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Optimal importance sampling for overdamped Langevin

dynamics

M. Chak* T. Lelievref G. Stoltz! U. Vaes$

July 24, 2023

Abstract

Calculating averages with respect to multimodal probability distributions is often necessary in
applications. Markov chain Monte Carlo (MCMC) methods to this end, which are based on time
averages along a realization of a Markov process ergodic with respect to the target probability
distribution, are usually plagued by a large variance due to the metastability of the process. In this
work, we mathematically analyze an importance sampling approach for MCMC methods that rely on
the overdamped Langevin dynamics. Specifically, we study an estimator based on an ergodic average
along a realization of an overdamped Langevin process for a modified potential. The estimator
we consider incorporates a reweighting term in order to rectify the bias that would otherwise be
introduced by this modification of the potential. We obtain an explicit expression in dimension 1 for
the biasing potential that minimizes the asymptotic variance of the estimator for a given observable,
and propose a general numerical approach for approximating the optimal potential in the multi-
dimensional setting. We also investigate an alternative approach where, instead of the asymptotic
variance for a given observable, a weighted average of the asymptotic variances corresponding to a
class of observables is minimized. Finally, we demonstrate the capabilities of the proposed method

by means of numerical experiments.

1 Introduction

1.1 Context

In many applications ranging from Bayesian inference to statistical physics and computational biology,
it is often necessary to calculate expectations with respect to high-dimensional probability distributions

of the form
-V

e _
N:7, Z:/Dde V, (1)

where D € {R, T}, with T := R/27Z the one-dimensional torus, and V: D — R is a potential energy
function (confining if D = R and periodic if D = T) such that e~V is Lebesgue integrable. In the
context of Bayesian inference, the distribution g usually describes likelihoods of the possible values of
an unknown parameter given some observed data [27, 50], while in statistical physics, the distribution u
assigns probabilities to the possible configurations of a molecular system. In the latter setting, averages
with respect to p give access to macroscopic properties of the system, such as the heat capacity or

equations of state relating pressure, density and temperature [17, 33, 30, 29, 4].
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The first systematic approach to sampling probability distributions originates from the 1950s with
the seminal work of Metropolis et al. [38]. In 1970, Hastings generalized this approach and proposed a
sampling method [21] which was later recognized as a particular case of what is now known as a Markov
chain Monte Carlo (MCMC) method. The MCMC approach to sampling is based on the use of a Markov
process that admits the target probability distribution as unique invariant measure. A simple yet widely
used Markov process that is ergodic with respect to u under appropriate conditions on the potential V'

is the overdamped Langevin dynamics,
dY; = —VV(¥3) dt + vV2dW, (2)

where W; denotes a standard d-dimensional Wiener process. Under appropriate assumptions on the
potential V', the average with respect to u of an observable f € L'(u) can be approximated by a time

average along a realization of the solution to this equation:

I
i =g [ o [ rapsu =i 3)

see e.g. [35, Theorem 5.1], [26], [43] and references therein, [32, Chapter 9 and proof of Theorem 1.6.2]
and [19, Proposition 2]. In practice, it is necessary to discretize the dynamics (2), and the resulting
discrete-time Markov process is generally ergodic with respect to not p but a probability measure pa¢
differing from p at order At®, for some exponent « larger than or equal to the weak order of convergence
of the scheme. The bias introduced by the discretization can usually be bounded from above as a function
of the time step; such estimates were first obtained by Talay and Tubaro [51] for general SDEs. They
were later made precise for implicit schemes for Langevin and overdamped Langevin dynamics in [36],
and then refined in works such as [37, 15, 1, 28]. Alternatively, it may be possible to consider the
numerical scheme as a proposal to be accepted or rejected in a Metropolis—Hastings scheme, so that
the resulting discrete-time process is also ergodic with respect to u. This is the Metropolis-adjusted
Langevin algorithm (MALA) [46, 45, 44].

In this paper, we focus on the continuous-time dynamics (2) and show that modifying the potential V,
in combination with importance sampling, can be used for variance reduction. Importance sampling is
widely used to make the sampling of high dimensional probability measures easier; see for instance [3]
for a review. The idea of using importance sampling in the context of MCMC methods was already
suggested in Hastings’ 1970 paper, see [21, Section 5]. If (X;);>0 is a Markov process that is ergodic

with respect to a probability measure

= A= [ e (4)

where U: D? — R is a smooth function such that e~V =Y is Lebesgue integrable over D?, then u(f) may
be approximated by

T
/ (fe¥)(X,) dt
OT .
/ (eY)(X,)dt
0

Like pT(f), this estimator converges to I almost surely in the limit as 7' — oo, and it does not require

i (f) = ()

the knowledge of the normalization constants Z and Z[U]. The main objective of this work is to study
the properties of uZ;(f) when (X;);>0 is the solution to the overdamped Langevin dynamics with the
potential V 4+ U:

dX;, = —VV(X,)dt — VU (X,)dt + V2 dW,. (6)



In particular, we study whether it is possible to find a biasing potential U such that the asymptotic
variance of x4 (f), which we define more precisely in Lemma 11, is minimized for either a single observ-
able (Section 3) or a class of observables (Section 4). Let us also mention here the recent work [11] where
optimal importance sampling is performed over a class of distributions.

Before considering the MCMC estimator (5), it is instructive to present background material on
importance sampling in the independent and identically distributed (i.i.d.) setting. This is the aim
of Section 2. In all the theoretical results presented in this work, we assume that the following assumptions

on V and f are satisfied, even when this is not explicitly mentioned.
Assumption 1.
e The potential V is smooth over D¢ (in particular supp(e™") = D).
o The function e~V is Lebesgue integrable over D?.

o Any observable f considered (just one in Sections 2 and 3 and set of them in Section 4) is smooth,

14

integrable with respect to the probability measure < ™", and not pu-almost everywhere constant.

1.2 Our contributions
The contributions of this paper are the following:

e In the one-dimensional setting (d = 1) either with D = T or D = R, and for a given observable f,
we obtain an explicit expression for the biasing potential U in (5)—(6) that is optimal in terms of
asymptotic variance. We also prove that when I = R, the asymptotic variance crj%[U ] of uh(f),

viewed as a functional of U, is convex.

e In the general multi-dimensional setting, we obtain an expression for the L?(u) functional derivative
of a?[U} with respect to U, and we propose a gradient descent approach for finding a minimizer

of 03[U]. We also prove that any minimizer of o}[U] is necessarily singular when D = T.

e We propose a method for minimizing the asymptotic variance over a class of observables. More
precisely, we present an approach for minimizing the average asymptotic variance when a simple
Gaussian probability distribution is placed on the observable. We demonstrate through theoretical
results and numerical experiments that this approach usually leads to a smooth optimizer, and

may thus be more suitable for applications.

e We present examples and numerical experiments illustrating the properties of the optimal biasing
potential and the performance of the method, both in the one-dimensional case and the multi-

dimensional setting.

Plan of the paper. The remainder of the paper is organized as follows. We begin in Section 2 by
presenting background material on importance sampling in the i.i.d. setting. In Section 3, we investigate
the problem of minimizing the asymptotic variance for a given observable, first in the one-dimensional
case and then in the multi-dimensional setting. In Section 4, we generalize the approach to the problem
of minimizing the asymptotic variance over a class of observables. Examples and numerical experiments
are presented in Section 5. Section 6 is reserved for conclusions and perspectives for future works.
This section is followed by four appendices: Appendices A and B contain proofs of auxiliary results,
Appendix C presents a derivation of the second variation of the asymptotic variance, and Appendix D
provides a detailed analysis of the numerical scheme employed for approximating the functional derivative

of the asymptotic variance.



2 Background: the i.i.d. setting

We recall in this section the expression of the optimal importance distribution py in the setting where I
is estimated from i.i.d. samples from ugy, as opposed to the ergodic approach in (5). Specifically, we

consider the estimator

N N
> (fe)(x™) ((f = DeY) (x™)

ppy (f) = =T + "= : (7)
> () (xm) > () (xm)

where (X™),en are i.i.d. samples from ugy. The right-most expression is not useful in practice because
the value of I is unknown, but this expression is convenient for the theoretical analysis. We first comment
briefly on the connection between this estimator and the estimator (5) in Subsection 2.1, then obtain an
expression for the asymptotic variance of the estimator (7) in Subsection 2.2. and finally prove bounds

on the asymptotic variance in Subsection 2.3.

2.1 Connection between the estimators (5) and (7)

The estimators (5) and (7) can be viewed as two limiting cases, corresponding to the limits 7 — 0
and 7 — oo respectively, of the estimator given in the second row and right-most column of Table 1. The
latter estimator is based not on the full solution to (6) but on discrete periodic evaluations of it with a
period 7.

The analysis presented in this paper can be repeated for the estimators in the middle column of Ta-
ble 1, which can be employed when the normalization constants Z and Z[U] are known. In this case,
different optimal potentials are obtained. However, since the normalization constants are usually un-
known in high-dimensional settings, we focus in most of this paper on the self-normalized estimators in

the right-most column of Table 1.

