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Abstract

We present convergence results for an adaptive algorithm to compute free energies, namely
the adaptive biasing force (ABF) method [j, E] The free energy is the effective potential
associated to a so-called reaction coordinate £(q), where ¢ = (q1, . .., g3n) is the position vector
of a N-particle system. Computing free energy differences remains an important challenge in
molecular dynamics due to the presence of meta-stable regions in the potential energy surface.
The ABF method uses an on-the-fly estimate of the free energy to bias dynamics and overcome
metastability. Using entropy arguments and logarithmic Sobolev inequalities, previous results
have shown that the rate of convergence of the ABF method is limited by the metastable
features of the canonical measures conditioned to being at fixed values of £ [[14]. In this paper,
we present an improvement on the existing results, in the presence of such metastabilities,
which is a generic case encountered in practice. More precisely, we study the so-called bi-
channel case, where two channels along the reaction coordinate direction exist between an
initial and final state, the channels being separated from each other by a region of very low
probability. With hypotheses made on ‘channel-dependent’ conditional measures, we show on
a bi-channel model that we introduce, that the convergence of the ABF method is in fact
not limited by metastabilities in directions orthogonal to & under two crucial assumptions: (i)
exchange between the two channels is possible for some values of £ and (ii) the free energy is a
good bias in each channel. This theoretical result supports recent numerical experiments [E],
where the efficiency of the ABF approach is demonstrated for such a multiple-channel situation.

1 Introduction

We consider a system of N particles with positions ¢ € D C R3V. In statistical physics, one is
interested in calculating averages with respect to the Boltzmann-Gibbs measure

dv(q) = Z'exp(—BV (q))dq, (1)

with V : D — R the potential energy function, Z = [, exp(—£V(q)) dg the partition function,
D = {q,V(q) < oo} the configuration space, and 5 = 1/(kgT), where kp is the Boltzmann
constant and T is the temperature. The function V is the energy associated with the positions
of the particles and is assumed to be such that Z < oco. The probability measure v represents
the equilibrium measure sampled by the particles in the canonical ensemble. A typical dynamics
that can be used to sample this measure through trajectorial averages is the overdamped Langevin
dynamics

dQ, = ~VV(Qu)dt + \/25-1dB,, (2)



where (Bi)¢>0 is a 3N-dimensional standard Brownian motion. Indeed, under loose assumptions
on V', one has the ergodic property: for any smooth test function ¢,

1T
Tlféof/o (P(Qt)dt—/D‘PdV-

The efficiency of this sampling procedure, which can be shown to be related to the convergence
rate to equilibrium of the above dynamics is often hindered by metastabilities in the potential
function V', namely regions of low energy are separated by high energy barriers. Equivalently,
in terms of the probability measure, v is typically a multimodal measure, with regions of high
probability separated by regions of low probability. To circumvent this issue, a one-dimensional
collective variable (or reaction coordinate) & : D — M is introduced, which will be used to define
a biasing potential for (E) In the following, we will assume that |V¢| > 0 on D, and that M =T,
where T = R/Z is the one-dimensional torus (which typically corresponds to the case where the
reaction coordinate represents a dihedral angle, for example to characterize the conformation of
a molecule). Before defining more precisely the biased dynamics in the next section, we need to
introduce a few notation.

The image of the measure v in £ is given by

dv®(z) = Z 7 texp(—BA(2)) dz,
where A is the so-called free energy, defined by
A(z) = -7 'In(Z2.,) (3)

where

2.~ [ esp(=BVIa) bl ()
is the partition function on the submanifold ¥, = {q € D | {(¢q) = z}. The measure d¢(4)—.(dq) is
defined through the conditioning formula: for any smooth test function ¢ : D — R,

/Dsﬁ(q) dg = /M /E ©(q)0¢(q)-=(dq) dz.

Using the co-area formula (see [[4, Appendix A]), one can also identify this measure as d¢(q)—=(dq) =
|V¢|~tdoy,, where oy is the Lebesgue measure on Y,. We assume in the following that ¢ and V'
are such that Z, < oo, for all z € M.

Practitioners are typically interested in free energy differences A(z) — A(zp), which can be
obtained by computing (and integrating) the derivative A’(z), the so-called mean force

AG) =22 [ 70 expl(=5V (@) S (da) (5)
where f is the local mean force defined by
_WVeVe (Ve
1= () )

The function f can be understood as the negative force projected onto the reaction coordinate,
plus some correction term related to the curvature of the submanifolds ¥,. Notice that the mean
force () is in fact a conditional expectation

A(2) =B [f(Q)EQ) = 2] = / fdv., (7)



where

exp(—BV(q))de()—=(dg)
exp(—B(A(2)))
denotes the probability measure v conditioned to a fixed value z of £(g). This measure is supported

on the submanifold ¥,. For the derivation of ({)-(f)—(f]) which is again based on the co-area
formula, the reader is referred to [@, ,

dl/|z =

1.1 The adaptive biasing force method

The adaptive biasing force (ABF) method [f, f] uses an estimate of the mean force A’ to bias
the standard overdamped Langevin dynamics (p]) in order to overcome metastabilities in £. The
bottom line of the approach is that it should be easier to sample the probability measure with
density proportional to exp(—8(V — A o £)) than the original Boltzmann-Gibbs measure v, since
the marginal probability of the former in £ is a uniform probability measure on T, while the
marginal of the latter (namely exp(—SA(z))dz) is typically multimodal.
The ABF dynamics is given by

dXt = —V(V — At o 6)(Xt)dt + V 26_1dBt; (8)
Az) = E[F(X0)Jg(X0) = 2],

where A} is an on-the-fly estimate of the mean force, which, in view of the definition (ﬂ), is expected
to be a good estimate of A’. The law of X; has density (¢, -), which satisfies the non-linear Fokker-
Planck equation:

8t1/) = le(V(V — At (e} 5)’1/}) =+ /BilA’l/},

/ f 4 b¢(q)—=(dg) (9)
() = 2% .
/E ¢ 6§(q)fz(dq)

Roughly speaking, the biasing force V(A; o §) “flattens the free-energy barriers in £”. To support
this claim, let us simply indicate that if [V&| is constant, the marginal density in £ satisfies a simple
heat equation, with zero bias, see [[L3, @] and also Equation (E) below. Existence and uniqueness
of solutions to (f) are studied in [L] and a study of the longtime convergence of (f]) can be found
in , the results of which are briefly discussed below.

1.2 Existing convergence results, and the multiple channel scenario

It has been shown in [[l4] that, under appropriate assumptions, the biasing force A} in (§) (actually
for a slightly different dynamics which reduces to (§) if |V&| is constant for example) converges to
the mean force A’ exponentially fast in the longtime limit. The rate of convergence was estimated
as the minimum of (i) the rate at which the law of £(X;) converges to equilibrium, and (ii) the
smallest logarithmic Sobolev inequality constant (LSI constant, discussed in Section E) of the
conditional probability measures v|,, for 2 € M. Thanks to the bias in the direction of the
reaction coordinate, it can be shown that the rate of convergence of the marginal in ¢ is actually
not the limiting rate in practice since it satisfies a simple diffusion equation. The real limitation is
thus the metastable features (i.e. the multimodality) of the family of laws v|., which is quantified
through the LSI constants associated to these measures: roughly speaking, the smaller the constant
the more multimodal the probability measure. These constants may be in some cases extremely
small, at least for some values of z € M. The question we address in this paper is the optimality
of this theoretical rate of convergence for the ABF method.

