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Abstract. We give a mathematical framework for temperature accelerated dynamics (TAD),
an algorithm proposed by Sgrensen and Voter in [J. Chem. Phys., 112 (2000), pp. 9599-9606] to effi-
ciently generate metastable stochastic dynamics. Using the notion of quasi-stationary distributions,
we propose some modifications to TAD. Then considering the modified algorithm in an idealized
setting, we show how TAD can be made mathematically rigorous.
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1. Introduction. Consider the stochastic dynamics X; on R? satisfying

(1.1) dX, = —VV(X,)dt + /28~ dW,,

called Brownian dynamics or overdamped Langevin dynamics. Here, V : R* — R
is a smooth function, 3 = (kgT)~! is a positive constant, and W; is a standard d-
dimensional Brownian motion [23]. The dynamics (1.1) is used to model the evolution
of the position vector X; of N particles (in which case d = 3N) in an energy land-
scape defined by the potential energy V. This is the so-called molecular dynamics.
Typically, this energy landscape has many metastable states, and in applications it is
of interest to understand how X; moves between them. Temperature accelerated dy-
namics (TAD) is an algorithm for computing this metastable dynamics efficiently. (See
[27] for the original algorithm, [19] for some modifications, and [25] for an overview
of TAD and other similar methods for accelerating dynamics.)

In TAD, each metastable state is associated to a basin of attraction D for the gra-
dient dynamics dz/dt = —VV (z) of alocal minimum of the potential V. Temperature
is raised to force X; to leave each basin more quickly. What would have happened at
the original low temperature is then extrapolated. To generate metastable dynamics
of (X¢)t>0 at low temperature, this procedure is repeated in each basin. This requires
the following assumptions:

(H1) X; immediately reaches local equilibrium upon entering a given basin D.
(H2) An Arrhenius law may be used to extrapolate the exit event at low temper-
ature.
The Arrhenius (or Eyring—Kramers) law states that, in the small temperature regime,
the time it takes to transition between neighboring basins D and D’ is

—1 4
(1.2) v~ exp [—kBT] ,
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where 6V is the difference in potential energy between the local minimum in D and
the lowest saddle point along a path joining D to D’. Here, v is a constant (called
a prefactor) depending on the eigenvalues of the Hessian of V' at the local minimum
and at the saddle point, but not on the temperature. In practice, the Arrhenius law
is used when kT < |0V|. We refer to [2, 4, 11, 17] for details.

TAD is a very popular technique, in particular for applications in material sci-
ences; see, for example, [1, 3, 5, 12, 18, 24, 28, 29, 30, 31, 32]. In this article we provide
a mathematical framework for TAD and, in particular, a mathematical formalism for
(H1)-(H2). Our analysis will actually concern a slightly modified version of TAD. In
this modified version, which we call modified TAD, the dynamics is allowed to reach
local equilibrium after entering a basin, thus circumventing assumption (H1). The
assumption (H1) is closely related to the no recrossings assumption in transition state
theory; in particular, one can see the local equilibration steps (modifications (M1)
and (M2) below) in modified TAD as a way to account for recrossings. We note that
modified TAD can be used in practice and, since it does not require the assumption
(H1), may reduce some of the numerical error in (the original) TAD.

To analyze modified TAD, we first make the notion of local equilibration pre-
cise by using quasi-stationary distributions (QSDs), in the spirit of [15], and then we
circumvent (H2) by introducing an idealized extrapolation procedure which is ezact.
The result, which we call idealized TAD, yields exact metastable dynamics; see The-
orem 3.6 below. Idealized TAD is not a practical algorithm because it depends on
quantities related to QSDs which cannot be efficiently computed. However, we show
that idealized TAD agrees with modified TAD at low temperature. In particular, we
justify (H2) in modified TAD by showing that at low temperature, the extrapolation
procedure of idealized TAD agrees with that of modified TAD (and of TAD), which
is based on the Arrhenius law (1.2); see Theorem 4.1 below.

In this article, we focus on the overdamped Langevin dynamics (1.1) for simplicity.
The algorithm is more commonly used in practice with the Langevin dynamics

(1.3)

dqt = M_lpt dt,
dpt — —VV(qt) dt — ’yM_lpt dt + \/ 2’}/6_1 th

The notion of QSDs still makes sense for the Langevin dynamics [22], so an extension
of our analysis to that dynamics is in principle possible, though the mathematics
there are much more difficult due to the degeneracy of the infinitesimal generator of
(1.3). In particular, some results on the low temperature asymptotics of the principal
eigenvalue and eigenvector for hypoelliptic diffusions are still missing.

The paper is organized as follows. In section 2, we recall TAD and present
modified TAD. In section 3, we introduce idealized TAD and prove that it is exact in
terms of metastable dynamics. Finally, in section 4, we show that idealized TAD and
modified TAD are essentially equivalent in the low temperature regime. Our analysis
in section 4 is restricted to a one-dimensional setting. The extension of this to higher
dimensions will be the purpose of another work.

Throughout the paper it will be convenient to refer to various objects related to
the dynamics (1.1) at a high and low temperature, 3" and 8'°, as well as at a generic
temperature, 4. To do so, we use superscripts * and © to indicate that we are looking
at the relevant object at 8 = 8" or B = ', respectively. We drop the superscripts
to consider objects at a generic temperature (.
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2. TAD and modified TAD. Let X/° be a stochastic dynamics obeying (1.1)
at a low temperature 8 = %, and let S : R — N be a function which labels the
basins of V. (So each basin D has the form S~!(i), where i € N.) The goal of TAD is
to efficiently estimate the metastable dynamics at low temperature, in other words,

o cfficiently generate a trajectory S (t)t>0 which has approximately the same
distribution as S(X}°)s>o0.
The aim then is to get approximations of trajectories, including distributions of hitting
times, time correlations, etc., and thus not only the evolution of the averages of some
observables or averages of observables with respect to the invariant distribution.

At the heart of TAD is the problem of efficiently simulating an exit of X/° from a
generic basin D, since the metastable dynamics are generated by essentially repeating
this. To efficiently simulate an exit of X/° from D, the temperature is raised so
that " < B and a corresponding high temperature dynamics X/ is evolved. The
process X/ is allowed to search for various exit paths out of D until a stopping time
Tstop; €ach time X" reaches 0D, it is reflected back into D, the place and time of the
attempted exit is recorded, and the Arrhenius law (1.2) is used to extrapolate a low
temperature exit. After time T0p, the fastest extrapolated low temperature exit is
selected. This exit is considered an approximation of the first exit of X! from D. The
original algorithm is described in section 2.1 below; a modified version is proposed in
section 2.2 below.

2.1. TAD. In the following, we let D denote a generic basin. We let xy be the
minimum of V inside D, and we assume there are finitely many saddle points, x;
(i > 1), of V on dD. The original TAD algorithm [27] for generating the approximate
metastable dynamics S(t) is as follows.

ALGORITHM 2.1 (TAD). Let X} be in the basin D and start a low tempera-
ture simulation clock Tiuq at zero: Tieq = 0. Then iterate on the visited basins the
following:

1. Let Toim = 0 and Tsiop = 00. These are the simulation and stopping times
for the high temperature exit search.

2. Evolve Xt’” at B = B starting at t = Ty, until the first time after Tyim at
which it exits D. (Exits are detected by checking if the dynamics lands into
another basin via gradient descent, i.e., the deterministic dynamics dx/dt =
—VV(x).) Call this time Tsjm + T.