Z and Z[U] are known | Z and Z[U] are unknown
Continuous (T = 0) % (Z[ZU]) /OT (Fe¥) () dt fiT({eiJ))()(éf)t()ift
o [EEe| S
iid (r = o) % (Z[ZU]> i:l (fe) (X™ Zgzv;({ei)()(ji:)

Table 1: Classification of importance sampling estimators according to two criteria: the correlation
between samples, and use of the normalization constants Z and Z[U]. Here (X;)¢cr., is a solution to (6)
and (X™),en are i.i.d. samples from .

2.2 Asymptotic variance

In the whole Section 2, we suppose that Assumption 1 holds, in particular that the potential V is
smooth, but we do not assume that the function U is smooth; we assume only that U: D? — R U {oo}

is measurable and such that the following minimal requirements are satisfied:

e the function e~V =Y is Lebesgue integrable with Z[U] > 0;



e the estimator (7) converges to I almost surely, i.e. it holds that
[u=-ndaw=0 & [ (-ny-o )
D4 supp(pu)

Here supp(uy) = cl{z € D¢ : U(x) + V(x) < oo} is the support of the measure yu7, with cl the
closure. In this work, we adopt the usual convention in measure theory that 0-+oco = 400-0 = 0.

e the function (f — I)eY is square-integrable with respect to s, so that the central limit theorem
can be applied.
We denote by U the set of functions U that satisfy these conditions. The set U depends on V' and f, but
since these are considered to be fixed data of the problem, we do not explicitly indicate this dependence
in the notation. If U € U and (X™),en are i.i.d. samples with law p, then it holds by (8) and the
central limit theorem that

1 z Law 2
\TN;((FDG’]) (X™) mN(O,/DJ(fI)eUI duu), )

where N (m, C') denotes the Gaussian distribution with mean m and (co)variance C. On the other hand,

the law of large numbers gives that

N
1 U n a.s. U 1 / -V g[U]
3@y (xm) 22 [ Py = eV =21 10
anl( ) (X" 375 e T ZI0T S Z[0] (10)

where we introduced

Z[U] ::/ e V.
supp(uu)

Note that Z°[U] < Z in general, with equality if and only if supp(uy) = supp(u). Combining (9) and (10)

and using Slutsky’s lemma, we conclude that

VRGN - 1) o NOAO). 0= S [ -0 P

The variance s%[U ] of the asymptotic normal distribution is the quantity we wish to minimize. In the
next section, we obtain sharp bounds from below on the asymptotic variance sfc[U ].
2.3 Explicit optimal potential

In order to prepare the proof of the main result of this section, Proposition 4, we first give a preparatory

lemma. We introduce the functional §?: U — RU{oo} given by

sv1= 22 [ 1 -1, (12)

Given the convention that 0 - 400 = 400 -0 = 0, the quantity fs\;[U ] is well defined as an element

of RU{oo}. Note that §§[U] coincides with the asymptotic variance sa[U] if and only if supp(uy) = D%
Lemma 2. [t holds that

1 2
.2 _ - o
glégsf[l)] =3 (/Dd|f I|d,u) D 5% (13)

In addition, the minimum is achieved for

U=Ul .= log|f —I| €U, (14)



with the convention that log(0) = —oo.

Proof. We first prove that §?[U] > sy forallU el If é?p [U] = oo, then this inequality is clear, so we

assume from now on that §?[U ] < oo. Using the Cauchy—Schwarz inequality, we have

1 1 2
<2 U-V 2 . U-V V *
Ul = — — 1 > — — 1 = S.
st[U] 72 /de /d|f |“e 72 </d|f le ) ey

The statement that the infimum is achieved for Ul in (14) follows from a substitution in (12). Note
that U144 indeed belongs to U. O

Remark 3. The function U4 in (14) is not smooth, because f — I admits at least one root in D, A

Although 5%[U] does not coincide with s3[U] in general, Lemma 2 still contains useful information.
Indeed, by regularizing U4 in (14), we prove in Proposition 4 that s% is a sharp bound from below on the

actual asymptotic variance sfc[U ] over a class of “nice” biasing potentials. Specifically, let us introduce

Us = {U € U s supp(If — I1p1)  supp(pv) |-

Conditions of the type supp(|f — I|p¢) C supp(py) are used in the importance sampling literature; see,
for example, equation (1.1) in [7, Section V.1]. Notice that, if this condition is satisfied, then (8) is
also satisfied, but the converse is not true; in other words, Uy is a proper subset of 4. We are now
ready to state and prove the main result of this section. We discuss in Remark 6 after the proof the
existence of an optimal potential achieving the infimum over Uy. Here and in the rest of this paper, the

notation C2°(D?) denotes the set of smooth functions with compact support over D
Proposition 4. Recall that Assumption 1 is assumed to hold throughout this paper. Then,
e [t holds that infy ¢y sfc[U] =0.
o If0 €Uy, then infyey, sff[U] = s}.
o If0 €Uy, then infyccopay s7U] = 55

Remark 5. In view of Assumption 1, the condition 0 € Uy is equivalent to the condition f € L2?(u).
We use the former condition in the statement of Proposition 4 in order to underline the similarity
with Proposition 21 in the MCMC setting. A

Proof. We divide the proof into three parts, corresponding to the three items in the statement.

First item. The idea here is to construct an importance distribution py concentrated in a small ball
containing a point where f = I. Considering balls centered at such a point is usually not sufficient,
because the condition (8) may not be satisfied. Take ¢ > 0 and let g.: D? — R denote the function

— 1 _ e—V
5= T Sy U =0

where B.(z) C D? is the open ball of radius e centered at x and |B.(0)| is the volume of this ball.
By Assumption 1, there exists (21, 22) € D? x D? such that f(z1) > I and f(x2) < I. Since f is smooth,
there is € > 0 such that g.(z1) > 0 and g.(z2) < 0 for all € € (0,¢]. Therefore, by the intermediate
value theorem, there exists for all € € (0,€] a point z. € D? on the segment joining z; and x, such
that ge(z.) = 0. We define

0 if | —z.| <,

Us(x) =
+o0o  otherwise.



By construction U, € U, and we calculate from (11) that

_ fBE(a:E)|f - I|2eiv
fBE(zE)67V '

5? [U]

By the mean value theorem, there is z. € B.(z.) such that s?[UE] = |f(ze) — I|*>. Since g.(z.) = 0,
the function f — I necessarily has a zero in B.(z.). Additionally, since (2.)ce(o,q is bounded, the
function f — I restricted to UEE(O,E] B (z.) is Lipschitz continuous, with some constant L. From this we
obtain that s?c [U.] < (2Le)?, and taking the limit € — 0 in this equation, we deduce the first item.

Second item. By the Cauchy—Schwarz inequality, the following lower bound holds for all U € U:

o ZUP IR v

For U € Uy, the right-most expression in (15) equals

1 v\,
0P (/f e > > 5p

where we used that 2[U] < Z. Therefore, it holds that s*[U] > s} for all U € Up. That s} is in fact the

infimum of sfc over Uy will follow from the third item, because C® C Up.

Third item. For € > 0, let g.: R — R denote the mollifier

kexp (-t ) if[z| <1,
0:(2) = 5*19(5*12), o(z) = ( - ‘2) (16)
0 if |z| > 1,

with £ > 0 such that fR 0o(z)dz = 1. Let us introduce the smooth regularization of the absolute
value function given by |z|c = 0. x abs(z), where abs(z) = |z| is the absolute value function. Notice
that |z|. = |z| for |z| 2 ¢ and that

Vz € R, 0<|zle — |2l <0 <e.

The first inequality follows from the convexity of the absolute value function, and the second inequality

comes from an application of the reverse triangle inequality:

|2]e — |2] Z/R(Iz—y\ = |2) 0:(y) dyé/Rlyl 0-(y) dy = [0]..