The generic situation is indeed that the LSI constants for the measures v|, are not small
uniformly in z. Typically, there exists some values of z for which these measures are multimodal.



This situation is often encountered in practice due to two reasons. First, finding a suitable reaction
coordinate, namely in our context one that ensures that there are no metastabilities associated
to the equilibrium measures v, is not trivial for a large-dimensional system. Secondly, a low-
dimensional reaction coordinate may simply not be sufficient to describe all metastabilities of the
system. In such cases, the results of predict a very small rate of convergence for the ABF
dynamics (E), and thus, the inefficiency of this biasing procedure.

As a typical case for which such difficulties appear, we will consider in the following the so-
called ‘multiple channel situation’ (see Figure m on the left, for a bi-channel case). In such a
situation, starting from a metastable state and as the system evolves in the direction of increasing
values of the reaction coordinate &, it can follow different channels, which are separated (in the
‘orthogonal direction to £’) by arbitrary high energy barriers. In other words, the energy landscape
features parallel valleys which are orthogonal to the isocontours of the reaction coordinate. In such
a prototypical situation, the conditional probability measures v|, are indeed multimodal, for the
values of z corresponding to the system being in one of these channels.

However, recent numerical experiments [[L5] (based on a discretization of the ABF dynamics (§)
by multiple walkers simulated in parallel) suggest that in fact, high energy barriers in X, do not
always hinder the convergence of the ABF method. The multiple walkers are made to follow similar
dynamics (E), but driven by independent Brownian motions. The chemical system considered in [[L5]
is the compact states of the deca-alanine peptide (the reaction coordinate ¢ being thus the end-
to-end distance of the peptide). Due to some ‘buckling effects’, this is a typical multiple channel
situation, since the molecule can shrink to various compact states (see [P]). In [[F], numerical
results show that the ABF approach indeed yields reliable results in such a situation. We interpret
this as follows. When encountered with a fork in the channel, each walker is likely to travel down
a different channel. Thus, it is indeed almost impossible for a given walker to switch from one
channel to another, once it has entered one of them, but this appears not to be necessary to obtain
reliable results. It suggests that the theoretical rate of convergence obtained in [@] is actually not
optimal.

Inspired by these numerical results, we present herein an improved theoretical rate of conver-
gence of the ABF method. The rate will be shown to depend on the LSI constants of the family of
equilibrium measures conditioned to being in ¥, and a channel. By doing so, we show that high
energy barriers separating the channels do not in fact affect the rate of convergence of the method.
The crucial assumptions needed to show our result are: (i) exchange between the two channels
is possible for some values of £ (see [H1] below) and (ii) the free energy is a ‘good bias’ in each
channel (see [H4] below). This is formalized in the main result of this paper, namely Theoremlﬂ
below.

For some technical reasons, we were actually unable to prove this result on the original ABF
dynamics (§). We will thus consider a slightly different system (that we call the bi-channel model)
which retains the most important features of the dynamics (E) when applied to a potential exhibit-
ing two parallel channels in the direction of £, separated by a high energy barrier.

The paper is organized as follows. In SectionE we give details of the bi-channel model, define
some probability measures and recall some entropy definitions before presenting the main result.
Finally, the proof of the main result is given in Section .

2 The bi-channel model and statement of the main results

In this section, we present a model to describe the bi-channel scenario. In the following, we treat
the case d = 2 (so that the position is ¢ = (z,y)), D=T xR, M =T and £ : D — T, where
&(x,y) = x. We further assume without loss of generality that § = 1, which can be done by a
change of variables t = 37 1¢, 1/;(5, x) = p(t,x), V(z,y) = BV (z,y). With these assumptions, some
notation may be simplified: |V¢| =1, ¥, = R and d¢(q)—.(dg) = dy. Furthermore, the definition



of the local mean force in () simplifies to
f=0.V
and the free energy and its derivative are given by
/]Razv(xay) eXp(—V(x,y)) dy
) =

/R exp(=V (z,)) dy

A(z) = —1n/ReXp(—V(ac,y)) dy and A'(z (10)

We would like to emphasize that the choice of the domain M = T and reaction coordinate
&(x,y) = x is merely to reduce technicalities, see [@] for appropriate tools to treat general &.
In particular, the results can be straightforwardly generalized to the case D = T x R?~! and
&(q,--.,q94) = 1. Likewise, the generalization to a situation with multiple channels (more than
two) is straightforward (see Remark [I| below for another generalization).

2.1 The bi-channel model

The bi-channel situation is characterized by the existence of two channels joining an initial and
final state on a potential energy surface V', separated from each other by a region of high energy, as
depicted in the left of Figure . As explained above, we were not able to analyze the original ABF
dynamics (E) in this situation, because of some technical difficulties in expressing the probability
density flux from one channel to the other.

We therefore analyze the convergence of the ABF method for a slightly different model, which
is schematically represented in right of Figure . Each channel is described by a potential energy
function V; : D — R, where ¢ € {0,1} denotes the channel index. The stochastic process we
consider now is actually a couple (X, I;), where the position vector X; lives at time ¢t on the
potential Vj,, Iy € {0,1} being the index of the visited channel at time ¢. The channel index I is
allowed to switch to 1 — I only if £(X;) lies in some designated regions (typically at the two ends
of the two channels).

The dynamics for the ABF dynamics in the bi-channel model is then

dX, = —V(Vi, — Ay 0 £)(X,)dt + /2 dB,
Aj(z) =B [0, Vi, (X)[§(X) = ],
I; € {0,1} is a jump process with generator

L@(zayvl) - *)\(SC)(QQ(ZL‘,y,’L) - @(zayv 1- 7’))

(11)

In terms of the stochastic process I}, switching between the two potentials (namely change of I
to 1 — I;) occurs at times

/ ME(X))ds > T, } ,

Tn+l = mf{ t> T,

where 79 = 0 and 7;, are i.i.d. random variables drawn from the exponential distribution with
parameter 1. In this way A(z) denotes the rate at which the trajectories jump from potential V;
to potential V;_;. Note that this rate depends only on the position, x, in the reaction coordinate.
The bi-channel feature of the model is related to the fact that we assume that the rate X is zero
(there is no switching) in some region of the reaction coordinate. Outside of this region, the rate
is supposed to be constant, and the potential functions are assumed to be identical (the particles
live in the same potential). Let us state this as a formal assumption,

[H1] 3ECT, AMz)=Ane(x) and Vo € T\E, Vo(z, ) = Vi(z,-).



Figure 1: Left: Contour plot of a 2-dimensional potential energy surface demonstrating the bi-
channel scenario. Right: In the bi-channel model the two channels are described by two potential
functions V; : D — R, i € {0,1}. Exchange between the two channels is allowed only in regions
T\E at a rate A > 0.

The region £ C T in the above hypothesis represents the region where the two channels are
separated by high energy barriers, see Figure ﬂ It is assumed to have a Lebesgue measure different
from 0 and 1.