3. Associate a nearby saddle point, x;, of V on 0D to the place where X}
exited D. (This can be done by using, for example, the nudged elastic band
method [14]; see below.)

4. Advance the high temperature simulation clock by 7: Tsim = Tsim + T-

5. If an exit at x; has already been observed, go to step 8. If an exit at x; has
not yet been observed, set Tihi = Tsim and extrapolate the high temperature
exit time to low temperature using the formula

(2.1) Tl =1 o~ (B =B")(V (2:)=V (20))
This equation comes from the Arrhenius law (1.2) for exit rates in the low

temperature regime; see the remarks below.
6. Update the smallest extrapolated exit time

Tl = min{T'3, , T/}

min min»
and the (index of) the corresponding exit point
I =i if T =T,

min min i
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7. Update Tsiop. The stopping time is chosen so that with confidence 1 — 6, an
extrapolated low temperature exit time smaller than T will not be observed.
See (2.8) below for how this is done.

8. If Toim < Tstop, Teflect Xthi back into D and go back to step 2. Otherwise,
proceed to step 9.

9. Set

S(t) = S(D) for te [Tiag Traa+T5,],

and advance the low temperature simulation clock by T :

min*

Trad = Trad + Tigm-

10. Send XM to the mew basin, namely, the neighboring basin of D which is

attained through the saddle point xpo . Then, go back to step 1, the domain

D now being the neighboring basin. "

The nudged elastic band method [14] consists, starting from a trajectory leaving
D, of computing by a gradient descent method the closest minimum energy path
leaving D, with the end points of the trajectory being fixed. This minimum energy
path necessarily leaves D through a saddle point.

Remark 2.2. When the overdamped Langevin dynamics leaves a basin near a
saddle point, its first reentrance into that basin is immediate. Thus, Algorithm 2.1
does not really make sense for overdamped Langevin dynamics. (With the Langevin
dynamics (1.3), however, this difficulty does not arise.) In modified TAD, defined
below, we will allow the dynamics to evolve away from the boundary of a basin after
an exit event, thus circumventing this problem.

Below we comment on (2.1), from which low temperature exit times are extrap-
olated, as well as the stopping time T;op.

e Low temperature extrapolation.

The original TAD uses the following kinetic Monte Carlo (KMC) frame-

work [33]. For a given basin D, it is assumed that the time 7} to exit through

the saddle point x; of V on 0D is exponentially distributed with rate ; given

by the Arrhenius law (1.2):

(2.2) ki = vie PV (@) =V(zo)),
where we recall that v; is a temperature independent prefactor and xg is the
minimum of V' in D. An exit event from D at temperature g is obtained by
sampling independently the times T; for all the saddle points z; on 9D and
then selecting the smallest time and the corresponding saddle point.

In TAD, this KMC framework is used for both temperatures 5 and 5.
That is, it is assumed that the high and low temperature exit times Ti’”' and
T' through each saddle point z; satisfy

BT} > 1) =",

(2.3) - o
P(T7">t)=e™ ™",
where
/4:5” = yie—ﬁ}”(‘/(ﬂw)—V(ﬂﬁo))7
(2.4) o
,ilio =vie P (V(@i)=V(z0))
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Observe that then

hi ,
Fhi B phi —(8" =B (V(2:) =V (z0))
i :‘il-o i
K3

has the same probability law as ﬂo. This leads to the extrapolation for-
mula (2.1).
The assumption of exponentially distributed exit times 7* and T}° is valid
only if the dynamics at both temperatures immediately reach local equilib-
rium upon entering a basin; see (H1) and Theorem 3.1 below. In modified
TAD, described below, we circumvent this immediate equilibration assump-
tion by allowing the dynamics at both temperatures to reach local equilib-
rium. In particular, in modified TAD the low temperature assumption is no
longer needed to get exponential exit distributions as in (2.3). On the other
hand, to get the rate constants in (2.4)—and by extension the extrapolation
rule (2.1); see (H2)—a low temperature assumption is required. We will jus-
tify both (2.3) and (2.4) in the context of modified TAD. More precisely,
we show that (2.3) will be valid at any temperature, while a low tempera-
ture assumption is needed to justify (2.4). Note that, inspecting (2.4), the
low temperature assumption will be required for both temperatures used in
TAD—so 1/8" will be small in an absolute sense but large compared to
1/8%.
Stopping time.
The stopping time Ty, is chosen so that if the high temperature exit search
is stopped at time Tsz0p, then with probability 1 — 6, the smallest extrapo-
lated low temperature exit time will be correct. Here, ¢ is a user-specified
parameter.
To obtain a formula for the stopping time T’s,p, it is assumed that, in addition
to (H1)—(H2), the following holds:
(H3) There is a minimum, vy, to all the prefactors in (2.4):

Vi € {1, - .k},l/i > Vmin,

where k denotes the number of saddle points on 0D.

Let us now explain how this assumption is used to determine Ts;,,. Let T be a
deterministic time. If a high temperature first exit time through x;, T > T,
extrapolates to a low temperature time less than 7! . then from (2.1),

log(T 4%/ T)
V({EZ) — V(xo) S ﬁlo — ﬁhi
and so
) i hilog(Tto /T
25) A eI > g (LB T/,

In TAD, it is required that this event has a low probability ¢ of occurring,
that is,

(2.6) P(TH > T) = e 'T < 6.
Using (2.5) in (2.6), one sees that it suffices that

hi lo
exp [—Vmin exp (%) T} < 4.
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Solving this inequality for T, one obtains

,Bhi/BZO
og(1/8) (VT
2.7 T DR
( ) ” Vmin IOg(1/5)

The stopping time T’s;op is then chosen to be the right-hand side of the above:

hi lo
_ log(1/) (me)ﬁ /e

2.8 Ts op —
(28) top Vimin log(1/6)
(It is calculated using the current value of T _.) The above calculation shows

that at simulation time Tip, with probability at least 1 —6, Trlrfin is the same
as the smallest extrapolated low temperature exit time which would have
been observed with no stopping criterion.

For TAD to be practical, the stopping time T, must be (on average) smaller
than the exit times at low temperature. The stopping time of course depends
on the choice of vy, and . In practice, a reasonable value for vy, may be
known a priori [27] or obtained by a crude approximation [25]. For a given 4,
if too large a value of vy, is used, the low temperature extrapolated times
may be incorrect with probability greater than §. On the other hand, if the
value of v, is too small, then the extrapolated times will be correct with
probability 1 — §, but computational efficiency will be compromised. The
usefulness of TAD comes from the fact that, in practice, vyin and § can often
be chosen such that the correct low temperature exit event is found by time
Tst0p with large probability 1 — 9, and Ts:0p is on average much smaller than
the exit times which would be expected at low temperature. In practical
applications, TAD has provided simulation timescale boosts of up to 109 [28].

Remark 2.3. One alternative to TAD is a brute force saddle point search method,
in which one evolves the system at a high temperature 3" to locate saddle points of V/
on 0D. (There are other popular techniques in the literature to locate saddle points,
many of which do not use high temperature or dynamics; see, for example, [21].) Once
one is confident that all the physically relevant saddle points are found, the times Tl-l"
to exit through each z; at low temperature can be directly sampled from exponential
distributions with parameters x; as in (2.2), using 3 = 3. (Estimates are available
for the v; at low temperature; they depend on the values of V and the Hessian matrix
of V at z; and zg. See, for example, [4].)