Moreover, let U.: D — R be the smooth biasing potential given by

Xe () (—log’f — I|E> if D =R,

Ue(z) =
flog|ffI|E ifD=T,

where x. = 0% 1|_.-1 .-1). Since |z|. > [0[c > 0 for all z € R, the function U, which is a regularization
of (14), is well-defined everywhere and uniformly bounded from above. The choice of U4 as the function
we regularize is natural in view of Lemma 2 and the fact that the inequality in (15) is an equality
for U = U},

We now show that sfc[Ug] converges to the lower bound in (15) in the limit as ¢ — 0. We focus in this

proof on the case where D = R, but the reasoning applies verbatim to the case where D = T. Using (11),



we have that

Z[U. —I\? _
sl =257 [ () 1 e

Since 0 < x.(x) < 1 for all z € D?, it holds for all ¢ € (0,1) that

=1 <(If =TI+ D) <|f -1 +1

\f =1

FoTE S |f = 1P < (If = I+ D)7 < (If = 1]+ 1)%

Since f € L? (e’v) by assumption, the right-hand sides of these inequalities are integrable. Therefore,

using dominated convergence, we obtain that

ZWU) = | |f=1xe™ — [ |f=1Ile”"
Rd e—0 Rd

P00\ o v [ IR Y
Ade—H?>|f_H?e ‘iédu—fgf ew.éJf‘”e '

and so s3[U.] — s} in the limit as ¢ — 0. Since s7[U] > s} for all U € C*(R?) by (15), we deduce the

statement. |

and

Remark 6. First note that Ul € 1fy. In light of Lemma 2, one may wonder whether s?[U}fd] = s%. That

is to say, is Uld a minimizer of sfc in Up? Substitution into (11) reveals that this is not always the case:

2 1rriid Z? ?
id) & _ > *
05 = i ([ 1n) =55 7)

The inequality in this equation is an equality if and only if Z°[Ul4] = Z or, equivalently, f~!(I) has zero
Lebesgue measure. In particular, if f~*(I) has positive Lebesgue measure, then the biasing potential U1
does not achieve the lower bound s%, even though a minimizing sequence that asymptotically achieves

the lower bound s% can be constructed by regularizing this potential. A

Example 45 in the appendix illustrates Proposition 4. We explicitly construct in this example a
potential function U € U \ Uy such that sfc[U ] =0, as well as a minimizing sequence (U;)c>o in Up such
that s? [Uc] — s} in the limit € — 0. The example also illustrates that Ul is not necessarily a minimizer
in Uy, as mentioned in Remark 6.

This section reveals the difficulties encountered when no regularity of the biasing potential U is

assumed. Similar difficulties will be encountered in the analysis of the MCMC estimator (5).

3 Minimizing the asymptotic variance for a single observable

In this section, as in the previous one, we consider a target-oriented approach: we seek the optimal biasing
potential U for a given observable f. After presenting the mathematical framework in Subsection 3.1, we
first obtain in Subsection 3.2 an expression for the asymptotic variance associated to the estimator (5)
in terms of the solution to a Poisson equation where f appears on the right-hand side, and subsequently
address the problem of finding the optimal biasing potential U, first in the one-dimensional setting

in Subsection 3.3, and then in the multi-dimensional setting in Subsection 3.4.



3.1 Mathematical setting

We will use the following functional spaces:

L2(uy) = {50 e ()

/Dd pduy = 0} . H'(Quw)= {90 € L*(nv) ‘ Vo e (Lz(w))d},

where y7 is the probability measure defined in (4). In the i.i.d. setting, the condition (f—1I)eV € L2(uy)
is necessary and sufficient to guarantee that a central limit theorem holds. There does not exist such a
simple condition in the MCMC setting, and so, in most of this section, we work under conditions which
are only sufficient. Specifically, we denote by Ly = LUo(V, f) the set of biasing potentials that satisfy the

following assumptions.
Assumption 7.
e The function U is smooth on D<.

V-U

e The function e~ is Lebesque integrable over D?.

e The probability measure py satisfies a Poincaré inequality: there exists R[U] > 0 such that
Vo € H'(uw) N Li(uw) lelZ < LIIV [F (18)
¥ Hu o\HU ), Pllr2(py) S R[U] PHL2(uy)-

e It holds that (f —I)eV € L?(uy).
o For any xg € D9, there exists a unique strong solution X; to (6) with Xo = x¢.

In this section, the functions V and f are considered fixed data of the problem, so the dependence of Ll
on these data is omitted in the notation. However, in Section 4 we will write Ly(V, f) to emphasize this
dependence where necessary. Just like the set Uy in Section 2, the set iy in this section contains “nice”
biasing potentials. Indeed, the asymptotic behavior of the estimator (5) can be rigorously characterized
for U € ily; see Lemma 11.

Remark 8. If U € 8y, then the estimator (5) converges to I almost surely as T — oo because, by

7/ e /Dd(eU)dMU

Remark 9. In the case where D = T, a Poincaré inequality of the form (18) always holds provided that

ergodicity,

=1

A

V 4+ U is smooth. When D = R, however, the potential V' 4+ U must satisfy appropriate growth conditions
to ensure that the inequality holds. For sufficient conditions, see e.g. [5, 8]. We use the Poincaré
inequality to establish the central limit theorem, but there are other ways to obtain similar conclusions
without directly using the Poincaré inequality, for example by using results of Kipnis—Varadhan or

Foster—Lyapunov (see [16] and references within). A

Remark 10. When D = T, the first item in Assumption 7 implies all the other items, and in this
setting Ly = C(T?) = C°(T?). A

We denote by Ly the infinitesimal generator on L?(jurr) of the Markov semigroup associated to (6),
which is given on C2°(D?) by

Ly=-VV+U)-V+A=e"TVV. (eVVV.). (19)



3.2 Asymptotic variance

The following lemma gives an expression of the asymptotic variance of the estimator uf;(f) given in (5)

in terms of the solution to a Poisson equation.

Lemma 11 (Asymptotic variance). Suppose that U € Uy. Then there exists a unique distributional
solution ¢y € H' () N L3 (uy) to
—Lydy = (f —I)e”. (20)

The solution ¢y is smooth and, for Lebesgue almost all initial condition, it holds that

VT (i (f) — 1) =2 N(0,03[U)),

T— o0

where
2Z[U)?

Z2

2
o3{U) = | 1o = et [ o =De du. (21)

Proof. By density of C>(D?) in H'(uy), a function ¢y € H (uy) N L2(uy) is a distributional solution
to (20) if and only if

Vi € H'(uy) A L (uo), / Vo - Ve duy = / (f - D’ pduy. (22)
Dd Dd

The validity of a Poincaré inequality for py implies that the function space H!(uy) N L3(py) endowed

with the inner product
(p1,02) = / Vi - Vo duy
Dd

is a Hilbert space, and that the right-hand side of (22) is a bounded linear functional on this space.
Therefore, the Lax—Milgram theorem (or the Riesz representation theorem) yields the existence of a
unique solution ¢y in H'(uy) N LE(uy). Elliptic regularity theory [20, 18] then implies that ¢y €
C>(D%). From the definition (5) of uf (f), we have

T
= | (=) (xoar
= T .
%/0 (V) (X,) dt

The numerator converges in law to NV(0,2 [ |V¢U\2duU), for instance by [10, Theorem 3.1] (the setting
there is R?, but for T?, the argument using (3) and the martingale central limit theorem, that is essen-
tially [24, Theorem VIII.3.11], works in the same way), while the denominator converges almost surely
to Z/Z|U]. The claimed convergence in law then follows from Slutsky’s lemma. The last equality in (21)

follows from the definition (22) of a weak solution. O

Remark 12 (Stability estimate). From the weak formulation (22) and the Poincaré inequality (18), we
deduce the stability estimate

1
IVeullz2u) < ﬁﬂ(f = D[ L2 - (23)

This standard estimate will be useful in the proof of Lemma 48 in the appendix (for a Poisson equation
with a different right-hand side). A

Remark 13. Tt is instructive to write the counterpart of Lemma 11 for the estimator in the right-most

10



column and second row of Table 1, which is based on evaluations of the solution to (6) at discrete times:

N-1
Z (er)(Xn‘r)
Y= (24)
(€”)(Xnr)
n=0

For this estimator, we prove in Lemma 46 that, under appropriate conditions including Assumption 7,

VN (f) = 1) 552 N (0.550]), (25)
with now ST
sl =205 (2 [ vt =0 dus— [ 16 - D dur ). (26)

where ¢y is the unique solution in Li(py) to
~Lydy = (f -1,  Ly=e v T (27)
Here et denotes the Markov semigroup corresponding to the stochastic dynamics (6):

(etLUgo) (z) = E((p(Xt)|X0 =z).

The asymptotic variance 5;[U] converges to that for the i.i.d. setting given in (11) in the limit as 7 — oo,

and it diverges in the limit as 7 — 0. The latter is not surprising as the correlation between successive

samples increases in this limit. However, since formally T%U — ¢y in L3(py) in the limit as 7 — 0, it

holds that 76%[U] — o}[U]. JAN
T—=0

3.3 Explicit optimal U in dimension one

In the one-dimensional setting, it is possible to write an explicit expression for the asymptotic vari-
ance JJ%[U}, from which an explicit lower bound on 0120 [U] can be obtained. Our strategy in this section

is the following:

e We first obtain an explicit expression for U?[U] for U € 4y (Lemma 14), which we then rewrite in

a different form EJ%[U ] given in (34).

e We then observe that 3? [U] is defined more generally for U € 4l D §ly, where {l is an appropriate
superset of iy, noting that Efc[U ] is not necessarily the asymptotic variance of uf;(f) for U € £\ o.

e Next, we show that 3% admits an explicit minimizer U, over 4, with associated minimum cr;;. This

is proved in Lemma 18.

e Finally, using the expression of U, we prove that o} is the infimum of the actual asymptotic
variance a? [U] over Uy, and that this infimum can be approached within the class of smooth

biasing potentials with compact support. This is the content of Proposition 21.

The main result of this section, Proposition 21, and preceding auxiliary result, Lemma 18, should be

viewed as the counterparts in the MCMC setting of Proposition 4 and Lemma 2 in the i.i.d. setting.