The main qualitative difference between the bi-channel model we study, and the original ABF
dynamics (E) is that the switching only depends on the x-position and not on the y-position.
However, the ABF dynamics ([L1}) conserves the main difficulty of the original one, namely the
metastability of the dynamics in terms of visited channels for some values of £&. At times t such
that £(X;) € &, I cannot switch to 1 — I;. In particular, it can be checked that the proof of
applied to (@) in the case & = ) leads to an estimated rate of convergence limited by A and is
thus eventually zero if A goes to zero (see Remark E below). The aim of this work is to study the
case £ # () and to obtain an exponential rate of convergence even if A = 0 in some region (see
Theorem [l below).

Remark 1 On Figure I], we represent the bi-channel case with two metastable states linked by
two different channels. The region where the stochastic process can jump from one channel to
another has two connected components. We would like to emphasize that our result also applies
to the case where this region is simply connected, namely a situation where two channels start
from a metastable state (along the reaction coordinate value) but do not end in another metastable
state. This situation is of course less favorable in terms of speed of convergence to equilibrium,
which would be reflected in our theoretical result through the parameter 6 (see [H] below). This
is actually typically the situation of the numerical experiments in /IE] mentioned above since the
various compact states obtained do not belong to the same metastable basin.

2.2 A partial differential equation formulation

Let us introduce the time marginal of the process (X, I;) in ([L1):

1
dl’Lt = Zw(tv'rvya?’)éz dx dya
i=0

where §; is the Dirac measure on the singleton {i}. When necessary, we shall denote the i-
dependency of the density by a subscript ;, so that ¢, _; denotes (¢, x,y, 1 — i) for example. The



evolution of the densities are described by a system of non-linear partial differential equations:
Vi € {0,1},
Oy = div(V(Vi — Ar 0 ) + Ap — Ao £ [ — 11| on D, (12)

where, we recall, the last term is zero for {(z,y) € £. The non-linearity is due to the definition of
the mean force estimate, given by

/ i=0 YR
Ai(x) = | )

1
; /R Bt z,y.1) dy

Using hypothesis [H1], it can be checked that if 1), is defined as a probability density proportional
to e~ (Vi=A4=08) where A is a given long-time limit for A, then 1 is a stationary solution to (@)
Then, by replacing ¢ by 1o in ([3) and comparing with the definition of the mean force ([L]), it is
clear that by choosing A’ = A’, one obtains a stationary solution of the system ([L3)~([L3) written
as:

| o Vi) AG))
woo(xayal) = (14)

- )
Z/ e~ (Vim=A08) g dy
i=0 YD

The associated equilibrium measure for the process (X, I;) writes:

1
oo = Y oo (,,)0; d dy.
=0

We will need further notation for marginal and conditional laws associated to p; and poo. The
next two sections give precise definitions for these measures, and Table [l| summarizes the notation.
2.2.1 Marginal laws

We are now in the position to define marginal probability densities. The image of the probability
measure u; in € and I is denoted by

1
A’ =S8 (t,,0)5; da where & (¢, 1) = / Wt ,y,4) dy.
R

=0

The evolution of the density 1% is described by the (non-closed) partial differential equation

Oyt = /R@z@m — Ay 0 E)) dy + Dppp®T — Na) (W& — 5, (15)

obtained by integrating @) in y. The associated equilibrium measure is

1

dp&t =Y 98 (w,i)6; dw where ¢S (x,i) = /R Yoo (2, Y, 1) dy.

i=0
The marginal measure in £ only is denoted by

1 1

dpg = ¢8(t,x) de where ¢&(t,) = ¢ (t2,8) =) / U(t, 2y, i) dy.
R

=0 =0



Measure Definition Description of measure

T
dpg Zw(t, x,y,1)d; dx dy | Probability measure in domain D x {0, 1}

i=0
1
d,uf’l Z V&I (t, x,0)6; da Marginal measure in reaction coordinate and channel
i=0
dut V& (t, z) de Marginal measure in reaction coordinate
dpit)z,i w Measure conditioned to being at = and ¢
| 3 wf,](t7x7l)
1
i)z i=0 o Measure conditioned to being at x
1
> vt i)
I i=0 1 o .
d,uﬂm W Marginal in I, conditioned to being at x

Table 1: A list of probability measures.

By summing (@) over i and using the definition ([L3)) of A}, it is easy to check that ¢ satisfies
a closed, very simple partial differential equation (this is similar to the original ABF dynamics,

see [@, @])

O4p® = Dypth® on T. (16)

Thanks to the adaptive bias, along &, the barriers have been flattened. The long-time limit of ¢
is given by

1
o) =Y [l dy =1
i=0 /R
which corresponds to the uniform probability measure on the torus T.

2.2.2 Conditional laws

Let us introduce the measure pu, of (X, I;) conditioned to being at a specified point 2 in the

reaction coordinate:
1

g = s (17)
Its long-time limit is
1
Ato)e = =2 . (18)

o (@)
To study the bi-channel model, we will also need to introduce the measures conditioned to being
at fixed £ and a particular channel ¢ € {0,1}. This measure and its long-time limit are defined



respectively by
d =Gy dy _ Yso(@,y,1) dy
Ht|z,i = ’lﬂg’l(t,l',i) Hoo|z,i = ’L/}&I(:C,’L) .

Finally, we will also need the marginals in I of the probability measures i, and fi|,. These
Bernoulli probability measures :“tl|z and ,uio | Tepresent the proportion of the marginal distribution

¥&(t,-) and 9¢ in each channel. They are formally defined as

(19)

1
Z Q/J£7I(ta x, 1)57,
=0

4

PE(t, )

1
ngél(x’i)éi
and dﬂéolx ==

duj,, = —

2.3 Entropy and Fisher information

In this section we recall some well-known results for defining relative entropy between two prob-
ability measures, which can be seen as a measure of the ‘distance’ between those. A general
introduction to this topic can be found in [m, E] and applications to study the longtime behavior
of Fokker-Planck type equations are presented in [E]

Definition 1 (Entropy). For any two probability measures p and v such that p is absolutely
continuous with respect to v (denoted as p < v), the relative entropy is defined as

H(ulv) = /m (%) dy.

The positivity of the relative entropy can be shown using the inequality In(1/2) > 1 — . Further-
more, H(u|v) =0 if and only if u = v.

Definition 2 (Csiszar-Kullback inequality).  For measures p and v which have densities
with respect to the Lebesgue measure, the following holds

I — v < 2H (plv).

This allows us to control the L'-norm of the difference of two probability measures by their relative
entropy.

Definition 3 (Fisher information). For any probability measure p absolutely continuous with
respect to v, the Fisher information is given by

Flulv) ”vm <‘;—5)

Definition 4 (Logarithmic Sobolev inequality). The probability measure v is said to satisfy a
logarithmic Sobolev inequality with constant p > 0 (in short: LSI(p)) if for all probability measures
such that p < v,

2
du.