The advantage of TAD over a brute force saddle point search method is that in
TAD, there is a well-defined stopping criterion for the saddle point search at temper-
ature ", in the sense that the saddle point corresponding to the correct exit event
at temperature 3 will be obtained with a user-specified probability. In particular,
TAD does not require all the saddle points to be found. Moreover, TAD does not
require the prefactors 14 to be estimated (only a lower bound is required).

2.2. Modified TAD. Below we consider some modifications, (M1)-(M3), to
TAD, calling the result modified TAD. The main modifications, (M1)—-(M2) below,
will ensure that the exponential rates assumed in TAD are justified. We also introduce
a different stopping time, (M3). (See the discussion that is below Algorithm 2.5.) We
note that some of these features are currently being used by practitioners of TAD [35].
Here are the three modifications:

(M1) We include a decorrelation step in which an underlying low temperature
dynamics (X{°);>o finds local equilibrium in some basin D before we start
searching for exit pathways at high temperature.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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(M2) Before searching for exit pathways out of D, we sample local equilibrium at
high temperature in the current basin D without advancing any clock time.
(M3) We replace the stopping time (2.8) with

(29) Tstop = Trlnoin/cv

where C is a lower bound of the minimum of e=(8"'=8")(V(@)=V(@0)) gyer all
the saddle points, z;, of V on dD.

Remark 2.4. In (M3) above we are assuming some a priori knowledge of the sys-
tem, in particular a lower bound of the energy barriers V(x;) — V(xo), i € {1,...k}.
Such a lower bound will not be known in every situation, but in some cases, prac-
titioners can obtain such a bound; see, for example, [19]. See also the discussion
“Stopping time” below.

The modified algorithm is as follows; for the reader’s convenience we have boxed
off the steps of modified TAD which are different from TAD.

ALGORITHM 2.5 (Modified TAD). Let X[ be in the basin D, set a low tem-
perature simulation clock Tiqaq to zero: Tiq = 0, and choose a (basin-dependent)
decorrelation time Teorr > 0. Then iterate on the visited basins the following.

Decorrelation step:
1. Starting at time t = Tiaq, evolve X[° at temperature f = B'° according
to (1.1) in the current basin D.
2. If X,f" exits D at a time Tiqq + 7 < Trad + Teorr, then set

S(t) = S(D)7 te [Ttada Ttad + 7-]7

advance the low temperature clock by 7: Tyoq = Tiaa + T, and then go back
to step 1, where D is now the new basin. Otherwise, set

S(t) = S(D)v te [Ttada Ttad + Tcorr],

advance the low temperature clock by Teorr: Tiad = Tiad + Teorr, and ini-
tialize the exit step by setting Toim = 0 and Tsop = 00. Then proceed to the
exit step.

Exit step:

1. Let Xj’l:m be a sample of the dynamics (1.1) in local equilibrium in D at
temperature 3 = M. See the remarks below for how this sampling is done.
None of the clocks are advanced in this step.

2. Evolve X{” at = B starting at t = Ty, until the first time after Tsim at
which it exits D. Call this time T + 7.

3. Using the nudged elastic band method, associate a nearby saddle point, x;,
of V on 0D to the place where X' exited D.

4. Advance the simulation clock by 7: Tsim = Tsim + T-

5. If an exit at x; has already been observed, go to step 8. If an exit at x; has
not yet been observed, set Ti’” =Tsim and
(2.10) Tlo = i g= (B =B)(V (@) =V (20)

6. Update the lowest extrapolated exit time

Tivm

= min{T%% , T},

min»
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and the (index of ) the corresponding exit point

Ifr?in =1 Zf Trlnoin = Tilo'
7. Update Tsiop:
(2.11) Tstop = Tagin/C,

where C' is a lower bound of the minimum of e~ (8" =BV (@) =V(20)) gyer
all the saddle points, x;, of V on 0D.

8. If Tsim < Tstop, go back to step 1 of the exit step; otherwise, proceed to
step 9.

9. Set
S(t)=S(D) for t€ [Tiad Tiad+ Tas]
and advance the low temperature simulation clock by T', :

Trad = Trad + T

min*

10. Set Xé&:ad = XI . where I = I'° . Then go back to the decorrelation step,

TI’”’ min -
the domain D now being the neighboring basin, namely, the one obtained by

exiting through X1, .
I
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Below we comment in more detail on modified TAD.
e Local equilibrium in D: (M1) and (MZ2).

We introduce the decorrelation step—see (M1)—in order to ensure that the
low temperature dynamics reaches local equilibrium in D. Indeed, for suffi-
ciently large T¢,,, the low temperature dynamics reaches local equilibrium
in some basin. The convergence to local equilibrium will be made precise in
section 3 using the notion of the QSD. See also [26, 15], in particular for a
discussion of the choice of T,,. Local equilibrium will in general be reached
at different times in different basins, so we allow T, to be basin depen-
dent. We note that a similar decorrelation step is used in another accelerated
dynamics proposed by Voter, the parallel replica dynamics [34]. The decorre-
lation step accounts for barrier recrossing events: the dynamics is allowed to
evolve exactly at low temperature after the exit step, capturing any possible
barrier recrossings, until local equilibrium is reached in one of the basins.
The counterpart of the addition of this decorrelation step is that, from (M2),
in the exit step we also start the high temperature dynamics from local equi-
librium in the current basin D. A similar step is actually being used by
current practitioners of TAD [35], though this step is not mentioned in the
original algorithm [27]. To sample local equilibrium in D, one can, for ex-
ample, take the end position of a sufficiently long trajectory of (1.1) which
does not exit D. See [15, 26] for some algorithms to efficiently sample local
equilibrium.
To extrapolate the exit event at low temperature from the exit events at
high temperature, we need the dynamics at both temperatures to be in local
equilibrium. We note that the changes (M1)-(M2) in modified TAD are
actually a practical way to get rid of the error associated with the assumption
(H1) in TAD.
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e Stopping time: (M3).

In (M3) we introduce a stopping Tstop such that, with probability 1, the short-
est extrapolated low temperature exit time is found by time Tgtop. (Recall
that with the stopping time of TAD, we have only a confidence level 1 —4.)
Note that for the stopping time Titop to be implemented in (2.11), we need
some a priori knowledge about energy barriers, in particular a lower bound
Epnin > 0 for all the differences V (x;) — V(x0), where z; ranges over the saddle
points on the boundary of a given basin:
(H3’) There is a minimum, Fy,, to all the energy barriers:

Vi € {1, .. k}, V({EZ) — V(xo) > FEhin-

If a lower bound Ey,i, is known, then we can choose C' accordingly so that in
(2.11) we obtain

(2.12) Totop = T1o, 8" =B") Bmin

A simple computation then shows that under assumption (H3'), any high
temperature exit time occurring after Ts;,, cannot extrapolate to a low tem-
perature exit time smaller than T2 . To see that (2.12) leads to an efficient
algorithm, recall that TAD is expected to be correct only in the regime where
B" > Epin, which, since " < 3°, means the exponential in (2.12) should
be very small.

As the computational savings of TAD comes from the fact that the simulation
time of the exit step, namely, Ts0p, is much smaller than the exit time that
would have been observed at low temperature, the choice of stopping time
in TAD is of critical importance. Both of the stopping times (2.8) and (2.9)
are used in practice; see [19] for a presentation of TAD with the stopping
formula (2.9), and [20] for an application. The original stopping time (2.8)
requires a lower bound for the prefactors in the Arrhenius law (2.4). (See
assumption (H3) above, in the remarks following Algorithm 2.1.) The stop-
ping time (2.9) requires an assumption on the minimum energy barriers; see
assumption (H3') above. The formula (2.9) may be preferable in the case
that minimum energy barriers are known, since it is known to scale better
with system size than (2.8). The formula (2.8) is advantageous if minimum
energy barriers are unknown but a reasonable lower bound for the minimum
prefactor vy, is available.