Lemma 14 (Explicit expression for the asymptotic variance in dimension 1). For U € iy and in

11



dimension d = 1, the asymptotic variance (21) writes

2 2
o) = 220 L1 = aow) eV . (28)

where F': D — R is given by
Fo) = [ (7(6) - eV e,
0

and

—/O (f-Ie™V ifD=R,

—0o0

Ap[U] = /FeV+U (29)

e
/]I‘

Note that Agr[U] is independent of U; we shall henceforth drop the dependence in the notation. It

seems from (29) that Ag and Arp[U] have very different expressions. In fact, the constant Ag may be

obtained as a limit of Ap[U] for an increasingly large torus; see Appendix B.

Proof. In dimension one, the Poisson equation (20) reads
!/
_eVHU <ef(V+U)¢/U) — (f _ I)eU. (30)

By integration of (30), it holds that

oy () = — ( / : (f(&) = I)e V©d¢ — A> VT = _(F(2) — A)eVHE), (31)
0
and so .
bule) =B~ [ (PO~ ) O (32)
0

for some constants A € R and B € R. The requirement that ¢y € H'(uy) enables to determine the

constant A:

e When D = T, the embedding H'(uy) € C(T) gives that ¢y (—7) = ¢y(m), which leads to the
equation for Ap[U] in (29).

e When D = R, the requirement that ¢y € H'(uy) implies that

A= lim F(z), (33)
where . .
lim F)= [ (1) =DV o= [ (1) -1V
Tr—00 0 oo

because otherwise ¢, in (31) is not in L?*(uy). Indeed, assume for contradiction that
lim F(z)=: L # A.

T—>00

(The limit exists because (f — I)e~" € L*(R) by Assumption 1.) Then there is K € R such that

inf |F(x) — A| > 2|1 — A],
>K 2

Tz

12



and so by (31), it holds that
1 e o)
/|¢’U|Qe_(v+m dz > ~|L — A|2/ eV dz.
R 4 K

The right-hand side of this equation is infinite because, by the Cauchy—Schwarz inequality,

—|—oo=/ \/eV+U\/e—V—de</ eV+de/ e VUdg.
K K

K

Equation (28) is then obtained by substitution of (31) in (21). O

Remark 15. Once A in (32) has been determined, the value of B can be obtained from the condition
that ¢y € LZ(uy) is mean-zero. This constant is not required for our purposes, because it cancels out

in the formula (28) for the asymptotic variance, and so its explicit expression is omitted. A

For all U € 4, the right-hand side of (28) coincides, both when D = R and when D = T, with

=R 2Z[U] .
21777 . 241Y] A2.VHU
af[l/] = }‘Ié%/HJF Al%e . (34)

Lemma 16. For all U € Yy, it holds that U]% U] = EJ%[U].

Proof. When D = R, the infimum in (34) is achieved for A = Ag, because the integral is infinite for
any other value of A. Likewise, when D = T the infimum in (34) is achieved for A = Ar[U], because

V+U

the mean under the probability measure proportional to e is the approximation by a constant in

the L2(eV*Y) norm; see, for instance, [49, Exercise 1.4.23]. O

With the convention that 0- 400 = +00-0 = 0, the right-hand side of (34) makes sense as an element
of RU {oo} for all U € U, where & = LU(V, f) is the set of measurable functions U: D — R U {oco} such

that the following assumptions are satisfied:
e It holds that eV =Y € L1(D?) and Z[U] > 0, so that puy is well defined.
e The condition (8) is satisfied.

We emphasize that 4 is a proper superset of {g; it contains elements which violate Assumption 7. For
biasing potentials not in $lg, the quantity (34) is not in general an asymptotic variance. In particular, it is

possible to construct examples where 0% [U] is zero even though 63{[U] > 0, as we illustrate in Example 17.

Example 17. Consider the setting where V': T — R is zero and f: [—m, 7] — R is given by

1 if x>0,
sgn(x) if |x] > 5,
f(z) = , sgn(z) =40 if 2 =0, (35)
0 otherwise.
-1 ifz <.

Here we identify [—m, 7] with its image under the quotient map R — T. If U is a potential such that
(i) there exists a unique strong solution to (6) with initial condition X; = 0 and (ii) this solution
satisfies X; € (—m/2,7/2) with probability 1 for all times, then (5) is a well defined estimator with zero
asymptotic variance. However EJ%[U ] > 0, which can be viewed from (34) and is confirmed in Lemma 18
hereafter. A

Although 8]2( does not in general correspond to an asymptotic variance, obtaining a bound from below
on 3]20 over 4 will be useful in order to motivate the proof of Proposition 21, just like Lemma 2 proved

useful for establishing Proposition 4 in the i.i.d. setting.

13



Lemma 18. It holds that

min 55 [U] = ;(/D\F(x) — A dx>2 =:0}, (36)

Ueu
with Ap = Ag and
Af = sup{AER:/sgn(F—A)}O}. (37)
T

In addition, the infimum is achieved for
U=U.(x):=-V(x) —log|F(z) — Ap| € L. (38)

In this case eV~ o |F(x) — Aj|.

Proof. Tt is sufficient to show that, for all A € R,

2Z[U] 2 )
A 1 apevsv > Z( [1re - a3

If the left-hand side of (39) is infinite, then the inequality is trivially satisfied. On the other hand, if the

left-hand side is finite, in which case the set on which |F — A|?eV+V = o is of measure zero, then we

dx) 2. (39)

have by the Cauchy—Schwarz inequality that

2Z[U] 2, V+U 2 / —V—U/ 2,V+U 2 / ’
73 /D\F Al%e 73 De D|F Al%e Z 3 D\F Al

In the case D = R, the right-hand side is finite only if A = Ag, which leads to (36). In the case D =T,
the inequality (36) is obtained by noting that

/]F — A| =E|F(X) - A|,
D

where X ~ U(T) is a random variable uniformly distributed on the torus. It is well known, see for
example [49, Exercise 1.4.23], that the expectation on the right-hand side is minimized for any A that
is a median of F(X). Here F' is continuous, so the median of F(X) is unique and given by A%, which
implies that (36) holds.

The fact that the lower bound is achieved for U in (38) follows from the inequality

27U,
s = 0L e [ e
Z?  AeRr Jp
22[U.] c2 ViU, _ 2 "t
< 72 /D‘F_AMC :ﬁ D|F_A]D>| )
which concludes the proof. O

Remark 19. The singularities in the biasing potential U, coincide with zeros of the function F(x) — Aj.
Consider for simplicity the case where D = R. If =, denotes a zero of the function F(x) — Ay, then it
holds by definition of F(x) that

T 5

0= F(x,) — Ay = / (f(z) - I)e_v(“) dz.

—00
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Rearranging this equation, we obtain

/l f(z)e V@ dz
—= =1

/ e V) 4z

In other words, the average of f with respect to the measure p restricted to [—oo, z.] coincides with its

average with respect to p over the real line. When singular, the biasing potential (38) effectively divides
the domain into regions that suffice for the estimation of I. Several numerical experiments illustrating

this behavior are presented in Section 5. A

Remark 20. Equation (37) implies that At is the median associated with F(X), where X is a random
variable with uniform distribution over T. Just as Ag is obtained as a limit of At for an increasingly

large torus, so too Ay = Ag is recovered as a limit of A}; see Appendix B. A

The potential U, defined by (38) does not necessarily satisfy Assumption 7, and the measure p,
may not have full support. However, regularizing U, enables to show that 032 is the infimum of the
asymptotic variance ch%[U]7 not only over iy, but also over the smaller subset C° C 4y of smooth and
compactly supported biasing potentials. This is the content of the following result. Table 2 after the
proof summarizes the main results obtained in this section and presents a comparison with the i.i.d.

setting.

Proposition 21. Suppose that 0 € Uy. Then,
o [t holds that infyeg, JJ%[U] =0}
e [t holds that infycoo (m) aj%[U] =0}

Proof. Since UJ%[U} = EJ%[U] for U € 8y and C>®(D9) C 4y, Lemma 18 and the second statement
of Proposition 21 imply the first statement. In order to prove the second statement, we use the same
notation in this proof as in Proposition 4. Let U.: D — R be the smooth biasing potential given by

—xe(7) (V(m) + log|F(z) — AD’§|E) if D =R,
Ue(z) =
—V(z) —log|F(x) — A3 ifD=T,
where for £ € (0,1), xc = ox 1[_y_,) With £, = e~1/2 1. (This choice of £. enables to write the bound
in (42) below.) The probability distribution jr_, with density proportional to e~V ~V=  satisfies a Poincaré
inequality. This follows from the fact that e~V U is uniformly bounded from below when D = T, and
from the classical Holley—Stroock biasing argument when D = R; see [23], as for example reviewed in [31,
Theorem 2.11]. Therefore U, € §ly and so, by Lemma 14, the associated asymptotic variance is given by

G N (40)

where A, := Ap[U] is given by (29) with U = U.. We now prove, separately for D = T and D = R, that

lim Z[U.] — | |F — Ap and limsup/(FfAE)ZeVJrUf < /|F(z) — Ap| dz.
D D

e—0 D e—0

Given these results, taking the limit superior as ¢ — 0 in (40) gives

9 2
limsupor;[Ug] < 7 (/DIF(J:) —Aff»|dx> .

e—0
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Since the right-hand side is a lower bound on o%[U.] = 63[U.] by (36), the result will be proved.

