt) 0y (90)

ot Oq1
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for J(ql, ), the probability flux, and the constitutive
equation

q1 t = -D[ﬁU{ql qi, t —ql—’—t)] 91

From equation (89) it follows that, if the system is in a
steady state, the probability distribution at the top of the
barrier (where U #= 0) is a linear function of the reac-
tion coordinate ¢,

p“(ql) =ap+b if 0<q <o, (92)
and the flux of probability is constant,
J = -aD. (93)

The constants ¢ and b have to be determined from the
boundary conditions. Let us suppose now that initially
we increase the probability of state A from its equi-
librium value by an amount epeq /2, and decrease the
probability of state B by the same amount. If the barrier
is high enough, the flux will be very small and the prob-
abilities of states A and B will not change. Alternatively,
we can think that the system is in contact with a reser-
voir and the probabilities of states A and B do not
change in time. In this case, the stationary probability
distribution at the top of the barrier is

pMq1) = e-ﬁUPqu:l - (ql - CEO) Cﬁo]’ (94)

and the flux is
Jt= - pa sy (95)
w
As expected, the flux decreases exponentially with the
barrier height. It should be stressed that, if the prob-
ability at the top of the barrier does not have the form
given by equation (94), the flux has not reached its sta-
tionary value.
Let us come back now to our expression for the rate.
Using the properties of the Liouville operator equation
(39) can be rewritten as

<9qu - ql(o)bl(t)&lql(t) - qT)>eq
<nA>eq .

kap = M(t) =

(96)

Apart from a constant factor, M(¢) is the flux through
the transition state ¢{* (that we choose, somewhat arbi-
trarily, to be in the middle of the barrier, i.e., ¢f = ©/2),
due to a step function probability profile at = 0. As
this step function differs from the linear profile that
corresponds to the steady state, the subsequent flux
will depend on time. We are interested in the plateau
value of M(¢) after the initial transitory regime. The
usual assumption is that this transitory regime extends
over typical ‘molecular’ time scales. However, in the
present case it is easy to show that the approach of

M( t) to its plateau value can be quite slow. For times
1< & [D we can combine equations (89) and (91) to

yield ( ) . )
oJ(gi. t Jgt. ¢t
= =~D —
ot oq} (97)
We then find that J(q1 t) decays as 1/£'7 for times

I< o /D This means that the approach to the sta-
tionary state is rather slow. Moreover, in the case of
diffusive barrier crossings, the transmission coefficient
k is typically quite small. But, as we will show, such
small values of k cannot be measured accurately using
equation (39).

The expression for the transition coefficient is

G1(0)np(1). (98)
~ D |>eq

In a computer simulation, we put the system initially at
¢t and let it evolve. We then compute ng(7) for times
that are long enough for equation (39) to have reached a
plateau value. We repeat this procedure for » indepen-
dent trajectories, and then estimate k as

2 S o
Kest = n<|él|>eq Z[QI(O) B(f)]- (99)

The statistical error in K iS given by

Gi = <(Kest = <K)2>- (100)

Taking into account that the trajectories are uncorre-
lated and assuming that ¢; and ng are Gaussian vari-
ables [15] we obtain

or = + (101
<| |>eq <q1><7’lB> )

If the transmission coefficient is very small, the second
contribution in the previous expression is negligible, and

o2~ —— g X (102)
g |>eq
Moreover,
PRGN (103)
Jar e
Hence,
ol ~ %, (104)

and the relative error is

Ok 1

7~ W’; (105)

This shows that even for a transmission coefficient of 0-1
we would need to follow about 10* trajectories in order
to get a 10% accuracy.
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The obvious question is whether we can do better.
The main problem with equation (39) is that we prepare
the system in a state that is not close to the steady state
situation. In the steady state, the probability profile at
the top of the barrier is a linear function of the reaction
coordinate, and the flux is very small. Hence, if we set up
a perturbation that has the desired shape, rather than a
step function, we would eliminate the problem of the
slow diffusive approach to the steady state crossing
rate. We will use, therefore, equation (34) for the rate,
and, instead of choosing a step function for the generic
function y(q1), we assume that y outside the barrier
region behaves like a step function, while inside the
barrier region it has the same ¢; dependence as the
steady-state concentration profile:

1q1) = of (q1), (106)
with
1 if g1 <0,
flg)=41- % fo<q <o,  (107)
0 if g1 > o

As the initial perturbation is a linear function of ¢; at
the top of the barrier, the system is immediately pre-
pared in the steady state. The constant o is fixed by
the normalization condition

a (108)

<nA >eq ’

where we have used the fact that f(ql) differs from a
step function only in the barrier region, which contri-
butes negligibly to the integral. For the same reason, we
can write

A AA A Deq R B Yeg- (109)

Introducing these last two results in equation (34), we
obtain

1.,
kap = @@1 FAq)na())eq. (110)

Using the expression for f (ql),

G f Aq)na()pe = - Clo<€il9(Q1)9(w- q1)na(1)ug.
(111)

As the average (g1 f {qi )nA(O)>eq vanishes, we need con-
sider only the change in na during time ¢

d[/dl’lA(t’!

o dt-
- J:)dt’él(t’)&Q1(f’)' qik)- (112)

I’IA(I) - I’IA(O)

Hence,

G Aam(iy, = f v rélg)elo- )
x (1) q1(17) - qt)eq
= %OJ; dt{gdq - qf)q(t)
x hgi(1))do- qi(1))g.  (113)

The integrand is the velocity autocorrelation function of
a system that is initially at ¢{ (at the middle of the
barrier), multiplied by the probability that it has not
left the top of the barrier at time 72 As the velocity of
the system becomes uncorrelated with the initial one
after a few collisions (i.e., on a truly ‘molecular’ time
scale), we can expect the velocity autocorrelation func-
tion to have decayed to zero before the system leaves the
top of the barrier. Then,

G g = = J; dr-(g1(0)q1 (1)< qr = 4t Dea-
(114)

But if the velocity autocorrelation function decays to
zero in a time less than 7 we can replace the upper
limit of the previous integral by infinity. Making use
of the Green—Kubo relation

D(gt) = det'<él(0)él(zf)>q7, (115)

where we have used the notation D(qi") to indicate that
D will, in general, depend on ¢;:

G A = 2 - ahg  (116)

and the rate is
D
kas = P Po(qi"), (117)

which is indeed the correct answer. However, this result
is not particularly interesting if it does not yield a higher
statistical accuracy of the crossing rate. Now our esti-
mate for « is

__2 < A0V (),
Kest = CO<|q1|>I’lZJ:) dt (QI(O)QI(I))l, (118)

where we must remember that in all of the n trajectories
considered the system is initially at the top of the bar-
rier. Following essentially the same reasoning that led to
equation (101) we now obtain

m{ I dt"‘:) 4761(0)d1 ()61 (0)

x q'l(z”)>q:[ J; dr'<cil<0)cil(zf)>q;] } (119)

<(A Kest)2> =
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If we assume, as before, that ¢, is a Gaussian variable,

A est = L
<( K ) > 602<|ql|>2n
X [<cﬁ>t J; dr7¢g1(0)qi (), + Dz], (120)
(A ket )y~ m@ﬁwg (121)

where we have used the fact that the second factor in
equation (120) is «*/n, which is negligible in the
diffusive regime, where « is small. Using equation
(103) again,

Dt

= (122)
wn

<(A Kest)2> ~

The relative error in the computation of the transmis-
sion coefficient is now

K kn'? o

(123)

We have increased the statistical accuracy by a factor
(Dt)l/ : Jw. As t is the time that characterizes the decay
of the velocity correlation function, (Dt)'/* ~ Amfy Amf
being the mean free path. Hence, (Dt)l/2 Jo~ Amf [0
which, for barrier widths not of molecular sizes, is
very small. Therefore, by a more convenient choice of
the characteristic functions defining reactant and prod-
ucts we have increased the statistical accuracy consider-
ably. In fact, it is clear from equation (117) that
K~ Amf /o, and the overall effect is

: )2‘ 1/2
(A Kest - L (124)

K a2

We have improved the statistical accuracy by a factor/x.
Clearly, for diffusive barrier crossing problems, there is
much to be gained by using a smoother function than
the 6 function to measure the properties of the barrier
crossing problem.