We have chosen the stopping time (2.9) instead of (2.8) mostly for mathe-
matical convenience—in particular so that in our section 3 analysis we do not
have the error ¢ associated with (2.8). A similar analysis can be done under
assumption (H3) with the stopping time (2.8), modulo the error 4.

We comment that modified TAD is an algorithm which can be implemented in
practice and which circumvents the error in the original TAD arising from the as-
sumption (HI).

3. Idealized TAD and mathematical analysis. In this section, we show that
under certain idealizing assumptions, namely, (I1)—(I3) and (A1) below, modified

TAD is ezact in the sense that the simulated metastable dynamics S(t);>¢ has the

same law as the true low temperature metastable dynamics S(X/°);>0. We call this
idealization of modified TAD idealized TAD. Our analysis will show that idealized

TAD and modified TAD agree in the limit 8", — oo and T.om — 00. Since
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Fic. 1. The domain D with boundary partitioned into D1, ...,0D4 (here k = 4) by the black
line segments. V' has exactly one saddle point in each OD;, located at x;.

idealized TAD is exact, it follows that modified TAD is exact in the limit 5", 5! — oo
and T,y — 00.

In idealized TAD, we assume that at the end of the decorrelation step and at the
start of the exit step of modified TAD, we are in ezact local equilibrium; see (A1)
and (I1). We formalize this using the notion of QSDs, defined below. We also assume
that the way in which we exit near a given saddle point x; in the exit step does not
affect the metastable dynamics in the decorrelation step; see (I2). The remaining
idealization, whose relation to modified TAD is maybe not so clear at first sight, is
to replace the exponential exp[—(3" — B1°)(V (x;) — V(20))] of (2.1) with a certain
quantity O, depending on the flux of the QSD across 0D; see (I3). In section 4,
we justify this by showing that the two agree asymptotically as ", 3 — oo in a
one-dimensional setting.

3.1. Notation and QSD. Here and throughout, D is an (open) domain with
C? boundary D and X7 is a stochastic process evolving according to (1.1) starting
at XJ = z. (We suppress the superscript where it is not needed.) We write P(-) and
E[-] for various probabilities and expectations, the meaning of which will be clear from
context. We write Y ~ pu for a random variable sampled from the probability measure
wand Y ~ &(a) for an exponentially distributed random variable with parameter a.

Recalling the notation of section 2, we assume that 9D is partitioned into k
(Lebesgue measurable) subsets 0D; containing the saddle points z; of V,i=1,... k
(see Figure 1):

oD =UF_ 0D, and 0D;NAD; =0 if i # j.
We assume that any exit through 9D; is associated to the saddle point x; in step 3 of

TAD. In other words, 0D; corresponds to the basin of attraction of the saddle point
x; for the nudged elastic band method.
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Essential to the analysis below will be the notion of QSD, which we define below,
recalling some facts which will be needed in our analysis. Consider the infinitesimal
generator of (1.1),

L=-VV-V+B1A,

and let (u, —A) be the principal eigenvector/eigenvalue pair for L with homogeneous
Dirichlet (absorbing) boundary conditions on 9D:

(3.1)

Lu=—)Auin D,
uw =0 on dD.

It is known (see [15]) that u is signed and A > 0; we choose u > 0 and for the moment
do not specify a normalization. Define a probability measure v on D by

B u(z)e= PV () dg

- [pu(z)e V@) da

(3.2) dv

The measure v is called the QSD on D; the name comes from the fact that v has
the following property: for (X;);>0 a solution to (1.1), starting from any distribution
with support in D,
(3.3)

v(A) = tlggo P(X, e A ‘ Xs€D,0<s<) for any measurable set A C D.

The following is proved in [15] and will be essential for our results.
THEOREM 3.1. Let X; be a solution to (1.1) with Xo ~ v, and let

r=inf{t >0 : X; ¢ D}.

Then (i) 7 ~ E(A) and (ii) 7 and X, are independent.
We will also need the following formula from [15] for the exit point distribution.
THEOREM 3.2. Let X; and 7 be as in Theorem 3.1, and let cpp be Lebesque
measure on OD. The measure p on 0D defined by

On (u(x)e*ﬂv(w)) doap
BA [ u(z)e=BV(@) dx

(3.4) dp =

is a probability measure, and for any measurable A C 0D,
P(X, € A) = p(A).

As a corollary of these two results we have the following, which will be central to
our analysis.
COROLLARY 3.3. Let Xy, 7, and p be as in Theorems 3.1-3.2, and define

(3.5) pi = p(OD;)

to be the exit probability through 0D;. Let I be the discrete random variable defined
by the following: fori=1,... k,

I =i if and only if X € 0D;.

Then (i) T ~ E(N), (ii) P(I =14) = p;, and (iii) 7 and I are independent.
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Throughout we omit the dependence of A\, v, and p on the basin D; it should be
understood from context.

Remark 3.4. We assume that D has C? boundary so that standard elliptic reg-
ularity results and trace theorems give a meaning to the formula (3.4) used to define
p in Theorem 3.2. For basins of attraction this assumption will not be satisfied, as
the basins will have “corners.” This is actually a minor technical point. The proba-
bility measure p can be defined for any Lipschitz domain D using the following two
steps. First, p can be defined in H~1/2(982) using the following definition (equivalent

0 (3.4)): for any v € HY/?(9D)
Jp(=B7 Vw - Vu+ dwu) exp(—£V)
<Uv dp> = >
A fD uexp(—pV)
where w € H(D) is any lifting of v (w|sgp = v). Second, it is easy to check that p
actually defines a nonnegative distribution on 9D, for example, by using as a lifting
the solution to

Lw=0in D,
w=wv on dD,
since, by the maximum principle, w > 0, and then, (v,dp) = %. One
D
finally concludes using a Riesz representation theorem due to Schwartz: any nonneg-
ative distribution with total mass one defines a probability measure.

3.2. Idealized TAD. In this section we consider an idealized version of modified
TAD, which we call idealized TAD. The idealizations, (I1)—(I3) below, are introduced
so that the algorithm can be rigorously analyzed using the mathematical formalisms
in section 3.1.
(I1) At the start of the exit step, the high temperature dynamics is initially dis-
tributed according to the QSD in D: X}~ 1/,

(I2) At the end of the exit step, the extrapolated low temperature exit point X%ﬁiad
is sampled exactly from the conditional exit point distribution in 0D, at
low temperature: -

1
(3.6) xto  ~ [0 (001 )] Plon,, -

(I3) In the exit step, the quantity
e (B =B'")(V (i) =V (x0))
is everywhere replaced by
)\hiphi
= )\lopl'o ’
where, as in (3.5), pl° = p!°(0D;) and ph* = ph(9D;). Thus, the extrapola-
tion equation (2.1) is replaced by

(3.8) T =The,,

(3.7) 0;

and the formula for updating T's.p is
(39) Tstop = Trlnoin/ca

where C' is chosen so that C' < min;<;<y, ©;.
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We state idealized TAD below as an “algorithm,” even though it is not practical:
in general we cannot exactly sample "% or the exit distributions [p'*(9D}%)] ™! p*[5po,
and the quantities ©; are not known in practice. (See the discussion below Algo-
rithm 3.5.)