1
H() < 5-F ().
Such an inequality holds for Gaussian measures [ﬂ] for example, and more generally [ﬂ] for any
measure v with density proportional to e~V where V is a-convex (in which case the LSI constant
p is equal to «). Besides, there exists a perturbation result [E] if 7 is a probability measure such
that div/dv = eV, where v satisfies a LSI(p) and U is a bounded function, then ¥ satisfies a LSI with
constant p = pe~ (V) where osc(U) = sup(U) — inf(U). Thus, a very large class of probability
measures satisfy a LSI. An important feature of the LSI constant is that it degenerates to zero in
the case where the probability measure is multimodal. For example, if dv = Z~texp(—W (z)) dz



and W (x) = 2*/4 — 22 /2 is the double-well potential in dimension 1, then the LSI constant scales
as exp(—BAW) where AW = W (0) — W (1) > 0 is the height of the barrier. Such inequalities thus
hold under rather loose assumptions, but the constant p is very small for a multimodal measure.
For example, in typical situations encountered in molecular dynamics, the LSI constant for the
measure v defined in (El) is extremely small, which is related to the fact that it is difficult to sample
directly this measure.

To analyze the convergence of the ABF dynamics for the bi-channel model, we make use of
LSIs for the conditional measures fi|,,; (see assumption [H3] below), which are the equilibrium
canonical measures, conditioned to being at a fixed value of £ and in a channel. In [B], log-Sobolev
inequalities for the equilibrium canonical measures conditioned only to being at a fixed value of £
were considered, but in the bi-channel case, those are typically very small due to the presence of
high energy barriers ‘orthogonal’ to the isocontours of the reaction coordinate (see again Figure m)

Let us now define the Wasserstein distance between two probability measures.

Definition 5 (Wasserstein distance). The Wasserstein distance with linear cost between prob-
ability measures pu and v is defined as

W(p,v) = inf / ly —y'| (dy,dy’),
WEH(M,I/) DxD

where I(u, v) denotes the set of coupling probability measures on D x D, with marginals p and v.

Definition 6 (Talagrand inequality). The probability measure v is said to satisfy a Talagrand
inequality with constant p > 0 (or T'(p)) if for all probability measures p such that p < v,

W(pov) < | 2H o). (21)

Logarithmic Sobolev inequalities and Talagrand inequalities are related (see [E])
Lemma 1 If v satisfies LSI(p), then v satisfies T (p).

Below, we present entropies that prove useful in obtaining convergence results of the bi-channel
ABF model. In this paper, we are primarily interested in the convergence to a stationary state of
the Fokker-Planck equation ([2)-([[J), and thus of the associated partial differential equations ([[§)
and (E) Relative entropies will therefore be defined for some probability measures with respect
to their long-time limits.

The total entropy will be denoted by

B(t) = H(uljioe) = ; [ %@) b de dy.

The so-called macroscopic entropy is defined as

£
Bar(t) = (6§ = [ 1n (ff—g) ¥ dr,

oo

the local entropy at a fixed value x in the reaction coordinate by

1
- B Y ¥ ¥
m(t, ) = H(p)| foo|a) = ;/Rm <¢f/w§o> Ye .

and the microscopic entropy by

Ey(t) = /T em(t7) S (t,7) da.

10



With the above definitions, it is easy to show that
E(t) = Exi(t) + Bu(0). (22)

In order to treat the bi-channel case, we define a channel-local entropy, defined by

ecl(t,l',i) = H(Mt\z,iLuoo\z,i) :/ (wf[/jg) 1/11?7 dy.

Two hypothesis that will be essential to the results presented below are: a so-called ‘bounded
coupling’ assumption on the cross derivative 9, ,V; (see [@, @]), and an assumption on the loga-
rithmic Sobolev inequality constants for the probability measures 1|, ;- The hypotheses read

Vi € {0,1}, V; and ¢ are sufficiently differentiable functions such that 3 C, M > 0
JoOuVie™ V" dy

Jpe™"

Vi € {0,1}, V; and € are such that 3p > 0, Vz € T, Vi € {0,1},
the conditional measure fio,,; satisfies LSI(p).

[H2] < C < o0,

Loo(T)

HaLyViHLoo(']rX]R) < M < oo and

w3 {

The hypothesis [H3] gives us that Vz € T, Vi € {0,1}
1
H(/Lt\m,iLuoo\m,i) < 2_pF(Mt\m,i|,LLoo\m,i)a
v Yoo |\ W 1 v
/Rl“(w W& ) ot W= 3y J 1P T0

Finally, an entropy that appears in later calculations, is that of the Bernoulli measure M{\w with
respect to its long-time limit

f I 571 &1

The so-called channel entropy is then given by

or equivalently

2

% dy. (23)

Bt) = [ etayis do

e

2.4 The free energy as a bias in each channel

As well as the hypothesis [H3] on the conditional measures Hoolz,i» an assumption will also be
necessary to ensure that the free energy is a ‘good bias’ in each channel. More precisely, once the
bias has converged, the marginals along ¢ in each channel must converge sufficiently quickly to
their long-time limit. Roughly speaking, the channels should not be too ‘asymmetrical’. The aim
of this section is to state this more formally, see assumption [H4] below.

Consider that the system is already nearly at equilibrium, in the sense that

i) A=Al = A,

11



R R
Then the marginal density /¢! can be shown to satisfy (see ([[§) and ([i0) below)

Ot = —Lipt! = 0, (V8 0n (™ ) — M) (S — i), (25)

It can be shown that the operator £ = (Lo, £1) is symmetric and positive definite with respect

1
1
to the inner product (f,g) = Z/sz(x)gz(:c) m dx and has a spectral gap 6 > 0 (see
=0 ] )
Lemma [[J below). In other words, £ is such that for all functions f : T x {0,1} — R, with

fieH! (1p5’11(z i)dx), f#0and 31, Jp fi(z) dz =0, we have

(F.) < U LF). (26)

As will be apparent in the proof, it will be necessary for the spectral gap 6 to be sufficiently
large.

8(C+ Mp~'/2)2M

0 > Omin with O, =
[H4] _ c i
where 0 < ¢, M < oo are such that inf %! = ¢ and sup, ¥¢(0,2) = M.

We recall that the constants C, M and p have been introduced in assumptions [H2] and [H3]
above. The fact that ¢ > 0 is not restrictive since Vi € {0,1}, V; is a continuous function and
P& o fR e Vi dy > 0 is continuous and defined on the compact space T. Similarly, since 1)¢
satisfies the heat equation (E), the assumption M < oo is not restrictive. If, for example, the
initial condition has a Dirac mass marginal in ¢, for any positive time ¢y > 0, ¥¢(t, -) is a bounded
function, and one has simply to consider the dynamics on [tg, o).

Remark 2 In the hypothesis [H2], the assumption on the cross derivative 0 ,V; could in fact be
replaced by ||0,Vi|| Lo (rxr) < M < 00, in which case, in [H}], the minimum value for 0 would be
changed to Omin = 8M62M and the Talagrand inequalities in Lemmas E and 11 would be replaced by
Csiszar-Kullback inequalities.

2.5 Main result

We are now in position to present the main result of the paper.