Case D =T. In this setting, it holds by dominated convergence, with an argument similar to the one

used to prove the third item of Proposition 4, that

:A}F_A%|E§>/T|F—A}].

In addition, since A, is the average of F' over T with respect to the probability measure with density
proportional to e” V= it holds for all ¢ € (0, 1) that

/|F—AE|2eV+Uf = inf /yF—Cfe“Us
T

CGRT
*2ev+UE:/|F A‘ /
Pl "

<J.
T

which enables to conclude.

Case D = R. The numerator of the fraction on the right-hand side of (40) can be written as

ZU] = /Rexp ( —V(z) + xe(x) (V(:z:) + log|F(x) - Aﬁ"de) ) dx

= [ exp(tee - DV)IF - Az (a1)
R
By convexity of the exponential function, it holds that

exp((l - Xs)(_v) + Xe log‘F - A]TR|6) < (1 - Xs) Vit Xs|F - AIE|€

<oV xe(IF - Az] +¢)

<e V4 |F - Af| + exe.

Since ¢ = (¢. + 1)72, all three terms on the right-hand side are dominated by an integrable function

over R independent of €, because

Lo —1,0.41)(2) . 1
Vz € R, exe(x) < W < min< 1, (- (42)

Therefore, by dominated convergence, we deduce from (41) that Z[U.] — [,|F — Aj| in the limit
as e = (f-+1)72 — 0. For the integral on the right-hand side of (40), noting that A. = A% and recalling

that this constant is independent of U, we have that
/(F — A%V = /|F — A exp((1 = x)V + xe (~ logl F — Az.))
R

2 Xe
< [ =it (0o + )
<[, Eeare s [ (43
0e—1

where we used the convexity of the exponential function and the notation By _1 = [—{. + 1,4, — 1].
Since of[ ] is finite, so is [u|F — Aj[?e¢V, implying that the first term on the right-hand side of (43)

converges to 0 in the limit ¢ — 0. O
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Minimal assumptions | “Nice” biasing potentials Cc

.. . : 2 _ . 2 % . 2 %
i.i.d. setting (any d) &223 [U]=0 UlgbflU s3[U] = s} UGCl‘?Cf(Dd) s3[U] = s}

. . _ i 2 * . 2 % . 2 %

MCMC setting (d = 1) l}ggaf[m SO0y Ulgiflg o:lU] = o} Uegg(m) o;|U] = o}

Table 2: Summary of the main results obtained in Subsection 3.3, and comparison with the corresponding
results in the i.i.d. setting obtained in Section 2. See (13) and (36) respectively for the definitions of s}
and o}. Concerning the infimum of the asymptotic variance under minimal assumptions in the MCMC
setting and d = 1, we showed in Example 17 that there are cases where 0;2 > 0 but the minimum over U
of the asymptotic variance for the MCMC estimator is 0. It may be possible to prove, by extending
the reasoning in the proof of Proposition 4, that the infimum of the asymptotic variance of the MCMC
estimator (5) is 0 for any potential V' and observable f satisfying Assumption 1, but we do not address
this question here.

Remark 22. The results in Proposition 21 parallel the second and third items in Proposition 4. We do
not aim at rigorously establishing an analogue of the first item in Proposition 4, which would require
analyzing the well-posedness of (6) and the properties of the estimator (5) when the biasing potential is

irregular and unbounded. A

Remark 23. Since U, € 4l defined in (38) is a minimizer of 6%, and since the lower bound ¢} on o%[U]
may be approached by regularizing this potential, we often refer to U, as the optimal biasing potential.
This is, of course, a slight abuse of terminology given that U, is not in general a minimizer of the actual
asymptotic variance U]% [U], neither on 4 (because an asymptotic variance smaller than o’} can sometimes
be achieved) nor on 4y (because it does not hold that U, € iy in general). A

Remark 24. To conclude this section, we note that the parallel between the i.i.d. and MCMC settings
is not perfect: while 0%[U] and 6%[U] coincide for U € ly in the MCMC setting, s3[U] and 5%[U] do not
generally coincide for U € Uy in the i.i.d. setting. A

3.4 Optimal U in the multi-dimensional setting via steepest descent

In the multi-dimensional setting, obtaining an explicit expression for the optimal biasing U is not possible.
However, analogously to [12], the functional derivative of the asymptotic variance with respect to the
biasing potential can be expressed in terms of the solution to a Poisson equation. This enables a numerical

strategy based on a steepest descent for finding a good biasing potential.

Computation of the functional derivative
In the following, the directional derivative of a functional £ : C*®(D?) — R at U € C*°(D?) in the
direction 6U € C>°(D?) is denoted by

dE[U] - 6U = lim ~ (E[U + £6U] — E[U]), (44)

e—=0 €

whenever the limit exists.
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Theorem 25 (Functional derivative of the asymptotic variance). Suppose that U € Ly and let ¢y be as
in Lemma 11. Then for all U € C°(D?), it holds that

1 1.1
5d0F[U] - 0U = o lim —(o}[U + U] — o3 [U])
Z[U)?
-2 / 6U(|V¢U|2—/ |V¢U|2d,uU> duo. (45)
Dd Dd

Proof. We first rewrite (21) as

w201 =255 [ outr -0 aur =277 [ ous-ne .

so that the only factors depending on U are Z[U] and ¢y. By definition of the functional derivative,
using (22) for the first integral term on the right-hand side, we have

1, az[u) - ou o vy . Z[U]
5d0f[U]5U—TAd|V¢U|e +31£>I(1) -2

[ @vev —ou)(s =DV, (a0)
D
where ¢y 150 is the solution to the perturbed Poisson equation

~Lysesupuresu = (f — eV T, (47)

The function (f — I)eV*%% has zero mean with respect to j4es50. By Assumption 7 and the fact that
SU € C(D?), it holds that (f — I)eV*5V € L2(eV~U=2U) and that uy,.su satisfies a Poincaré in-
equality, by the Holley—Stroock theorem. Consequently, there exists a unique solution in L%(e*V*U’E‘SU)

to (47) by Lemma 11. A simple calculation using the fact that U € C>°(D?) gives
dZ[U] - 6U = — / sUe VY. (48)
D4

For the second term on the right-hand side of (46), we have by Lemma 48 that

1/]D)d(f,bUJrasU —ou)(f—Te "V = —é /E»d(¢U+s5U — ¢u)(Lugy)e VY

e

= %/Dd V(pviesv — du) - Vope 7Y 7 /Dd Viusu - Ve V™Y
= [ (ovusione V= [ (<Y (U oUVa) e
D4 D4

= / SU|Voy|2e VY,
Dd

where ¢y su is the solution to the Poisson equation (62). The equalities before and after the limit follow
from the definitions of ¢y and 9y sy as weak solutions to (20) and (62), respectively. The last inequality
is obtained by integration by parts, which is justified because dU is compactly supported. Combining
this equation with (46) and (48), we deduce (45). O

Before presenting the numerical method for approaching the optimal biasing potential U, we mention

two corollaries of Theorem 25.

Corollary 26 (Critical points). Suppose that U € y. Then U is a critical point of the asymptotic
variance viewed as a functional of U if and only if the corresponding solution to the Poisson equation (20)

satisfies

Véul? = /D Voo (49)
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In other words, the norm of Voy is constant over D.

Corollary 27 (No smooth minimizer). Let D = T. Then there is no biasing potential U € C°°(T) that

is a critical point of the asymptotic variance 0']% [U].

Proof. Assume for contradiction that there is a smooth biasing potential U for which (49) holds. By
elliptic regularity, the corresponding solution ¢y to the Poisson equation (20) is also smooth and so, by
the extreme value theorem, it attains its minimum at some point in T?, where V¢ vanishes. By (49),
this implies that Vép = 0 for all # € T? and, therefore, —Ly¢y = 0 = (f —I)eY. This is a contradiction

because, by Assumption 1, the observable f is not everywhere equal to I. O

Corollary 27 highlights a limitation of the target-oriented approach taken in this section, as singular
potentials are impractical at the numerical level and unlikely to be of any use for different observables.
This motivates the approach taken in Section 4, which aims at finding a biasing potential U that leads

to a reduction in variance for not just one but a family of observables.

Steepest descent method

To conclude this section, we present an iterative approach for approximating a minimizer of O'J%[U]. We
focus on the case where D = T for simplicity, but the approach is easy to generalize to other settings (see
Subsection 4.2). Since an expression for the functional derivative of J]%[U ] is available by Theorem 25,
we employ a method based on steepest descent. Each step of the method may be decomposed into three

stages:

e First, an approximate solution to the Poisson equation (20) is computed. A number of numerical
methods can be employed to this end. Given that the optimal potential always exhibits singularities
when D = T, we opt for a finite difference approach rather than, for example, a spectral method [2,
48]. The details of the finite difference method are presented in Appendix D, together with a

convergence proof in the setting where U is regular.

e Then, from the solution to (20), an approximation of the gradient G of the asymptotic variance is

calculated based on Theorem 25.

e Finally, the potential U is updated according to U < U — n G, where 7 is found by backtracking

line search following Armijo’s method [6].