8. General case
Let us consider again the general barrier crossing
problem: a system that can be in two states A and B
separated by a free energy barrier F(q, ) To construct an
efficient numerical scheme, we will again assume that the
time evolution of the system is described reasonably well
by the Kramers equation:

oplgt) — dJq.t)
o - oq (125)

where J (ql, t) is the probability flux

a0 = - Dq[ﬁF{m)p(ql,t) + %qth_t)]

- 0
=-D,e ﬁF(ql)a_ql E;ﬁF(ql)p(ql,[)] (126)

D, is the diffusive coefficient in ¢; space. Equation (125)
can be written in terms of the operator & as

Oplgi,t) D i[e-ﬁF(‘ll)i(eﬁF(q')P(m f))]

o Toq oq

= dplqi,1). (127)

The general solution of the above equation is a linear
superposition of the eigenfunctions of & that satisfies

[18]
Foulqi) = - Moulqr) forn=0,1,2 (128)

g lgsgeees

Ao = 0, and, obviously, ¢ o(ql) is the equilibrium distri-
bution associated with the reaction coordinate. The
eigenfunctions ¢, satisfy the orthogonality condition

qul ‘P(-) l(ql)‘ﬂn(ql)‘Pm(ql) = 6/1,117, (129)

and the completeness relation,

z= oulgealan) 8(q1 - qf). (130)

Wo(m)

We are interested in the response function of the system
after a generic initial perturbation X(ql),

(A na(0)A x(1)>
(1) = Amaldyyg

Expansion of the correlation function in eigenfunctions

yields
o(1) = ch e M (132)

(131)

and

1
n= T A< A Pn
: <A I’IAA X>eq[qul e (ql)]

X [qul AX(QI)‘Pn(ql):I' (133)

In some specific cases the eigenfunctions and eigenvalues
of the operator & have been worked out [17, 18]
However, for the present purpose, we do not need to
know the full solution. What is important is that, for a
sufficiently high barrier, the mode ¢ ; decays much more
slowly than all higher modes. If we can construct the
initial perturbation to be proportional to ¢ ;, we would
suppress the initial transitory behaviour (all ¢, would be
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zero except ¢;), and from the very beginning the system
would be in the steady state.

The probability profile that corresponds to ¢ is con-
stant in region A. In region B it is also constant, but
opposite in sign. Only in the barrier region does ¢ | vary
rapidly. Let us compute the probability profile of the
system when it is in the steady state. If we write the
initial perturbation as

P(ql) = Peq(Ql)[l + 8(q1)] (134)

(which means that y = 1 + &(q )) we can compute the g
dependence of &(gq1) when the system is in the steady
state. In that state, the probability flux is constant,
independent of ¢;. From equation (126),

‘ ; O:(qy
st _ _ D.e 5F(41)
J q€ oq
and
st 1
elqr)- ea=- = dgre? 0. (135)
q Jqia

To eliminate J* from this expression, we impose an
absorbing boundary condition at qlB(s(qlg) = O),
leading to

ql dqreﬁF ar)

qlB BF(g7)
qiA dqfe l

If the barrier is high, the value of the integral appearing
in the previous equation will be dominated by the max-
imum of the free energy if the barrier region is inside the
integration interval. Therefore, if ¢; is in the A region,
the numerator in equation (1363 will be much smaller
than the denominator, and 8(q1 Jea =~ 1. On the other
hand, if ¢; is in the B region, the numerator and denomi-
nator of equation (136) will be approximately equal, and
e(q1) Jen ~0. Hence, &(q;)/ea behaves much like ny,
except in the barrier region, where it varies rapidly.