Theorem 1 Assume hypotheses [H1]-[Hj]. There exists a smooth function A : (6min, 00) — (0, p)
which is increasing and such that:

0 as 0 — O,

3P
A(p+29mm)—2 and A(G)—){ b as B o0

for which we can prove the following convergence result: for any e € (0,A(0)), there exists a
constant K > 0 such that, ¥t > 0,

En(t) < Kexp (—2 min{(A(0) — €),47%} t) . (27)

This implies that the total entropy E and thus ||1(t,-) — teo||2: converge exponentially fast to
zero with the same rate. Furthermore, the biasing force A, converges to the mean force A’ in the
following sense: YVt > 0,

/T Ay () — A" (@) P (1) die < 2(C + Mp~Y/2)2 B (1),

12



As a consequence, for any positive time to > 0 and ¢ € (0,A(0)), there exists a constant K such
that V't > tg,

/E|A2(x) — A'(z)]? dz < Kexp (—2 min{(A(0) —¢),47%} t) .

The term 472 corresponds to the exponential rate of convergence of 1¢ to ¢S, (see (@)), and is
clearly not the bottleneck. There are actually various ways to make this rate as small as needed
(see Remark 11 in [[[4]).

Thus, this result essentially shows that the ABF method converges at a rate which is limited
by the multimodality of the equilibrium canonical measures conditioned to being at fixed value of
¢ and in a channel (quantified by the constant p), if the free energy is a bias which enables a fast
exploration of each channel (this is quantified by the constant 6, which should be sufficiently large
for A(f) to be indeed close to p). Thus, the convergence may be fast even if switching between
the two channels is impossible for some values of £. If the spectral gap 6 is sufficiently large, we
thus recover a similar expression for the rate of convergence of the ABF method as the one derived
in , with p being now the LSI constant of the canonical measures p, ;-

We would like to emphasize that our arguments hold under the following assumption of existence
of regular solutions: We assume that we are given a process (X, I;) and a function Aj which
satisfy ([[1), and such that X;, conditionally on I; = i has a smooth density (t,z,y,i). We
suppose that this density is sufficiently regular so that the entropy estimates below are valid. We
refer for example to [E] for an appropriate functional framework in which such entropy estimates
hold.

3 Proof of main result

In order to prove the exponential decay of the microscopic entropy in Theorem , we use the
fact that the time evolution of the microscopic entropy can be expressed as a combination of the
evolution of the total and the marginal entropies, from (29)

dE,, dE dEy
. dt dt
In order to obtain results for the microscopic entropy, we begin by treating the time evolutions of
the total entropy and the macroscopic entropy separately.

3.1 Preliminary computations on the total entropy F

In order to study the evolution of the total entropy, some auxiliary results will be needed and are
given in the lemmas below. First, it will be useful to write the Fokker-Planck equation associated
to v in a different form.

Lemma 2 The Fokker-Planck equation (@) for ¢ can be rewritten as
Oy = div(vee V(¥/1hs0)) + 0u (A" = ADY) — M@) (¥ — Y1)
Proof : By developing the right hand side, we obtain

Y

b = div (vw - w—wm) T O0,((A — A)p) — A@) (¥ — 1)

= div (Vi + V(Vi — A0 ) + 0a(A') — 0 (Aph) — A(@) (¥ — 1)
= div(V(Vi — A 0 &)¢)) + MY — A(@) (4 — ¢h1-),

which is indeed the Fokker-Planck equation ([[J). O

The above may now be used to estimate the time evolution of the total entropy.

13



Lemma 3 The total entropy E satisfies

T L e L (D) e

Proof : First, by definition of the total entropy, we have

dE d < "
T - %gﬂxR1“<w:)“”
1

- L) *

=0

using the fact that 1 is a probability density. Next, we use Lemma E to obtain

% . i/TXRdiv (%Ov (#)) <woo> +Z [ O = Ae)n <w%>
_Z/qer ( )W P1-i) (30)

Ll G o= - ()]

<%
; TxR
where the last line is a result of integration by parts and the fact that () is non-positive, which
is proved below in Lemma E &

Lemma 4 For ¢ satisfying ) and Yoo its long-time limit, the following holds

1

Z/’H‘X]R A(z) In (1/%) (Y —11-4) <0

=0

Proof : First, recall that AM(z) = 0, Vo € £. We consider therefore the left hand side of the
inequality at fixed (z,y) € (T\E) x R. At fixed (z,y), we consider renormalized (Bernoulli)
probabilities denoted by ¥; = ; /(1o + 11), so that g + ¢ = 1.

_ ;ln (w%) (¥ — 1)
= (—o + 1) [m (wlf:,o) —ln (ﬂillﬂ
= (Yo + $1)(~o + 1) |In <Jf0> o (1/}121)]

[ Yo |\ 5 U1 Yo |\ - U1\ -
= —In —1In +1 1 —
(o +91) i (1#@0)1/)0 (1/) 1)1/}1 n<1/)ooo>¢1+ n<1/)0071>1/10

~ (o + o) |2 (1/’0 )1;0—21 (“/’ )wwowl)m(ﬁ )+<¢o+¢1>m(f/’

00,0 oo,1

B 1
wz 1/10 1/11
— 25" In ;4 In In .
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From hypothesis [H1], V(z,y) € (T\&) xR, 1/30071 = 1/30070 = %, which allows the above to be written

as
1 " 1 i\ - 1 0\ -
- Zln <_> (¥ —t1—i) = (Yo+11) *22111 < = ) i JrQZlH ( — ) 1/1001
i=0 Voo i=0 Yoo i=0 Yoo
1 1; ~ 1 1; ~
= —2(¢o+¥1) Y In ( - ) $i+ Y In (£> ww] (31)
i=0 Yoo i=0 Yi
< 0.

The last line is due to the fact that the two terms between brackets are non-negative, since they
are relative entropies. O

Remark 3 Let us consider the case where £ =0 and thus Yz € T, A(z) = A > 0, which implies
(see [H1]) Vo = V1 and therefore oo,0 = Yoo everywhere on T x R. In this case, it follows
from (BI) that

1

XL (Es) e

1=0
o
_ Vi \ 7
2)\/1er(¢0 + ) ;:0 In (1; ) i

oo

1
Y Yo + 1
—2A El — A In{ ———— .
2 /H'XR,L-_O n<woo>w+2 /Jl‘x]R n<w0070+1/]oo,1>(1/}0+w1)

Furthermore, since the marginal ™Y := g + 11 satisfies in this specific case
Opp™Y = div(P'V (™Y [PLY)) + 0z ((A” = AP y™Y), (32)
one can show, using the results of /, that 3C > 0, Vt > 0,

IN

IN

1
- Z/ Az)n (wi) (% — 1) < —2AE + 23O~ 2 mintpdr } e,
i—0 Y TXR o]

Using this, and the fact that —E < —FE,,, one can show that E,, converges to zero exponentially
fast with rate
2min{p, 472, A}

The convergence rate thus depends on \ > 0, the rate at which switching occurs between the two
channels. This is comparable to the original result obtained for the ABF algorithm, see ] The
aim of what follows is to obtain a result in the case where £ # 0, namely when X = 0 in some
Teqgion.

In order to estimate the last term on the right hand side of (@), it will be helpful to express the
difference of the biasing force and the mean force in terms of densities

Lemma 5 The difference between the biasing force A} and the mean force A’ can be expressed in

the following way
1
Y v\ Y ¥* )
A — A = Ogln| — | = dy — 0, In | — | .
: Z;/R n(wm) we “(wgo

Proof : We develop the expression on the right hand side and use the fact that 5 = 1

15



> o () e oo ()
= Z / amlnw)% dy — Z / amlnwoo)% dy — 9, 1n (%)

v
e

At
s

£)

—z/av ay —Z/A””
— A A
The last line is a result of the definition of A} in ([[3) and the fact that A is a function of z only. <

Another useful estimate for the difference between A; and A’ is given in the following lemma.