These steps are repeated until the L?(T) norm of the gradient is sufficiently small. A couple of comments
are in order. First, the expression of G depends on the considered Hilbert functional space. By (45), the

functions

GLQ(e*V’U) = Z[U] <|V¢U|2 - /V¢U|2dp,U>,

ZQ
Z\U
Guaievy = 24 (1ol = 1900 dpy )0 (50)
Z\U
Gram = Z[z](lwyf— / |V¢U|2d/m>e—U—V, (51)

are all ascent directions for UJ% [U], corresponding to the gradients in L?(e=V =), in L?(e~") and in L?(T),
respectively. Of these three options, the latter two are better suited for use in an optimization method.
Indeed, employing the L?(e~V~Y) derivative would lead to a change of metric with each update of U,
which precludes the use of methods that rely on information from multiple steps, such as the Barzilai—
Borwein method [9]. In the numerical experiments presented in Section 5, we use (51), but good results

can also be obtained by using (50).
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Second, the gradient needs to be discretized in practice. In order to avoid convergence issues, it
is desirable that the discretized gradient is itself the gradient of a function. Therefore, we use the
discretization given in (88), which is guaranteed to be the gradient of an appropriate discretization of

the asymptotic variance; see Proposition 63.

4 Minimizing the asymptotic variance for a class of observables

Assume that the set of observables of which we want to compute the expectation is well described by a

Gaussian random field
J
F=Y_VAuiti,  w~N(O,1), A €(0,00), (52)
=1

where (f;)1<;j<s are given functions from D? to R and the random variables (u;)1<;j< are independent.
This equation defines a probability distribution F on the space of observables as the pushforward of the
finite-dimensional Gaussian measure G = N'(0,id;) on R”; the probability measure F assigns a proba-
bility 1 to Span(fi,..., fs). One may wonder whether it is possible to minimize the average asymptotic
variance for observables drawn from this distribution. For clarity, we denote by Ez expectations with

respect to observables. Within this section, we also use the notation
J J
o=V, f), U= (U, f),

j=1 j=1
where LUy (V, f;) and U(V, f;) are the sets defined before Assumption 7 and after (34), respectively. These
sets are assumed to be non-empty in this section. Denoting by ¢ the solution in H(uy) N L3(uy) to

7£U¢ = (f - I)eUa

and assuming that U € 4y, we have by Lemma 11 that

2Z[U]
72 Jpa

J

27U
= Y
j=1

B [o30]] = | o7 - ne |

Zujuk\/ Aj Ak /Dd ou(f; —1)e V|,

k=1

where, for 1 < j < J, the function ¢; is the unique solution in H'(uy) N L&(uy) to the Poisson
equation —Ly¢; = (f; — I;)eY, with I; := pu(f;). Since Eglujux] = &5, we obtain by rearranging the

previous expression that

J J
o’[U] :=Ex[o}[U]] = 2410] SN bt —Ie™ = Z/\jafvj [U]. (53)

j=1
Therefore, minimizing the expectation E}-[Ufc} amounts to minimizing the sum on the right-hand side

of (53).

4.1 Optimal biasing potential in the one-dimensional setting with D = R

In the one-dimensional setting with I = R, an explicit expression for the infimum of the asymptotic

variance can be obtained, similar to that Lemma 18 in the case of a single observable. In order to state
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a precise result, we introduce the notation
J
~2 ~2
o’|U] = E Aoy, U],
Jj=1

where & for an observable g was defined in (34). Let us recall that, by the reasoning in Subsection 3.3,
the quantity 52[U] coincides with o2[U] in (53) when U € iy, but 5[U] is well-defined more generally for
any U € 4. In Lemma 29 below, we give a bound from below on 52[U] in the particular case where d = 1

and D = R. Before presenting this result, we introduce the notation
T 0
Fj(a) = /0 (£(€) = L)e™" g, Agy = / (£;(©) = )™V ©de.

— 00

Remark 28. In the rest of this section, F; and Ag ; always appear together as F; — Ag ;, which can be

rewritten as an integral over (—oo, z] with the same integrand as in the definition of Fj, that is to say
x
-V
Fj(z) — Arj = / (f;(6) = I;)e V@ de.
—0o0
For the sake of conciseness, we could introduce a new notation to refer to F; — Ag ;, but we refrain from

doing so in order to keep the notation consistent with that used in Section 3. A

Lemma 29. Assume that d =1 and D =R. Then, for all U € AU, it holds that

2

J
2
. ~2 -
min5*(U) = —5 /}R j§:1:/\j|Fj—AR,j|2 : (54)

The minimum is achieved for

J
U=U,:==V—log | | NIF—Ar ;| €t (55)

j=1

In this case e~V ~U~ is proportional to \/Z'j]:l | Fj — Ag ;2.

Proof. We first show that 52[U] is bounded from below by the right-hand side of (54). This is trivial
if 32[U] is infinite, so we assume from now on that 52[U] < co. Using the definition of 52[U], we have

2 S 22[U] [ [+ 2| viv
G2 U] =Y N5}, [U] = i > N IF; = Agyl? | VY. (56)
j=1 j=1

Here, we used that the infimum in the definition (34) of 3,23- is achieved for A = Agj, as explained

in Lemma 16. Let us introduce the notation

J
G= Z//\j|Fj*AR,j|2-
j=1"R

Since 62[U] < oo by assumption, the set over which G%e¥*V takes an infinite value is of zero Lebesgue

measure. Therefore, by the Cauchy—Schwarz inequality,

#2[U] = 2ZZ[2U] /R‘G‘QQU+V > % (/R|G|W\/G_V7_U)2 — % (/RG>2'
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The claim that U, in (55) achieves the lower bound can be verified by substitution in (56). O

Remark 30. Notice that, unless the functions (F; — A ;)1< < share a common root, the optimal biasing
potential U, in (55) is a smooth function. A

In the same way that we obtained Proposition 21 from Lemma 18, we deduce from Lemma 29 the
following result. The proof is a simple adaptation of that of Proposition 21, so we omit it.

Proposition 31. Assume that d =1 and D =R, and suppose that 0 € Uy. Then

2

J
2
inf o*[U) = inf o’U]= 5 /R D NI — Agyl?

j=1

4.2 Numerical optimization

A result similar to Lemma 29 is not easily available when d = 1 and D = T, because the constant Ap
given in (29) depends on U. In this case or in the multi-dimensional setting, one can resort to a steepest
descent approach in order to find the optimal biasing potential. It is easy to prove, based on Theorem 25,

that the functional derivative of o?[U] is given by

1 Z[U)? !
5da“‘[U].aU: [22] /Dd <6U—/Dd5UduU) > NIVe,P | duo. (57)

j=1

The approach presented in Subsection 3.4 can then be applied mutatis mutandis. Numerical experiments

illustrating the potential found as a result of this procedure are presented in Section 5.

4.3 Free energy biasing

In the molecular dynamics literature, variance reduction over a compact state space is often achieved by
free energy biasing, a heuristic approach which, in the absence of coarse graining via a reaction coordinate,
amounts to setting U = —V; see [31] and the references therein. To conclude this section, we address
the following related question: is there a probability distribution JF on observables such that U = —V
is a minimizer of the average asymptotic variance o2[U], i.e. for which energy biasing is optimal? While
we will not be able to provide a definite answer to this question, we shall prove in Proposition 32 that,
for an appropriate probability measure on observables, the biasing U = —V corresponds to a critical
point of o2[U]. This does not imply that U = —V is necessarily optimal, because o?[U] is not convex in

general; see Remark 56 in Appendix C.

Proposition 32. Suppose that D = T with d = 1 and assume, for J € 2Nsq, that (f;, \j)i<j<s are
the J first eigenfunctions and eigenvalues of the operator K = eV (—A + 72Z) =™V, where a € (0, 00)
and T € R are parameters of the random field and IC is viewed as a compact self-adjoint operator on the

following space of functions defined on T:

{rerze™): [rev =},

Then the average asymptotic variance o?[U] admits a critical point for U = —V.
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Proof. The eigenfunctions of the operator K are given by

(58)

Note that I; =0 for all 1 < j < J. When U = -V, the generator of the Markov semigroup associated
with (6) is just the Laplacian operator. Therefore, for a given j € {1,..., J}, the solution to the Poisson
equation —Ly¢; = (f; — I;)eY is given by

¢;(x) = Bw B fi(@).