For the reader’s convenience, we put in boxes those steps of idealized TAD which
are different from modified TAD.

AvcoritaMm 3.5 (Idealized TAD). Let X[° be in the basin D, and set the low
temperature clock time to zero: Tiqq = 0, let Teorr > 0 be a (basin-dependent) decor-
relation time, and iterate the following on the visited basins.

Decorrelation step:

1. Starting at timet = Tyqa, evolve X[° at temperature 3 = B'° according to (1.1)
in the current basin D.
2. If th" exits D at a time Tioq + T < Tiad + Teorr, then set

S(t) = S(D)7 te [Ttada Tiqa + T]a

advance the low temperature clock by 7: Tiwq = Tiaq + 7, and then go back to
step 1, where D is now the new basin. Otherwise, set

S(t) = S(D)v te [Ttada Ttad + Tcorr],

advance the low temperature clock by Teorr: Tiad = Tiad + Teorr, and initialize
the exit step by setting Tsim = 0 and Tsop = oo. Then proceed to the exit
step.

Exit step:

1. Sample Xﬂh“;m from the QSD at high temperature in D: Xﬂh“;m ~ M

2. Evolve X{” at = B starting at t = Tsiy, until the first time after Tsim at
which it exits D. Call this time T + 7.

Record the set 0D; through which Xtm exited D.

4. Advance the simulation clock by 7: Tsim = Tsim + T-

w

5. If an exit through 0D; has already been observed, go to step 8. If an exit
through 0D; has not yet been observed, set Ti’” = Tsim and

)\hipin'

lo hi
(3.10) T =16 0i=n

6. Update the lowest extrapolated exit time and corresponding exit spot:

Trlnoin = min{Traninﬂ Tz’lo}v
Irlr(;in =1 Zf Trlnoin = Tilo'
7. Update Tsiop:
lo :
. =T < i
(3.11) Tstop = Tyin/Cs C< 1131& O,

8. If Tsim < Tstop, go back to step 1 of the exit step; otherwise, proceed to step
9.
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9. Set

S(t)=S(D) for te [T Tiaa+ T

min]’

and advance the low temperature simulation clock by T :

min*

Tiad = Tiaa + T

min*

10. Let

—1
leo lo D lo
Tyaa ~ |:p (8 Iﬁr“’in)} P |8D1lo. .

Then go back to the decorrelation step, the basin D now being the one ob-
tained by exiting through Xéfiad,
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Below we comment in more detail on idealized TAD.

e The QSD in D: (I1) and (A1l).
In idealized TAD, the convergence to local equilibrium (see (M1) and (M2)
above) is assumed to be reached, and this is made precise using the QSD v.
In particular, we start the high temperature exit search exactly at the QSD
vhi: see (I1). We will also assume that the low temperature dynamics reaches
V' at the end of the decorrelation step:
(A1) After the decorrelation step of idealized TAD, the low temperature dy-

namics is distributed according to the QSD in D: X%,i;d ~ Vo,

This will be crucial for extrapolating the exit event at low temperature. As-
sumption (A1) is justified by the fact that the law of X[° in the decorrelation
step approaches v'° exponentially fast in T,,..; see [15, 26] for details. We
also refer to [15, 26] for a presentation of algorithms which can be used to
sample the QSD.

e The exit position: (I2).
To get exact metastable dynamics, we have to assume that the way the dy-
namics leaves D near a given saddle point x; does not affect the metastable
dynamics in the decorrelation step; see (I2). This can be justified in the small
temperature regime by using Theorem 3.2 and some exponential decay results
on the normal derivative of the QSD away from saddle points. Indeed, the
conditional probability that, given that the dynamics leaves through 0D;, it
leaves outside a neighborhood of z; is of order e~ as f— oo (for a constant
¢ > 0); see [13, 16].

¢ Replacing the Arrhenius law extrapolation rule: (I3).
In idealized TAD, we replace the extrapolation formula (2.1) based on the
Arrhenius law by the idealized formulas (3.7)—(3.8); see (I3). This is a severe
modification, since it makes the algorithm impractical. In particular the
quantities A!° and pl°® are not known: if they were, it would be very easy to
simulate the exit event from D; see Corollary 3.3 above.
It is the aim of section 4 below to explain how the small temperature as-
sumption is used to get practical estimates of the ratios ©;. For simplicity,
we perform this small temperature analysis in one dimension. We will show
that ©; is indeed close to the formula exp[— (8" — BL°)(V (z;) — V(x¢))] used
in the original and modified TAD; compare (3.10) with (2.1) and (2.10). We
expect the same relation to be true in higher dimensions under appropriate
conditions; this will be the subject of another paper.
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In the analysis below, we need idealizations (I1) and (I3) to exactly replicate the
law of the low temperature exit time and exit region in the exit step; see Theorem 3.7
below. With (I1) and (I3), the inferred low temperature exit events are statistically
exact. This is based in particular on (A1), namely, the fact that the low temperature
process is distributed according to '° at the end of the decorrelation step. In addition,
after an exit event, the dynamics in the next decorrelation step depends on the exact
exit point in dD;: this is why we also need (I2) to get exact metastable dynamics; see
Theorem 3.6 below.

3.3. Idealized TAD is exact. The aim of this section is to prove the following
result.

THEOREM 3.6. Let X! evolve according to (1.1) at B = B. Let S(t) be the
metastable dynamics produced by Algorithm 3.5 (idealized TAD), assuming (A1), and
let idealized TAD have the same initial condition as X[°. Then

S()iz0 ~ S(X[°)iz0,

that is, the metastable dynamics produced by idealized TAD has the same law as the
(exact) low temperature metastable dynamics.

Due to Corollary 3.3, (A1), (I2), and the fact that the low temperature dynamics
is simulated exactly during the decorrelation step, it suffices to prove that the exit
step of idealized TAD is exact in the following sense.

THEOREM 3.7. Let X[° evolve according to (1.1) at B = B'° with X!° initially
distributed according to the QSD in D: XY ~ v'°. Let T = inf{t > 0 : X[° ¢ D} and
I be the discrete random variable defined by the following: fori=1,... k,

I =i if and only if Xi" € dD;.

o “and I, be the random variables produced by the exit step of idealized TAD.

Then, (T',_, 1'% ) has the same probability law as (,1):
(Tl 1) ~ (7. 1),

min’ “min

Let T

The proof of Theorem 3.7 will use (I1) and (I3) in particular. The theorem shows
that the exit event from D produced by idealized TAD is exact in law compared to
the exit event that would have occurred at low temperature: the random variable
(Tte . Il Y associated with idealized TAD has the same law as the first exit time and
location (from D) of a dynamics (X/°);>0 obeying (1.1) with 3 = 8! and X}’ ~ v'°.

To begin, we provide a simple lemma which shows that we can assume T, = 00
without loss of generality. We need this result in order to properly define all the
random variables 7" for i = 1,...,k, where we recall that k denotes the number of
saddle points of V on 0D.