Lemma 6 The difference of the biasing force and the mean force can be bounded by the microscopic
entropy as:

/WA471¥F¢E¢E§QR?EMQL
T

where
R:(C+A@r“ﬂ.

Proof : We begin by showing that |A}(x) — A'(x)| < M+/2en(t, z)/p. By definition, we have
1 1
;A wy;A oo dy

1 1

d oo d
Z/w Y ;/sz Y
U I) Y ( e ) woo>
= 0. Vi —— — | Oy
Z/« per ~\ W) yer)

- Z/]M <8V:cy)1€/]£ 8V(zy)1jfl>7r(dy,dy/)

o0

A(x) — Alx) =

where 7(dy,dy’) is any coupling measure on R x R with marginals yi;), ; and fie|5;. Next, using
Taylor’s expansion on 9, V;(x,y), we have

1 &l &1
A(z) = Al(x) = ;/}MR <(81Vi(:c,y’) + 0uy Vi, n(y, ¥ —¥)) 1/;5 — 0, Vilz,y )Z/;oo ) (dy, dy')
1 1/15 I ,lpf I wf I /
_ Z/ (a Ve y>(—w£ ——wm) + 00 Vi ) — 1) o )ﬂ(dy,dy)

— 1 <£ﬁ>/8‘/zy = dy +Z¢£7/ Dy Vi, n(y,y") (v — ') (dy, dy')
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where 1(y,y’) € [y,y’]. Recall from [H2] that 3C, M > 0 such that <C

R Lo(T)

and |0y, VillLe= < M. Furthermore, with the use of the Csiszar-Kullback inequality, we have

W& gl 1 1/,5,1/
A(x) — Al(z)] < 2+ My — y —y'|n(dy, dy’
| Ay () (z)| 2|0 T ;) e RxRI |7 ( )
1 ’lpE’I
! /
< C~/2H(u{‘m,uiolz)+MZ$/RXR|?J—Z/ |7(dy, dy’).
1=0

Next, by the Talagrand inequality (@) and the concavity of the function x — /z,

/ wf !
|A2($) _A/(‘T)| < C 2H Mt\m"u’oo\m (,U/t|x i1 Moolx, z)
S H G i) 2 WEl
< C 2H Mt\ma ,uoo\m +M, |- ZH Ht|z,is ,uoo\m,l>—£
P G
2
Therefore )
PHEE A'<x>|2 <2(C+Mp~2) en(t,).
The result follows immediately, since Ep, (t) = [} em(t, x) ede. O

We are now equipped with the right tools to control dE/dt, and are left to handle the evolution of
the macroscopic entropy.

3.2 Controlling E),

Due to the free diffusion equation (E) satisfied by 4¢, the macroscopic entropy Ej; is easily
controlled.

2

vt = —F(y8ys,). (33)

Lemma 7 The macroscopic entropy satisfies
dE

_ Yt
o i OzIn (1/}—20)

Proof : Using () and integration by parts

()

dt dt &%

13

_ /m (‘/’—5) Duat®
T Yo

g 2

= f/ 8, In (1/’—5) .
T Yo
Lemma 8 The Fisher information for the marginal density ¢ decays exponentially fast with rate

r = 8n?
F8(t,)WS,) < Fo exp(—87°t),

where Fy = F(¢(0,-)[vS,)
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Proof : See Lemma 12 of reference [[L4].
¢

In light of the lemmas presented above, hypotheses [H1]-[H4] may now be used to control the
evolution of the microscopic entropy.

3.3 Controlling F,,

The aim of this section is to obtain an estimation on the evolution of th microscopic entropy E,,,
see () below. We first begin by using the fact that the channel-local conditional measures fiog |z, ;
satisfy LSI(p) to bound the microscopic entropy.

Lemma 9 Under the hypothesis [H3], the microscopic entropy E., satisfies

1 ¢ 0
= Q_Z/JTXIR a 8 (1/100)
where E. is defined in (24).

Proof : We fist consider the local entropy e, (¢, ), which can be decomposed into the sum of the
channel-local entropy and the entropy of the Bernoulli measures.

2
Y dv dy + E,

em(ta ‘T) = H(Mt\z'ﬂoopc)

- > (5 L

1

= () e [ (5 /) e o
< 2|5 L ()l ?[ (/) 5]
_ QLiO/ a1n< > Y dy + et 2),

where the inequality is a direct result of [H3]. The microscopic entropy is then

En(t)

/em(ﬁ,ac)w5 dx

T

1 ¢ W
352 ol (52)

as required. o

2
¥ dr dy + E,

IN

The time evolution of FE,, may now be expressed using results of Lemmas [§ and fi.

dE,, _ dE  dE)
dt dt dt
1 " 2 1 " wg 2 )
_ In | = — A — A)Ho,1 Ozln | — .
< 2L (E) v L - wom(5D) e o (G| ¢
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We may now apply Lemma ﬂ and use integration by parts
T
dt — J1xr

oY S T ES I o R ES
+z/m(z/ ()% n- o (1) o ()
()
> o ()]
BLn @ LG on () a)

o)) (2]
— Oyl Ozl 81
Z’H‘XR n(z/ﬁ " Yoo vt ! woo

Notice that (@) is non-positive by the Cauchy-Schwartz inequality. We therefore have

dE,, 1 " 2
e ‘.Z/m o ()
ZTR81D<1Z}§>8IH<J})1/)+

1
_ Y
Z-Z;/’H‘X]R ayln ("/)OO)

—2pE,, + 2pE, + / |AL — A7|? ot
T

2

(4

TxR

1

-2/

(4

3 2
o ()

Y- / [a In (:f; ) wf] (A — A" (35)
T Otn (5_;) 2

YE.
Line @) is a result of Lemmaﬁ and the last inequality is due to Lemma E and a further application
of the Cauchy-Schwartz inequality. Now, using Lemmas ﬂ and , we obtain

dE,, ;
M < _9pEy, + 2pE. + R\/2Em\/ Foe 877t .

dt

2

IN

where we recall Fy = F(¢%(0,-)[1)S,). Finally, using Young’s inequality: Ve > 0, Va,b € R,
ab < ea? + £b%, we obtain

dE,,
dt

IN

1 2
=2 (p = R%) Em + 2pB + [ Foe ™™™, (36)

where € > 0 will be chosen optimally later in the proof. We are left to control the channel entropy
term FE. in order to conclude.

3.4 Controlling FE.

The aim of this section is to obtain a control on the evolution of E. defined by (Bg), and more
precisely an upper bound of E., denoted P, which is the weighted x2-distance between ¢! and
V&1, see (BY) and (fd) below.
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Recall that E, = [; H(;Lf‘szm'm)z/ﬁ dz, where the integrand is the relative entropy of a
Bernoulli measure. Poincaré and logarithmic Sobolev inequalities have been studied for Bernoulli
measures [[l]. In order to obtain an exponentially decaying relative entropy, however, a suitable
semi-group and its infinitesimal generator is needed for the measure. In the case of the bi-channel
model (in particular [H1]), we face problems due to the region & C T, where no exchange is per-
mitted between the two channels: in this region, the speed at which the measure utﬂm reaches
equilibrium cannot directly be controlled. To circumvent this issue, we consider the spectral gap
of an adequate operator and resort to the Poincaré inequality.