Since Aj = Aj41 for all odd values of j and since sin? 4 cos? = 1, we deduce that the sum on the right-
hand side of (57) is constant, implying that the functional derivative of o[U] is zero when evaluated at
the biasing potential U = —V. O

Remark 33. The choice of the operator K is motivated by the form (48) of the desired observables, which
is itself motivated by the fact that these observables lead to Poisson equations with explicit trigonometric
solutions when U = —V. A

Remark 34. In this section, we assumed for simplicity that the random observable admitted a finite
expansion of the form (52). The results we obtained could in principle be extended to the case of a more
general Gaussian field, with an infinite Karhunen—Loeve series. For background on Gaussian variables in
infinite dimension, see for example [41, Section 1.5]. The reference [13] is also useful for understanding

the regularity of infinite series of the form (52). A

5 Examples and numerical experiments

We begin in Subsection 5.1 by presenting examples and numerical experiments in dimension 1. Then,
in Subsection 5.2, we present numerical experiments for the case where the state space is T? and the
optimal biasing potential is approximated by steepest descent. Finally, in Subsection 5.3, we illustrate

the approach proposed in Section 4.

5.1 One-dimensional examples

In this subsection, we present a few examples illustrating the optimal biasing potential U for various
observables and underlying potentials V. In all the figures, the optimal potential depicted is calculated
numerically using the steepest descent approach presented in Subsection 3.3. It is apparent in Exam-
ples 36 and 37 that this approach indeed yields the optimal biasing potential (38), an explicit expression
of which is given in these examples.

The first few examples aim at illustrating settings where the optimal biasing potential exhibits dif-
ferent levels of singularity. The optimal potential is smooth in Example 35, it exhibits two singularity
points in Example 36, and it blows up over a whole interval in Example 37. In these examples, the
reference probability measure is unimodal, and the gain in asymptotic variance obtained from using the
optimal potential is small. Finally, in example Example 38, a multi-modal reference probability measure
is considered, and it is observed that importance sampling enables a considerable decrease in asymptotic
variance in this case. Without loss of generality, we normalize in the figures the potentials U so that the

minimum value of V + U over the domain considered is 0.
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Example 35. Assume that D =R and f = V’. Then I = 0 and F(z) — Ag = ¢~V (®); in this case, the
optimal biasing potential (38) is U, = 0. A

Example 36. Assume that D = T, V = 0 and f(z) = cos(x). Then I = 0 and F(z) = sin(z). The
constant A% in (37) is 0, and so the optimal biasing potential (38) is given by

U.(z) = —log|sin(z)].

This potential is illustrated in Figure 1 together with the corresponding measure pg,. Notice that the
singularities divide the domain into the two regions [—m, 0] and [0, 7], but the average of f with respect

14

to e™" conditioned to either region is equal to I = 0, in accordance with the discussion in Remark 19.

When U = 0, the solution to the Poisson equation (20) is given by ¢(z) = cos(z) and Z = 1, so the

asymptotic variance (28) is given by

T dz
2 _ _ : 2 —
o3lU =0] = 2/ |sin(x)| 5 = 1

—T

The infimum (36) of the asymptotic variance, on the other hand, is given by

2 /]F()—A*d 2—2 /\in( )\d—xg—ﬁ—o&o
72 T z T|dT | = TS $2ﬂ_ =5=0

The optimal biasing potential therefore leads a reduction in variance of about 19%. A
3 3
— —
— ViU, — ViU,
2t exp(=V—U,) 2t exp(—V—U,)
1 1
0 0
—1 —1t+ ]
-3 —2 —1 0 1 2 3 -3 -2 —1 0 1 2 3
xr xr

Figure 1: Optimal potential for Example 36 (left) and Example 37 (right).

As we show above in Corollary 27, singularities in the optimal biasing potential are inevitable when
the state space is the torus in any dimension. Moreover, it is possible to construct examples where the

optimal measure py, is supported on a subset of T, as shown in the following example.

Example 37. Consider the case where D = T and V' (x) = 0, with the observable

o) = sin(4|z|) if [z| > F,
0 otherwise.
Then I =0 and
N 1 (=1 + cos(4x)) ifv <73,
F(z) = /0 f(©) e V®dg = 1(1 = cos(4z)) ifo>72,
0 otherwise.



The constant A% in (37) is again zero, and so the optimal biasing potential is U, (z) = —log |F'(z)|. The
optimal biasing potential and the corresponding measure pg;, for this example are depicted in Figure 1.
As the figure illustrates, the Lebesgue density of py, with respect to the Lebesgue measure is zero over
the interval [—7/2,7/2]. A

To conclude this section, we present an example where using the biasing potential U, leads to a

significant decrease of the variance.

Example 38. Consider again the case where D = T, with this time V(z) = 5cos(2z) and the observ-
able f(z) = sin(z). The reference dynamics, i.e. the dynamics (6) with U = 0, is metastable in view of
the high potential barrier; the asymptotic variance when U = 0 for the observable considered, estimated
numerically from (28), is equal to 3459 after rounding to the closest integer.

The optimal total potential V + U, and probability distribution py, are depicted in Figure 2. The
asymptotic variance associated with U, is about 3.64, roughly 1000 times smaller than the asymptotic

variance for the reference dynamics. A

0.0020 —— U= —6V]/aU = 0]

0.0018

0.0016

0.0014 |

0.0012

0.8

Figure 2: Optimal potential for Example 38 (left), and asymptotic variance corresponding to the biasing
potential U = —0V over the range [0.8,1.2] of values for 6.

The numerical values of the asymptotic variance for the examples considered in this section and
different choices of U are summarized in Table 3. We also present in this table, for each of the examples,
the value of the asymptotic variance corresponding to case where U = —0V/, for the value of 6 that yields
the largest variance reduction. This approach is found to yield a variance reduction close to the optimal

one in the setting of Example 38.

Test case U=0|U=-V U=-6.V Optimal U
Example 36 1 1 1 0.811
Example 37 1 1 1 0.334
Example 38 1 0.00113 | 0.00111 (#. = 1.038) 0.00105

Table 3: Ratio of the asymptotic variance of the importance sampling estimator (5) relative to its value in
the case where U = 0, for different choices of the biasing potential U and in the one-dimensional setting.
The parameter 6, is the minimizer of 01%[79*‘/], calculated by using the Optim.jl [40] implementation
of the LBFGS solver. The numbers are rounded to 3 significant digits.

5.2 Two-dimensional examples

By Corollary 27, the optimal potential when the domain is the two-dimensional torus T? also exhibits

singularities. In all the examples presented hereafter, these are line singularities. In order to approximate
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the optimal potential in the numerical experiments presented in this section, we use the steepest descent
approach presented in Subsection 3.4 with 150 x 150 discretization points. We begin in Examples 39
and 40 by considering cases where the reference dynamics does not suffer from metastability. The gain in
asymptotic variance provided by importance sampling is small in these settings. Then, in Example 41,
we consider a setting where the reference measure is multi-modal, for which importance sampling leads

to a considerable decrease in asymptotic variance.

Example 39. We consider the case where the potential is V(z) = 0 and the observable is f(z) =
sin(x1) + sin(z3). This observable has average zero not only with respect to p, but also with respect
to the restrictions of this measure to the subsets [—7/2,7/2] X [—7/2,7/2], [-7/2,7/2] X [7/2,37/2],
[7/2,3m/2] x [-7/2,7/2], and [r/2,37/2] x [7/2,37/2] which together form a partition of T?. Here
we identify subsets of R? with their image under the quotient map R? — T2. Interestingly, the total
potential V' + U corresponding to the optimal biasing potential exhibits singularities precisely at the
boundaries between these regions, effectively dividing the state space into four separate regions; see Fig-
ure 3. It appears clearly from the right panel in the same figure that, in agreement with Corollary 26,
the solution to the corresponding Poisson equation (20) is affine by parts, with discontinuities of the first
derivative at singularities of V' 4 U. The reduction in asymptotic variance corresponding to the optimal

potential in this case is only about 19%. A

3 °
-3 -2 -1 0 1 2 3

Figure 3: Optimal potential V + U for Example 39 (left), together with the solution to the associated
Poisson equation (20) (right).

We now present an example with a non-uniform reference distribution pu.

Example 40. In this example, we consider that the potential and observable are given by
1 3
V(z) = exp (cos(acl) sin(x2) + 3 COS(3CL‘1)> , flx) = sin(ml + cos(x2)> .

The potential V' and observable f are illustrated respectively in the top left and right panels of Figure 4.
The corresponding optimal total potential V' + U, together with the associated solution to the Poisson
equation (20), are depicted in the bottom left and right panels respectively. Once again, it appears
that the optimal potential divides the domain into two separate regions where the averages of f are
the same. The reduction in asymptotic variance obtained by employing the perturbed dynamics (6) is
about 20%. A

To conclude this section, we present an example where the target probability distribution is multi-

modal, in which case a considerable reduction of the asymptotic variance can be achieved.
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Figure 4: Unperturbed potential V' (top left), observable f (top right), optimal potential V + U, (bottom
left), and corresponding solution to the Poisson equation ¢y (bottom right) for Example 40.