LEMMA 3.8. Consider the exit step of the idealized TAD and modify step 8 as
follows:

8. Go back to step 1 of the exit step.
Thus we loop between step 1 and step 8 of the exit step for infinite time, regardless
of the values of Tsim and Tsiop. Then (TI 1% ) remains constant for all times
Tsim > Tstop'

Proof. We want to show that without ever advancing to step 10, the exit step
of idealized TAD produces the same random variable (T!% . I'° ) as soon as Tyim >

min’ “min
Tstop- To see this, note that if T/° < T , then from (3.10),

hipﬁ”

< Tlo

min’

lo __ rmhi
Ti _T’l Alopéo
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and so, comparing with (3.11),

) /\loplp Ttlo
T} < T <~ — Ty,
hi — stop

Ahipht C

Thus, if Tyim > Tstop, any escape event will lead to an extrapolated time Til" which
will be larger than 7% . and thus will not change the value of T, anymore. O

Let us now identify the laws of the random variables (7/");<;<; produced by
idealized TAD.

ProrosITION 3.9. Consider idealized TAD in the setting of Lemma 3.8, so that
all the TI are defined, i = 1,2,... k.

Let (1), 1U)) ;51 be independent and identically distributed random variables such
that 79) is independent from IV, 7U) ~ E(AY) and fori =1,...,k, IU) is a discrete
random variable with law

P(IY = i) = p.
Fori=1,...,k, define
(3.12) NP =min{j : IV =},
Then we have the following equality in law:

hi hi
N N

(3.13) (T T~ [ 39S )
Jj=1 j=1

Moreover, (i) T ~ E(\Mipht) and (ii) TP, T, ..., T} are independent.

Proof. The equality (3.13) follows from Corollary 3.3, since in the exit step of
idealized TAD, the dynamics restarts from the QSD " after each escape event.

Let us now consider the statement (i). Observe that the moment generating
function of an exponential random variable 7 with parameter A is the following: for
s < A,

A
A—s

So, dropping the superscript hi for ease of notation, we have the following: for ¢ €
{1,...,k} and for s < Ap;,

E [exp (s7)] = / eSthe M dt =
0

E [exp (sT;)] = E {exp (sTy)

N; = m| P(N; = m)

This shows T/ ~ E(Aipht). O
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Before turning to the proof of the statement (ii) in Proposition 3.9, we need the
following technical lemma.

LeMMA 3.10. Let ay,as,...,a, be positive real numbers, and let S, be the sym-
metric group on {1,2,...,n}. Then

-1

(3.14) Z H Zag(j) = Ha;l.
i=1

o€S, i=1 \ j=1

Proof. Note that (3.14) is of course true for n = 1. Assume it is true for n — 1,
and let

Sk =f{oe8, :a(l) =k}
Then

—1

11 JZ:“”“’ = (Za>l > H iaom

—1

ceS, i=1 i=1 oc€S, 1=2 \ j=t
—1
n -1 5 n n
= () 22 I ewn
i=1 k=1 gl i=2 \ j=i
n -1 5 n
= (2] X IIa"
i=1 k=1 j=1
j#k

By induction, (3.14) is valid for all n. O

We are now in position to prove statement (ii) of Proposition 3.9.

Proof of Proposition 3.9 part (ii). In this proof, we drop the superscript hi for
ease of notation. To show that the T;’s are independent, it suffices to show that for
$1,...,8k in a neighborhood of zero we have

k
exp (Z 51T1>
=1

We saw in the proof of part (i) that, for s; < Ap;,

k

~ I Elexp (siT)].

i=1

(3.15) E

Ap;

(3.16) E [exp (s;T3)] = Fy—

Consider then the left-hand side of (3.15). We start by a preliminary computation.
Let mg=0,m;=1,and s; < Ap; fori =1,...,k. Then

Z E |f§Xp <Z SlTZ> ‘ ﬂle {Nl = mz}] P (ﬂéﬂ:l{Ni = mz})

1<ma<ms. =1

= Z E [exp S;

I<ma<ms...<my =1 7j=1

mi;—m;—1—1

i

k k
79 lepi 1—ij
i=2 =i
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k k my
=m0 IEjew (| Xs] > Y
1<mao<mas...<mp i=1 j=i j=mi—1+1

mifmq;lfl
k k
< Ipe{1-2p
i=2 j=i

mi;—mg;—1

k k
=Dp1 Z HIE exp W Zsj
j=i

I<mao<msg...<mp i=1

mi;—m;—1—1

k k
X Hpi 1- ij
=2 =1

= k Z le
(A - Zj:l 55/ 1<ma<ms...<mp i=2 A= Zg =i Sj

k mi—m.i_l—l
A (]. - Zj:i pj)
k
A= Zj:i S5

-1
Ap1 A (1 - Zf:z pj)
sz -
A— Zj 155/ i=2 A= Zj =i 5j )‘_Zj:isj

(s
:< ApL )H/\pl ZApj

X

—1

A— Z] 155

-1

H ZAPJ — S

=1

(3.17)

From (3.17) observe that

()

-1

k k
> I wow Z ADo(j) = 8a(j)
Jj=t

€Sy i=1
-1
(318) = <H )\p1> Z H ZApa - Sa
i=1 g€Ski=1 \ j=t

k
H i —Si

where in the last step we have used Lemma 3.10. Comparing (3.15) with (3.16)
and (3.18), we are done. O
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To complete the proof of Theorem 3.7, we finally need the following Lemma.
LeEmMMA 3.11. Let Ty,...,Tx be independent random variables such that T; ~
E(A\p;) with A >0, p; > 0, and Z?:l p; = 1. Set

T=minT; and I =argminT;.

Then (1) T ~ E(N), (ii) P(I = i) = p;, and (iil)) T and I are independent.

Proof. Since the T;’s are assumed to be independent, it is well known that T =
T; = min; T; is an exponential random variable with parameter >, Ap; = A. This
proves (i). Turning to (ii) and (iii), note that minj»; T; is an exponential random
variable independent of T; with parameter

> Apj =M1 —pi).

J#i
Thus,
]P(I = i,T] 2 t) = P(f S Tl S Hl;inTJ)
J#i
= / / \p;e~APis A1 - pi)e_k(l_pi)r drds
(3.19) 0 Js

= / Apie N ds
t

= pi]P)(T] 2 t).

Setting t = 0 we obtain P(I = ¢) = p;, which proves (ii). Now (iii) follows from
(3.19). O

We are now in position to prove Theorem 3.7.

Proof of Theorem 3.7. First, by Lemma 3.8, we can assume that T, = 00
so that all the T""’s are well defined for i = 1,...,k. Then Proposition 3.9 im-
plies that the T}*"’s are independent exponential random variables with parameters
APiphi = So by (3.10), the T'°’s are independent exponential random variables with
parameters A\°p!°. Now by applying Lemma 3.11 to the T/°’s, we get T ~ E(\°),
P(I°. =i)=ple, and T'9 is independent of I'% . Referring to Corollary 3.3, we are
done. d

Remark 3.12. Observe that the proof of Theorem 3.7 does not use (12), which is
needed only to obtain correct metastable dynamics by iterating the exit step. Also,
notice that we did not use the fact that D is the basin of attraction of a local minimum
of V' or that each set D, in the partition of D is associated to a saddle point z;
for the moment. The latter assumption is crucial in the next section, in which we
obtain computable estimates of the ratios ©;, i = 1,...,k; this will also require an
assumption of large f which was not needed for Theorem 3.7.

4. Estimates for the ©;’s at low temperature in one dimension. In the
last section we showed that modified TAD (Algorithm 2.5) is exact with the ideal-
izations (I1)—(I3) and the assumption (Al); see idealized TAD (Algorithm 3.5). In
this section we justify (I3). In particular, we show in Theorem 4.1 below how the
ratios ©; (see (3.7)) can be approximated by explicit practical formulas in one dimen-
sion. Compared to Theorem 3.7, the proof of Theorem 4.1 will require the additional
assumption that temperature is sufficiently small.