By the definition of E, and using the inequality Vo > 0, zln(z) < x(z — 1) and the fact that

ZLO Jp &1 (t, @) dz = 1, we obtain

1
wf’l 1/1561 &I
Be = Y [I|—+ /=98
i_o/wr“<wf/w£o>¢

IN
5~
A/~

<
| o
~ ~

I

—_
~——
]

%

814

QU

8

I
&

S

w@

-

We therefore have

where
1 pel 2
P= Z/ (? - 1) V&l da. (39)
=0 T\

In order to proceed and consider the time derivative of P, we will need some further results to
express the evolution of the marginal density 4$. The idea is to compare the evolution of &1
with the dynamics of this density if A} and [ 02 Vdpiy|,; were already at equilibrium (see Section

B-9.

Lemma 10 The Fokker-Planck equation (E) for &1 can be rewritten as

it = (st () o ((fm,] B
LA AT~ N )

Proof : First we will show that

ot =0, [0 (1) dy) 40000~ 4w <MD~ i) ()

By developing the right hand side, we have

atl/Jg’I

_ l r_op! _ &1 5,]_

0 (/ m(%—Aow)wzm& +a/ — ADY = M) (ST - §)

— / O (0u(Vi — A 0 E)) + 0patp®! — M) (08T —¢8h)

which is indeed the Fokker-Planck equation ([L) associated to 4.
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Next, we show that Vo € T, Vi € {0,1}

&I ax‘/z ax‘/z 0o
/Rlbooaz <wi> dy = ’l/)gélax <%) + (wagJ ’l/) - fR g,Iw >¢§7[' (42>

To prove the above, notice that

v e (ﬂ)
/Rwooax(%) t o (e

P I 1/15’1 T
= am d_/_az oo_az E"i‘—azgé
[t dy = [ SO = 005+ Crn
/ Da(Vi — Ao £)e=(Vimo0) gy
- /(az(viono)w dy — 2 o
R /efmons) dy
R
/%Vie’(“""‘"g) dy
- / (OuVi) dy — A'(z)pT — IB G 4 Ay
R

e~ (VimAog) dy
R

Finally, by using the fact that the free energy A is independent of y, we obtain

[ a0 ) dy 0005 f5T) = <IR¢5,I v _ bk w“l/} )w“, (43)
as required. The final result ([i0]) is obtained by substituting (i) into ([£1]). O

Notice that ([f]) is comparable to (P§), only with additional terms due to the fact that 4, and
fT 02V djiy|5,; have not yet converged. The difference of the biasing force and mean force, A} — A’,
was already estimated in Lemmas E and ﬁ We are therefore left to control the remaining term.

Lemma 11 Vz € T, Vi € {0,1},

Jo0aVit [ 0:Vitoso
wg,] 1/1561

2

As a consequence,

2 2
1/)5,1 dr < 2M
p

Jp0:Vite  J2 0 Vithoo
,l/).f,l wg(,)[

Ep. (44)

i

Proof : Let H(ut‘w—, Moo|z,i) De the set of coupling measures on R x R with marginals i, ; and
Hoo|a,; Tespectively and let m € IT . Then

P Yoo
/R (MW B W@)\

/ (0:Vi(z,y) — 0:Vilz,y')) m(dy,dy’)
RxR

IN

182, Vil / ly — | m(dy, dy')
RxR

2
< M ;H(Utlz,iWoolz,i)

where we have used Lemma ||| since pi,; satisfies LSI(p). Equation (@) follows immediately from
the fact that 23:0 Jp H ()i ooz, i) VST da < B, O
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One result that is now needed to derive estimates on the evolution of P is the existence of a
spectral gap of the operator describing the dynamics once A} and [ 9,Viduy,,; have converged
R

(see (R)). We now justify the existence of such a spectral gap.
In order to do so, let us define the vector spaces

1

. (% .
Vi € {0, 1}, W e L? (Tﬂ/)é’f(z,z) dz) , Z/

Vi=<wv:Tx{0,1} - R
L =0T

vi(z) dox = l}
and

WI{UJEVZ

Vi 0,1 H' (T gI:cz d:c wi(z)dr =1
€01} Sept e H (TS Z/ }

T — R?
z = (¢o(z), d1(x))

A function ¢ in V; (or in W;) will also be considered as a vector valued function as ¢ : {
Notice that ¢ € W if and only if f := ¢ — S € Wh.
Lemma 12 Recall the operator L = (Lo, L1), with L; defined as in (@),
Lio == (00 (000 (05/05)) = A@) (@5 = 61-0)]
Then

i) The operator L is symmetric and positive definite with respect to the inner product

! 1
= () gi(x fd:c.
;/Tf()gmw&w)

it) L has a spectral gap 6 > 0 in the sense that

TS
fEW0L, f#0 <f7f>

=0>0. (45)

Proof : i) To show symmetry of the operator £, consider functions p,¢ € Wy. Now, using
the fact that Vo € T\ &, ’L/Jié{o(w) = wg;l,l (),

1
1
i£i¢—d
i 1
Z/S”zz(’/’wzm(w;f))wazd*Z/ ~ i) o

1
o 7 1
N ZZ/ (1/)§sz> 0 <1/)§OIZ> wgolz dx +/T)‘(9U)(900 —1)(¢o — (bl)E!{o dz (46)
- _ . &1 pi p - N ]
;A¢zar (7/’oo,zam <¢w,i>) wooz er/ ) (o — ¢1) (w0 901)1&2;{0 x

! 1
= ¢iLip—— da.
Z/ v

22



From (i), we conclude positive definiteness of £
o \[ 1
am< - >| i der//\(z)(qbo 7(;51)21&“ dx>0. (47)
T

1 1
1
S [ oiLio—r dr = /
i_o/ﬂ' wfx’;{z i=0 VT "/’gél,z 00,0

Notice that the above is strictly positive for any ¢ € Wy, since (¢, L¢p) = 0 if and only if
$o = ¢1 = 0.
it) In fact, one can check that 3k > 0, such that V¢ € Wy, ¢ # 0,

g/ﬁr@&qﬁé dz > mg/T (|¢i|2 i |V¢i|2) é de.