In order to improve the efficiency of the numerical
calculation of kap we must achieve two things. First
of all, we need to suppress, as far as possible, the tran-
sient behaviour in the computed rate constant. This is
achieved by preparing an initial perturbation that
closely resembles the slowest eigenmode ¢;. Second,
we need to suppress the statistical noise in kap by
improving the 0 representation of na. This is achieved
by measuring the progress of the reaction by a function
that is proportional to ¢ ;. In fact, selecting such a char-
acteristic function will also contribute to the suppression
of the transient behaviour in kap.

One of the problems with equation (136) is that
usually we do not know exactly the free energy of the
system as a function of the order parameter. This
problem can be avoided because, in practice, we need

to approximate only F (ql). In what follows, we denote
our estimate of F (ql) by Fest(ql), and we shall assume
that s(ql) in equation (136) is derived from this Fest(ql )
Once we have chosen the form of #(g;) to prepare the
system in a stationary state, we can use it to compute the
transition rate kap using equation (34):

@redq)na(t)eg, (137)

kag =

1
8A<I’1A >eq

where we have also taken into account that 8(q1) [ea 18
approximately equal to na except in the barrier region,
that contributes negligibly to equilibrium averages.
From equation (136)

ﬁFevr(ql )

[~
eAqi) = - AT dgre P (138)

Let us define p(ql) as

( ) eﬁme(ql) ( )
p ql = qlB ﬁFCSl( [/) : 139
QA dqfe !
Then, equation (137) can be rewritten as
/ np(1)), .
g = 2@l oD )

<]7 ( qi )>eq <I’IA >eq

The first factor in this equation can be understood as a
biased average, i.e., the average of élnB(t) with the
initial distribution peq p(ql). If we denote this biased
average by (...),, the final result we obtain for the tran-
sition rate is

> < (q1)>e
v <nA>eCl

This equation has a very similar form to the usual
expression, equation (39), for the rate, but now the
constraining term is not a & function, but a function
that has the width of the barrier. We recall that, in
practice, we approximate F (ql) by Fest(ql). But this is
not really important: any reasonable guess for p(q; ) will
do, and is bound to lead to a more rapid convergence
that the & function, as the perturbation that follows
from it will be closer to the stationary state than the
step function.

Still, equation (141) is not the best starting point for a
numerical simulation. The biasing in equation (141) is
such that it will compensate approximately the effect of
the free energy barrier. Hence, the starting points for
the trajectories of the simulation will be distributed
almost uniformly over the entire range of ¢;. In fact,
we should expect that only trajectories starting in the
barrier region yield relevant information. In order to
see this we now use a characteristic function n, that is
the same as the initial perturbation, i.e., na = &(q1)/ea.

kag = {qing( ) (141)
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When measuring the progress of the reaction we need to
compute the change of n4 in an interval z. It now follows
from equation (138) that

na(t) - na(0) = - cJ:)dt’eXp [BFs(q1 () (),
(142)

where we have denoted the normalization factor of
equation (138) by c¢. Equation (142) shows clearly that
only the barrier region, where exp(ﬁFest(ql)) is large,
contributes appreciably to the crossing rate. It is there-
fore convenient to write nx(7) - 15(0) as

na(2) = na(0) = - exp [BFes(1(0))]
x I drrexp APl (1) - Pl (0))]

< qi(1). (143)

Rather than biasing our sampling with p(ql) defined
in equation (139), we now define another weighting
function w(ql) as

2B F; csl(ql)
e
w(q1)= . (144)

ZﬁFCSl( ') :
QA dqfe i

In exactly the same way as before, we now obtain the
following expression for kap

q1B 25ch1(4’)
7ATN dqfe l dt/
918 dqreﬁchl(q():r 0

X <ql eXp [B(Fest(ql(t’)) = Fest(ql(o)))}]'l(t’))v

<W( qi )>eg
<nA >eq ’

Note that with w as a biasing function, the sampling
is indeed limited to the barrier region, so all the trajec-
tories considered will contribute appreciably to the rate.
In fact, the shape of the resulting distribution is propor-
tional to exp(ﬁ[zFest(ql)- F(ql)]) Nexp(ﬁF(ql)). If
the velocity decays rapidly, then the factor
exp [ﬁ(Fest(ql(tg)- Fest(ql(O)ﬁ))] will remain close to
one.