4.1. Statement of the main result. We recall that the ratios ©;,1=1,...,k
are unknown in practice. In TAD these ratios are approximated using the Arrhenius
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0 1 b

Fia. 2. A function V : D — R satisfying (B1)—(B3).

law. The main result of this section, Theorem 4.1, gives precise asymptotics for ©; as
B B — 0. In particular, we show that ©; converges to exp[— (" — 81°)(V (z;) —
V(20)))-

Throughout this section we assume that we are in a one-dimensional setting.
Moreover, we assume that D is the basin of attraction of the gradient dynamics
dy/dt = —V'(y) associated to a local minimum of V. (This is what is done in
practice by Voter and co-workers.) Finally, the potential V' is assumed to be a Morse
function, which means that the critical points of V' are nondegenerate. Under these
assumptions, we may assume without additional loss of generality that (see Figure 2)

(B1) D =(0,b) with b > 1, V(0) =0, and V'(z) # 0 for = ¢ {0, 1, b},

(B2) V/(0) =0=V'(b) and V"(0) < 0, V"(b) < 0,

(B3) V'(1) =0 and V(1) > 0.
We also normalize v (see (3.1)) so that

(B4) u(l) =1.
In particular, the location of the minimum of V' and the value of V' at 0 are chosen
for notational convenience and without loss of generality. In the following, we write
{0} = 9D, and {b} = 9Ds.

We will prove the following.

THEOREM 4.1. Under the assumptions stated above, we have the following for-
mula: fori=1,2,

)\hiphi hi_ glo 1 1
J— i _ (BB V(z:)—V(x
(4.1) 0= Jopis = ¢ ( YV (@) =V (o)) (1 +0 (ﬁhi - _lo>)

as B Bl — oo, Blo/ﬁhi =r, where xt1 = 0, 290 = b, and xg = 1, and r > 0 is
constant. ,

The ratios %
temperature. We will use Laplace expansions to analyze the integrals, but since u
depends on 3, extra care must be taken in the analysis.

hi, hi

involve integrals of the form [, e=#V(®u(z) dx at high and low

4.2. Proof of Theorem 4.1. In all of what follows, (u, —\) denotes the princi-
pal eigenvector /eigenvalue pair of L with homogeneous Dirichlet boundary conditions;
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see (3.1). We are interested in how the pair (u, —A) varies in the small temperature
regime 5 — oo.

Throughout this section, we write ¢ to denote a positive constant, the value of
which may change without being explicitly noted. To begin, we will need some asymp-
totics for A and u; see Lemmas 4.2 and 4.3 below. The contents of both lemmas are
found in or implied by [6], [9], and [10] (see also [8] and [7]) in the case where V/-n > 0
on 0D with n the normal to dD. (In our setting n =1 on 9Dy and n = —1 on 9D1.)
Here, we consider the case of characteristic boundary, where from (B2) V' -n =0 on
0D, so we adapt the classical results to this case.

LEMMA 4.2. There exists ¢ > 0 such that

(4.2) A=0 (E_CB) as ff — oo.

Proof. Let D' C D be a domain containing 1 such that D’ C D, and let (u/, —\)
be the principal eigenvector/eigenvalue pair for L on D’ with homogeneous Dirichlet
boundary conditions on dD’. Recall that A is given by the Rayleigh formula

-1 v 2 —ﬁV (z) d
A= inf b fD | f x’
femy()  [p flx)*e” BV ) da

where H{,(D) is the space of functions vanishing on R \ D such that

[V + )V e < o,

and similarly for \'. Since every function vanishing on R\ D’ also vanishes on R\ D,
we have

(4.3) A< ).

Now let X! obey (1.1) with X} = 1, and define 7/ = inf{t > 0 : X} ¢ D'}. Since
D' is a subbasin of attraction such that V' points outward on 0D’, we can use the
following classical results (see, e.g., Lemmas 3—4 of [6]):

; -1 n_ 1 -1 no_
(4.4) IBILH;OB logE[1/)\] = Blirr;oﬁ logE[r'] = zéralfD/ %I>1£ L4,

where, by definition,

I,,= inf /|f +V/( (s))|2ds,

fGHZOt]4
Hf[O,t]:{f:erLz[O,t] s.t. f(t) =z, and Vs € [0,1], f _1+/ f(r }

Observe that for any ¢ > 0 and f € H{[0,t], we have

/‘f FVI(S ))‘ ds

4 ; (s) = V'(f(s) ds+/f
> V() = V(1).
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Since 0D’ is disjoint from 1, we can conclude that for z € 9D, I, > ¢ > 0 uniformly
in ¢t > 0 for a positive constant c. Thus,

lim B~ logE[r'] > ¢ > 0,
B—o0

which, combined with (4.3) and (4.4), implies the result. O
Next we need the following regularity result for u.
LEMMA 4.3. The function u is uniformly bounded in B, that is,

(4.5) [lul|lo = O(1) as B — oo,

where || - ||oo s the L™ norm on C]0,b).
Proof. Define f(t,r) = u(x)e* and set

7 =inf{t >0 : X7 ¢ (0,1)},

where X7 obeys (1.1) with X§ = z. Fix T' > 0. By Itd’s lemma, for ¢ € [0,T A 7%]
we have

F(t, XF) = u(z) +/\/Otu(Xf)e>‘s ds+/0t Lu(XT)e* ds + \/25—1/; W (XT) dW,
=u(z) + \/Zﬁ—_lfot ' (XZ) dWs.
Setting t = T'A 7% and taking expectations gives
(4:6) u(@) = E[f(T AT, Xfppe)] = B [T u(XF )|

Recall that u is bounded for fixed 3. We show in (4.11) below that E[e*™"] is finite,
so we may let 7' — oo in (4.6) and use the dominated convergence theorem to obtain

(4.7) w(z) =E [e”’u(sz)} <E [ew} :

where we have recalled u(0) = 0 and, from (B4), u(1) = 1. The idea is then to compare
7% to the first hitting time of 1 of a Brownian motion reflected at zero. Define

o =inf{t >0 : Bf ¢ (—1,1)},
where
Bf =x+ \ 2ﬁ71Wt

with W as in (1.1). Let Bf and X} be given by reflecting Bf and X} at zero. Since
V' < 0on (0,1), it is clear that X > BY for each « € (0,1) and ¢ > 0. Thus,

P(r® > ) <P (inf{s >0 : X7 =1} > 1)

s <P (inf{s >0 : ?f =1} >t)
<P(inf{s>0: Bl =1} >1)
=P(c” > t).
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We will bound from above the last line of (4.8). Let v(t, z) solve the heat equation
vy = B g, with v(0,2) = 1 for z € (—1,1) and v(t, 1) = 0. An elementary analysis
shows that

(4.9) u(t,0) <

ERES
@D

xp(—B~ w2t /4).

(The Fourier sine series for v(t,z — 1) on [0,2] at = 1 is an alternating series, and
its first term gives the upper bound above.) We claim that for fixed ¢ and = € [0, ¢],

(4.10) v(t,0) = P(c” > t).

To see this, let w(s,x) = v(t — s,x) and observe that ws; = —B tw,,, so by Ito’s
lemma, for s € [0,t A 0]

U}(S, B:) = u}(O,ﬁ) —+ /S (U}S + ﬁ_lwm) (’f’, Bf) dr + 2ﬁ71 /S wm(r, B;)dWr
0 0
=w(0,2) + /2671 /S wy (1, By) dW,.
0

By taking expectations and setting s =t A 0%, we obtain
v(t,z) = w(0,2) =E[w (A o”, Bf\,z)]

=E [v(0, Bf) 1{<oe}]
=P(o® > t).