Therefore, by the Lax-Milgram theorem, £~ ! is well defined from Vy to W, and thus compact
from Vy to Vy. From the symmetry and positive definiteness of £, and the fact that its inverse is a
compact operator from Vg to Vy, it has a strictly positive and discrete spectrum. There exists a set
of eigenvectors (vy,),>1, orthonormal with respect to the inner product (-, -), forming a basis of V,

and W, and associated to an increasing sequence of eigenvalues (o, ),>1, such that lim o, = oco.
- n— oo

In particular, there exists a spectral gap: 8§ = o1 > 0. &

Remark 4 In the case where a function ¢ € Wy satisfies Oy = Lo, a consequence of Lemma @
18

V>0, [olt,) - v |* < KeT*, (48)
where || - ||> = (-,-) and K = Z((b(O,) — %L v,)2. This is easily obtained by noticing that

n>1
é — &L € Wy and therefore can be expressed in terms of the orthonormal eigenvectors (Un)n>1

(b(ta ) - wch’bl = Z<¢(Oa ) - 1/’&51, Un)“ne_ant-

n>1

The result @) follows immediately since ¥n > 2, o, > 01 = 0.
Notice in particular that the Fokker-Planck equation (@) satisfied by Y&! can be written as

Jp0:Vite f 0Vithoo
,l/).f,l gél

We will show that the last two terms can be controlled by E,,, see (@)

s tavi) = L0 0 )] oA — au

With these tools at hand, let us consider the time evolution of the functional P defined in @)
1
v = X () (e )
—— = e = 1) O [~ | ¥ dx
2 dt ; T \p& W&
1 w&[ 1
= v&1o, (—) dr — /aﬂ/ﬁvf dzx

1
1
T I
= ;/wa * @d:ﬂ.
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Using equation ([i(]) of Lemma [0, we get
1dP <~ [ ea 57,
I 2/1/1 0> —

&1 gy — &1 (6]
<5I)w xz/ DS (1 w)¢

o / o DVith [ 0Vithoo
_Z/ (w ) _At)wﬁ,l dm_Z/an (%) (f]RwEJ _ f]R 1/}57[ )1/]5,[ dz.
i=0 oo o0

s {1 for A(z) # 0, the second

Notice that, by developing the sum and using the fact that 1/1
term may be replaced by /)\(x) ‘1/)0’ — ¢§’I
T

the last two terms, we obtain for a parameter o > 0 to be chosen later on,

wi,f 2 , ik
|o: (F)’ vs! dw—/TA(x)}wéf—w%f
cl

ooO_

1dP
2 dt

¢“dz+a/|A’ AL2YS da

Jo@uVith  [r 0:Vitheo |2

v+ I I
O ( wﬁ d:c+a§ j T o V&1 de.
Next, by Lemmas [ and [L1],
1dP
Z = &1 &I
5 895 (ng)‘ Y3 de — /]I‘/\(z> ’7/}0 ‘ 7 dv

M2
dx + 2a—E,, + 2aR*E,,
p

<w“>

Notice that, in the third term, &1 < ¢ < M for M = Hwﬁ(o,-)HLw and 1 < 9&f/c for
¢ = min wi’f . This gives
2
1dP P I
sdt S (T)‘ ve df”‘/““””)’%’ ‘ e
( > Y&l dx + 4aR?E,,.
2ac

Finally, by grouping terms together and using the fact that o may be chosen such that M /2ac < 1
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(an appropriate choice for « is given later in the proof), we have

1dP DAY, 7 .
s= < <1_E> (? vE: d:v—/ ‘1/10 s ‘ wTdac—i-élaR

o0

_ &1 L 2

) B e T o]

< —<1 %)Z/w“&w“)w—dm—iﬁm}%]ﬂ

< —<1—£> 0P + 4aR’E,,, (49)
2ac

where the last line is a result of (@), with f := ¢&1 — ¢%I. Notice that f € Wy since the
1

normalization for ¢&7 is Z / & de = 1.
o JT
To complete the proof of Theorem El, we now need to study the system of inequalities )
and (f9).
3.5 Completing the proof

To show that F,, decays exponentially fast, we study the system of two inequalities () and (@)
Since, from (), E. < P, the system to be studied is

dE 1 2
— < -2(p—R%)E,, +2pP + —Fye ® !
- < (p g) Em, + 2pP + e , o
dP M
— <8aR’E,, —2(1-— | 6P.
dt 2acc
The parameters o > g—z and € > 0 remain to be chosen in order to obtain an exponential con-

vergence with the best possible rate. To fix «, let us first study the eigenvalues of the matrix of
coefficients, neglecting the terms in ¢.

Lemma 13 Let us assume [H4]. The matriz

1= (ke 020
is negative definite and o may be chosen so that the eigenvalues —Ay of A are such that
Ao <=2 =-A0) <0
8MR?

)

where A i (Omin, 00) — (0,p) is a positive, increasing function. We recall that Omin =

c
where R = C + Mp71/2. The function A is such that A — 0 as 0 — O and A — p as 0 — oo.
Moreover, A(p + 20min) = g
Proof : In order to prove the negative definiteness of the matrix A, we show that for certain values
of @ >0, tr(4) < 0 and det(A) > 0. In the following, we only consider positive values of « (which

is imposed by the previous computations). We have

M M
tr(A):—p—(l——>9<Oiffa> 0
2ac

2¢(p+9) (51)
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and

M . Oc + \/02¢2 — 8MOR?c
det(A) = 6p <1Tac> —4aR?p >0 iff o€ (a_,ay), ar = P _

The interval (a_,ay) is indeed well defined and included in [0,00) since § > Opin = SMR?/c
(hypothesis [H4]). We seek an optimal o that minimizes eigenvalue — X+ and satisfies (F1]) and (F2).
An analytical solution cannot be easily obtained. We choose

N M
a=qa = —,
c

which appears to be very close to the optimal choice, from numerical computations. Notice that o
satisfies (F1)) and (F3) since, for a = a*, tr(A) = —p—0/2 < 0 and det(A) = p/2—4R*Mp/c > 0.
The eigenvalues of the matrix are now given by

1 9 0\%> 16R2M
S 7)
2 2 2 c

The rate of convergence of the system is given by the largest of the two eigenvalues —A,. Let us
introduce the function

1 0 0\°> 16R2M
0= (= (o 8) (o) o

such that Ay = A(0). Tt is easily shown that A is an increasing function of 6 with

8MR?
A(@) 4){ 0 as 94) T
p as 6 — oo.

Moreover, it is easy to check that A(p + 20min) = g, which concludes the proof. O

We are now in position to complete the proof of Theorem [l Let us define Y (t) = (E,,(t), P(t)).
Using (BQ) the fact that E,, < [|Y]|2 (where ||Y]]z denotes the Euclidean norm of the two-
dimensional vector Y'), we obtain

1d 1d

2y 2 — - E2 P2
S VI3 = 5o (B + P?)
1
< 2¥TAY +2R%FE? + il e 8Tty
£
1 2
< 20(0) Y3+ 2R%(|Y ]I + 4—€Foe’8“ 1Yl
and as a result,
Y12 2 J——
- —2(A(0) — Y — Fye 871
—2 < <2(A0) - B3|V + —Fe (53)

For arbitrary small ¢ > 0, let us consider A\, = A(f) — R%c < A(). We may assume without loss
of generality that A\, # 4mw2. Then, from (@)7 one gets:

Em < HYHQ < Ks 672min{/\5747\—2}t, (54)
where

F
K. =2 wax { VERO) T P00 i |
£
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which concludes the proof of (R7).
The exponential convergence of the total entropy E results from the relation £ = Ey + Ep,,
(F4) and Lemmas ] and §. The Csiszar-Kullback inequality implies the same for [[¢)(t, -) — too|21
Finally, the convergence results on A} are easily obtained from Lemmaﬂ and the fact that ¢ is
bounded from below by a positive constant for times larger than an arbitrary small positive time,
see the beginning of Section 3.3.2 in [@] for more details.
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