We stress, once again, that accurate knowledge of
F(q1), although useful when it is available, is not essen-
tial. Any reasonable approximation for F (ql) will,
when inserted in equation (145), lead to improved sta-
tistical accuracy in our estimate of the transmission
coefficient k.

We should point out that several authors have con-
sidered the problem of diffusive barrier crossings from
another perspective. Straub and Berne [19] devised a
time-saving scheme to compute diffusive barrier-
crossing rates, based on the assumption that the

kag =

x (145)

dynamics of the trajectories before and after crossing
the transition state are uncorrelated. Using this assump-
tion, Straub and Berne then derive an expression for the
transmission coefficient in terms of only those trajec-
tories that remain on the product side for sufficiently
long times. Therefore, only those trajectories are rele-
vant and the simulation can be carried out with an
absorbing boundary at the top of the barrier.
Although this scheme is indeed cheaper than the original
Bennett—Chandler method, it still suffers from transient
effects. Moreover, as pointed out by Straub er al. [20]
and by Gertner et al. [21]the approximations underlying
this scheme may fail, even in the high friction limit.
Borkovec and Talkner [22] addressed the problem of
suppressing the transients in the computation of rate
constants in the context of Markovian jump processes
where ¢ is ill defined. In our language, the approach of
[22] is equivalent to preparing the system in a steady
state. However, the characteristic function to measure
the progress of the reaction is still the step function. As a
consequence, the technique of [22] does not result in
noise reduction. However, it should be emphasized
that noise reduction was not the aim of [22]

9. Discussion

At this stage, the reader may well wonder why we do
not simply use the Kramers equation to compute the
transition rate. The point is that we use the Kramers
picture only to arrive at a reasonable estimate for the
function s(ql). However, the validity of the rate expres-
sion that we derive does not assume that the Kramers
equation is valid. In particular, the coordinate ¢ may
depend in a nonlinear fashion on the Cartesian coordi-
nates, in which case the simple diffusion equation will
not hold. Moreover, the diffusion constant D may
depend on ¢; (if it is at all meaningful to define a local
diffusion constant). Anyway, even if the barrier crossing
is diffusive it may be described poorly by a Fokker—
Planck equation. For instance, hydrodynamics effects
that are not accounted for in the Fokker—Planck equa-
tion may be important for barrier crossing in solutions.

In summary, when computing rate constants of acti-
vated processes that exhibit appreciable recrossing, it is
convenient to use an initial perturbation and character-
istic functions that resemble the steady state concentra-
tion profiles. This is shown in figure 2, where we compare
two different calculations of the barrier crossing rate for
a labelled particle in a Lennard-Jones fluid. Only the
labelled particle experiences an external potential
shown in figure 1. The dashed curve corresponds to the
case when we use the conventional 6 function perturba-
tion and characteristic function. In this calculation, the
system is initially constrained at the top of the barrier,
and is then released. The numerical calculation of kap
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1.0 T T T

o'oo.o 1.0 2.0 3.0 4.0 5.0

Figure 2. Two different calculations of the transition rate for
the example discussed in the text. The dashed line corre-
sponds to a 6 shaped initial perturbation. The continuous
line corresponds to an initial perturbation close to the
steady state. The characteristic functions were 6 functions
in both cases.