From (4.8), (4.9), and (4.10), for z € [0,1)
4
P(r* > t) < — exp(—B~'7°t/4).
™
By Lemma 4.2, A\ — 0 as § — oo. So for all sufficiently large £,

E [ew} =1+ /Oo PN > 1) dt
1

(4.11) <14 é/ 47/ (4A8) gy
™J1
4 4B
=y,
Now recalling (4.7),
« 4 4)p
: < AT < R —
(4.12) u(x)_IE[e }_1+7r7r2—4/\ﬂ

Using Lemma 4.2 we see that the right-hand side of (4.12) approaches 1 as 5 — co. An
analogous argument can be made for x € (1, b], showing that u is uniformly bounded
in B as desired. O

Next we define a function which will be useful in the analysis of (3.7). For
x € 10,1], let
wa eBV () qt

[ epv ar

We compare v and f in the following lemma.

(4.13) fla) =

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/16/14 to 128.101.152.130. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

MATHEMATICAL ANALYSIS OF TAD 313

LEMMA 4.4. Let || || the L norm on C[0,1]. With f defined by (4.13), we
have, in the limit 8 — oo,

If = ulloc = O (e7F),
1" = u'[|oo = O (7).

Proof. Observe that g = f — u, defined on [0, 1], satisfies

—V'(2)g (x) + B " (z) = Mu(x),
9(0) =0, g(1) =0.

Multiplying by Be=?V(*) in (4.14) leads to

(4.14)

d

7 (e‘ﬁv(r)g’(x)) = Be V@) u(x)

so that

(4.15) g (x) = V@ (x\ﬂ /OI e PV Ou(t) dt + C@) .
Integrating (4.15) and using g(0) = 0,

(4.16) g(x) = A3 /OI <65V(t) /Ot e PV )y(s) ds) dt + Cp /OI AV gt

Using Lemma 4.3 we have ||u]|cc < K < co. From (B1) and (B3) we see that V is
decreasing on [0,1]. So putting g(1) = 0 in (4.16), we obtain, for all sufficiently large

B,
1 1 t
|Cal = A8 (/ PV ) dt) / (eﬁv(t)/ e‘ﬁv(s)u(s) ds) dt
0 0 0
1 1 t
< \3 (/ AV dt) / (/ u(s) ds> dt
0 X 710 0
< A\BK ( / PV dt)
0

o1 1/2
§2)\ﬁ3/2K (M) ’
s

where in the last line Laplace’s method is used. Using Lemma 4.2, for all sufficiently
large 3,

-1

-1

(4.17)

(4.18) |Cs| < e™P.

From (B1) and (B3) we see that V' is nonpositive on [0, 1], so from (4.15),

(4.19) g’ (z)] < A8 / PV@=V Oy 1) dt + |Cple®V ™)
. 0

< M\BK 4 e~ P,
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Using Lemma 4.2 again, we get ||¢'[|cc = O(e™¢?). As g(0) = 0, this implies ||g||o0 =
O(e=¢%). This completes the proof. O
Remark 4.5. A result analogous to Lemma 4.3 holds, with

[P BV gt

r)=%t——
f(@) [l efv® at
for x € [1,0].
We are now in position to prove Theorem 4.1.
Proof of Theorem 4.1. It suffices to prove the case ¢ = 1, so we will look at the
endpoint dD; = {0}. From Theorem 3.2 we have

de (u(@)e VD) [
p({0}) = é/\ fD u(x)e*ﬁv(w) d£

so that

e BV 0/ (0)
/\pl = 3V .
B [ u(x)e= V(@) dx

Introducing again the superscripts "* and !°,

. . ./ ° _Blovi(x
AL gty B u(0)  Jpul®(a)e”? V() do
)\lopllo Bhi - ulo’(0) fD uhi(z)e=F"V(@) dy’

(4.20)

Dropping the superscripts, recalling the function f from (4.13), and using Lemma 4.4,
we see that

u'(0) = £/(0) + O (e~ .

Since

-1

f'(0) = (/01 PV dt) =(1+kB+0(872)) VB (

where k; is a f-independent constant coming from the second term in the Laplace
expansion, we have

—2‘///(0) 1/2
T ) ’

_oyn 1/2
W) =0 () + (L ki +0 (57) V()

—2v"(0)\"/?
m ) '

(4.21)

— (1+kB +0(872) VB (

This takes care of the third term of the product in (4.20). We now turn to the fourth
term. Let y € (0,1] and note that for ¢ € (y, 1],

-1

1
f'(t) =PV (/ PV (@) d;v) =0 (e "),
0
where here ¢ depends on y. Since f(1) = 1, for all sufficiently large 3,

(4.22) [Ft) -1 < e
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for ¢t € [y, 1] and a different c. Also,

1 1/2
/y e V@ dp = (14 k871 +0(57%)) VB! (—Wff(l)) e PV,

where k5 is a f-independent constant coming from the second term in the Laplace
expansion. Thus

1
/ f(x)efﬁV(w) dr =0 (e BV (y) / e BV (@) qp
0

)+
1
O(e 'BV(“))—F (1+0 (e C'B))/y e PV dy
)+

(4.23) O(e BV ()
1/2
V()
1/2
— (L4 kaf 40 (87) VBT <7” ) V),

2V7(1)

(14 kB +0(87?))

Using (4.23) and Lemma 4.4 again,

1 1/2
—BV(z) 1, — -1 -2 _ 0 —BV (1)
/0 u(z)e dx (1+/€2ﬁ —l—O(ﬁ )) 81 <2V”(1)) e )

From Remark 4.5, we can make an identical argument on [1,b) to get

1/2
(4.24) / w(@)e V@ de = (1 + kof~1 + 0 (872)) \/F< 2 ) e BV(D)
D

V/I(l)

with a different but still g-independent ko. This takes care of the fourth term in the
product in (4.20). Observe that in the limit 3", 3'° — oo, B!°/B" = r, we have

L+ k(877 4 O((8") ) _ 11
Crn oo~ 0 ().
L+ ke (8) 1+ O((87) %) _ L1
o~ 0 (57 - )

Reintroducing the superscripts ? and ! and using (4.21) and (4.24) in (4.20) now
gives

Ahipl L1 —(BM ) (V(0) -V (1)
(4.25) T (1+0 ( - ﬂ_l>) ’
as desired. 0

5. Conclusion. We have presented a mathematical framework for TAD which is
valid in any dimension, along with a complete analysis of TAD in one dimension under
this framework. This framework uses the notion of QSD and is useful in particular to
clarify the immediate equilibration assumption (or no-recrossing assumption) which
is underlying the original TAD algorithm and to understand the extrapolation rule
using the Arrhenius law. We hope to extend this justification of the extrapolation
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rule to high dimensions, using techniques from [16]; the analysis seems likely to be
technically detailed.

We hope that our framework for TAD will be useful in cases where the original
method is not valid. Indeed, we have shown that TAD can be implemented wherever
accurate estimates for the ratios in (3.7) are available. This fact is important for tran-
sitions which pass through degenerate saddle points, in which case a preexponential
factor is needed on the right-hand side of (4.1). For example, in one dimension, a
simple modification of our analysis shows that if we consider degenerate critical points
on dD, then a factor of the form (3"/5!°)* must be multiplied with the right-hand
side of (4.1).
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