shows two problems: it has a strong transient effect and
the statistical noise in the plateau value is large. In fact,
the magnitude of the statistical noise cannot be estimated
simply by looking at the fluctuations in kag(¢) as a func-
tion of time, because different points in this curve are
strongly correlated. Rather, one should estimate the
error by comparing the results obtained from a number
of independent trajectory calculations [23] The dashed
curve in figure 2 shows the result for k obtained using an
initial perturbation that is close to the steady state profile
for a purely diffusive barrier crossing process. We stress
again that we do not assume that the Kramers picture is
actually the correct description, only that it is a reason-
able initial guess. Now we see that the transient effect in k
is strongly suppressed. However, the statistical noise
(due to the fact that we measure the progress of the
reaction with a @ characteristic function) is still large.
This can be seen in figure 3, where the continuous
curve represents the same calculation of kap(7) as in
figure 2 together with the estimated error in the plateau
value. We find k= 0-118 =4-5x 10"%. The curve
labelled by filled circles in the same figure shows the
effect of using both the optimized initial perturbation
and the appropriate characteristic function. This form
is computationally more convenient as it leads to
strong suppression of the transient behaviour and
appreciable reduction in statistical noise. As expected,
the estimate of k (k= 9-1x 107% £1.7x 10™?) is, to
within statistical accuracy, the same as before.
However, in the present case, the noise in k is reduced

0.5 ;

0.1

0'Oo.o 1.0 20 3.0 4.0 5.0

t

Figure 3. Comparison of two computations of the transition
rate and its statistical noise when the system is prepared
close to the steady state. The solid line corresponds to a 0
characteristic function, and the line with circles to an
optimized one.

by a factor of 3 (which is equivalent to almost a factor of
10 in computer time).

We stress that the example that we show here is by
no means the best case as the barrier is rather narrow
(around 2c). For broader barriers, the computational
gain would be much larger.
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Appendix A
Phenomenological rate equation
Let us suppose that the behaviour of P4 (¢) and Py(7),
the probabilities of finding the system in states A and B,
is governed by the phenomenological equation

dPA(t
dt

dPB(t
dt

=~ kapPalt) + kaPs(s), (A1)

= kapPal(t) - kBAPB(I), (A2)
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where kap and kg are constants. Of course, these equa-
tions verify the conservation condition

%(pA(z) + Py(1)) = 0. (A3)

The equilibrium distribution has to be a stationary
solution of the equation. Therefore,

d_PZq_ eq eq
G " hanPY + ksa Pyl = 0, (A4)
which implies .
kap P;
ko~ P (45)

Since Pa(7)+ Pg(r)=1, we find for APx(7)=
Pa(7)- P that
dA Py _
dr
It follows directly that the relaxation of the system is
exponential:

- (kap + kpa)A Pa(2). (A6)

A Pa(1) = A PA(0)e /", (A7)
with
1= kap + kpa :kAB(l"'kﬂ)
kas
P
= kag| 1+ ;A_
-1 _ kas

= (A38)

This is equation (33) in the main text.

Appendix B
Independence of Kap of location of barrier
We wish to investigate the dependence of the transi-
tion rate given by equation (39) on the choice of the
transition state ¢i. It is a well known result [6] that
the TST expression for the rate does depend on the
choice of ¢f. Equation (39) for the rate is:

{gdq - q1)9fql t)- hq
<dql - q1)>eq .

First of all, it is clear that the RHS of equation (B 1)
cannot be independent of ¢f for all times. For instance,
we know that the limit of this equation for  — 0" is the
TST prediction for the rate, and it depends on time.
However, we are interested only in times such that the
plateau of the previous expression has been established.

Let us consider the denominator of equation (B 1). It
is the equilibrium probability of finding the system in
state A. It is clear that, if we choose ¢f in the barrier
region, where the probability of finding the system is
very small, a small shift in its value will hardly affect

kag = (B1)

the equilibrium probability of state A. Hence, we can
consider the denominator of equation (B1) to be inde-
pendent on ¢ as long as it is located in the barrier
region. The next step is to study the dependence of the
numerator:

<dl5(41 = QT)e[ql(f)' qik)>eq

= (zdq - qf)e” g - qF))q-

Differentiating with respect to ¢f and using time-
reversal symmetry, we obtain

o .
ot ol - gt (1) - gF)deq
- %k
<g%é_*ql_le’$9(ql - qT)>
q1 eq
- %k
(oo e Sy
i q

<ﬂq';q—le Z6dq - q1)>

€q

<ﬂq';q—le Z6dq - q1)>

€q

= 26(q1 - q1)q1(1)8(q1(2) = gF)eq- (B2)

This is the velocity of the system at time 7, multiplied by
the probability that it is at the top of the barrier at time ¢
and also was at the top of the barrier at time ¢ = 0.
There is no symmetry reason why this correlation func-
tion should vanish. In fact, for sufficiently short times it
is clear that it is different from zero. For these times, the
derivative of kxp with respect to ¢f is non-zero, and the
rate depends on the choice of ¢if'. On the other hand, for
times long enough for this correlation function to have
decayed, the transition rate will be independent of the
precise choice of the transition state, as long as it is
chosen in the barrier region.

Appendix C
Relation between # and ¥
The inverse of the matrix ¢ defined in equation (51) is
given by

N
-1 _ -1 aga . ag@
(?)aﬁ = E m; al‘,‘ 8r,< N (Cl)

as can be verified by using

<, On Ogg

Oga OF; 851, (C2)
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where I is the 3 x 3 unit tensor. Let us write the matrices

% and ¥ ! in block form as
¥ s -1 _ | H By
y= ?sl ?s > 4 B le Bs) > (C3)
where
H= (%) = S 1 01 0 (C4)
e Z "oon or’
We also define a matrix X by
1 ?ls

X = (C5)

0 ¥

By construction this matrix has the same determinant
as s,
X | = |#4]. (C6)

The relation ¥ '& = I implies
Hg’ls + Bls?s = O,

Ba%1s + B = I, (C7)
and use of this leads to
7 'x= ;Isl ?), (C3)
and therefore
¥ x| = H. (C9)
It then follows that
iwg 'x|= |9||#" ' x|7||H]|, (C10)
and also that
w9 'X| = |X| = |#|. (C11)

Comparison of equations (C10) and (C11) leads to
equation (62) in the main text.

Appendix D
Simplifying Jacobians
In order to make the notation in this appendix more
transparent we rename the Cartesian coordinates as

{rl,rz,...,r/\/}z {ra;oc: 1,...,3N}. (Dl)

The matrix associated to the transformation from
Cartesian to generalized coordinates is

Org,
== D2
Jaﬁ aqﬁ ) ( )
and its inverse is
(1), = L. (D3)
arﬁ

Denoting the transpose of J by J*, we introduce a
matrix Q defined as

QaﬁE []-I(J-l)+:Lﬁ —

= V4o Vygp =

04 04s
ary ary

|an| Sap. (D4)

In the last transformation we employed equations (83)
and (84) from the main text. Note that Q is a diagonal
matrix with all the diagonal elements equal to unlty
except the first one. Therefore, (O™ ')y, |an|

This will be used below. Moreover,

PO = = vl (D)

and
V= Ve[ " (D6)

Let us now consider an arbitrary function of the posi-
tion of the particles f(rl,rz,. .. ,rN). The derivative of
this function with respect to the reaction coordinate,
keeping all the other generalized coordinates constant,
is given by

LG/ e/ o
= -. D7
oq Zara oq (D7)
In order to get an expression for Jy = Ory /Oq; let us
consider
J=(Nol, (D8)
Le.,
N
% 1y 1 O
Jaﬁ Zara (Q )yﬁ |Vq5|2 8ra' (D9)

Using this result in equation D7) we finally obtain

of O Vf Vg
aq1 |Vq1| Zara Ora |Vq1|2 ’

which is equation (87).

(D 10)
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