Example 41. We consider the case where V(z) = 2cos(2x1) — cos(zz) and f(x) = sin(x1). The po-
tential V(x) has two global minima located at (7/2,0) and (—m/2,0), and the observable f(x) takes
different values when evaluated at these points. The optimal total potential V' + U is illustrated in Fig-
ure 5. We observe two line singularities which effectively divide the domain into two separate regions
where the average of f is equal to I = 0. The reduction in asymptotic variance obtained by employing
the perturbed dynamics (6) is about 86%. A

The numerical values of the asymptotic variances for the examples considered in this section and
different choices of U are collated in Table 4. The asymptotic variances corresponding to the simple
biasing with U = —6V with optimal 6 are also presented. This approach is found to perform quite well

in the multimodal setting of Example 41.

Test case U=0|U=-V U=-0,V Optimal U
Example 39 1 1 1 0.811
Example 40 1 0.997 0.987 (6. = 0.614) 0.804
Example 41 1 0.177 0.177 (6. = 0.994) 0.132

Table 4: Ratio of the asymptotic variance of the importance sampling estimator (5) relative to its value in
the case where U = 0, for different choices of the biasing potential U and in the two-dimensional setting.
The parameter 6, is the minimizer of O'J%[—G*V], calculated by using the Optim. j1 [40] implementation
of the LBFGS solver. The numbers are rounded to 3 significant digits.

Remark 42. In all the examples presented in this subsection, the optimal biasing potential effectively
partitions the domain into several regions that suffice for the estimation of I. It is natural to wonder

whether this observation holds true in general: is it always the case that, when such partitioning of
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Figure 5: Optimal potential V + U, for Example 41.

the domain occurs, averages of the observable with respect to the corresponding conditioned measures
coincide with the target average I7 We gave in Remark 19 a positive answer to this question in the
one-dimensional setting. Although we are not able to provide an equally rigorous answer in the multi-
dimensional setting, we motivate hereafter our belief that the answer is also positive in this case. To this
end, suppose that U, partitions the domain into a number of regions, corresponding to the connected
components of {U, < oo}. Suppose also that there exists an ensemble (U:).so of smooth biasing
potentials such that o3[U.] — o}[U.] and ™V "V — e7V=U in L>(D9) as ¢ — 0. In particular, it
holds under this assumption that U.(xz) — U, (z) for almost all € {U. < oo}. It is well known, see
e.g. [41, Section 7.3], that the average escape time from a potential well for the overdamped Langevin
dynamics (6) scales exponentially with respect to the height of the potential barrier. Therefore, for
very small €, it would take a very long time for the dynamics to visit all the regions of the state space.
In these conditions, the asymptotic variance would be very large, unless the averages of the observable
with respect to the probability measure p conditioned to each of the regions happen to coincide. More
precisely, if a;[UE] does not diverge as € — 0, then the conditional averages in all the regions must

necessarily coincide. A

5.3 Minimizing the asymptotic variance for a class of observables

In this section, we illustrate the approach proposed in Section 4, first for a one-dimensional example and

then for a two-dimensional example.

Example 43. We consider the same potential as in Example 38, i.e. V(z) = 5cos(2z), and a set-
up similar to that of Proposition 32. Specifically, the observables and associated weights, denoted
by ()j)1<j<s in (52), are given by the first J = 21 eigenpairs of the operator (—A+Z)~!, equipped with
periodic boundary conditions on the space of mean-zero functions with respect to the Lebesgue measure.
The associated Gaussian random field f is stationary, in the sense that the covariance cov(f(z1), f(z2))
depends only on the difference x1 — xo. The optimal potential in this case is illustrated in the left
panel of Figure 6. In contrast with the examples of Subsection 5.1, the optimal potential is smooth and,
therefore, more easily usable in an MCMC scheme. The average asymptotic variance o2[U] given in (53)
is reduced by a factor equal to about 900.

In the right-panel of Figure 6, we illustrate the optimal potential when the observables are instead
the eigenfunctions of e (—A +Z)~'e™" equipped with periodic boundary conditions, which is precisely
the setting considered in Proposition 32. In this case, the optimal potential is indeed V + U = 0, in

agreement with the latter result. The average asymptotic variance o2[U] is reduced by a factor equal to
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about 700. A

3 3
— ViU, —V+U,
exp(=V-U,) exp(=V—U.)

2 2
| M |
0 0
-1 -1

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

xT T

Figure 6: Optimal potentials for Example 43, when different probability measures are placed on the
observables.

Example 44. We consider the same potential as in Example 41, i.e. V(x) = 2cos(2z1) — cos(xz2). For
the observables and corresponding weights in (52), we take the eigenpairs of the operator (—A + Z)~!
with periodic boundary conditions on the space of mean-zero functions with respect to the Lebesgue

measure. The eigenfunctions are of the form
cos(may) cos(nxz), cos(may) sin(nxa), sin(mxy) cos(nxs), sin(mzy) sin(nzs).

We consider all the eigenpairs with m < 4 and n < 4. The optimal potential V' +U, in this case is depicted
in Figure 7, together with the initial potential V. We observe that the potential has been flattened in

the direction z. The resulting reduction in the average asymptotic variance is about 70%. A

Figure 7: Potential V' (left) and optimal potential V 4 U, (right) corresponding to Example 44.

6 Conclusions and perspectives for future works

In this work, we considered an importance sampling method based on the overdamped Langevin dynamics
in a perturbed potential and present a novel approach for constructing the biasing potential. Under
appropriate assumptions, this potential is optimal, in the sense that it leads to the minimum asymptotic

variance when employed for calculating the average of one or a class of observables with respect to
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the target probability measure. The optimal biasing potential is explicit in dimension 1, and may be
approximated by steepest descent in higher dimensions.

We demonstrated the performance of the method by means of numerical experiments in dimensions 1
and 2. In the multimodal setting, in particular, using the optimal importance distribution enables
a considerable reduction in asymptotic variance. Finally, our numerical experiments show that, while
minimizing the asymptotic variance for just one observable leads to singularities in the potential, targeting
a number of observables simultaneously leads to smooth potentials which can more easily be employed
in numerical schemes.

A drawback of the proposed methodology is that the construction of the optimal biasing potential
relies on an iterative method which, at each step, requires the solution of a Poisson equation. While
feasible in low dimension, this approach is computationally too costly in a high-dimensional setting. A
possible approach in this case is to reduce the dimension of the problem by requiring that the biasing
potential is a function of only a few well-chosen degrees of freedom (so-called collective variables), which
ideally capture the metastable behavior of the dynamics. This corresponds to the setting of free energy
computation [30], and suggests to consider the variance as a functional of some free energy, which
particularly makes sense when the observable under investigation itself depends only on the collective
variables. Investigation of this approach will be the subject of future work. Another direction for future
work would be to investigate whether a similar approach can be employed to minimize the asymptotic
variance of estimators based on discrete-time MCMC schemes using overdamped Langevin dynamics.

We expect the resulting optimal biasing potentials in that case to be close to those considered here.

A Technical auxiliary results

In this section, we collect technical auxiliary results used in Sections 2 and 3.

Example 45. Consider the setting where D = T in dimension d = 1 and V = 0, with the observ-
able f: [-m, 7] — R given by
sgn(z) if |x] > 7§,

fx) =

0 otherwise.

where the sgn function is defined in (35). Here we identify [—m, 7| with its image under the quotient

map R — T. In this case I = 0 and we have the following:

e If U is such that e7V = L(_7/4,x/4), where 1 is the indicator function of the set S, then it holds
that f(X™) = I and eV (X™) with probability 1 for X" ~ ug, and so

s?[U] =0.

This is in agreement with the first item in Proposition 4. In this particular case, 0 is not only the

infimum but also the minimum of the asymptotic variance over U.

e The variance in (13) is given by

1 S |
§5 = (%/T|f—l|) -7

e The potential Uid in (14) is given by Uld = —log|f|. If X" ~ pyia, then the random vari-
able f(X™) is equal to either —1 and 1, each with probability 1/2, and the random variable (eV)(X™)
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is equal to 1 almost surely. Therefore, the associated asymptotic variance is given by
$2[Ui4] = 1.

This equation can also be obtained from (11). We observe that s?c [Uld] > s%, which is consistent

with the discussion in Remark 6.

e Let U. := —log(|f|+¢), which may be viewed as a discontinuous but bounded regularization

of Uld. Then, for X™ ~ py._, using the notation w. p. to mean “with probability”, we have that

1 1+e 1 14¢
1+e w. p. 2+4e 1+ w. p. 2+4e
U. ny __ 2 U. ny _ 1 2
(fe )(X)— 0 w. p. 2+ZE» (e )(X)— < w. p. 2+ZE.
1 14¢ 1 14e
T1te WD o3 Tt+e W. P 93ae

It follows that the variance of ( erE) (X™) is given by

1+e (1 \* 1
1+2e\14+¢e)  (1+2)(1+¢)’

and that ]E[eUE (X”)] = ﬁ Therefore, by Slutsky’s lemma, or from Equation (11), we obtain
that Lo
2 + 2¢
U = .
57 1Ue] 4+ 4e

We observe that s3[U.] — s} in the limit as ¢ — 0.

This example shows that the biasing potential Ui is sometimes suboptimal in Uy; here we constructed a
regularized biasing potential associated with a smaller asymptotic variance than that associated with Ui,
Furthermore, this example illustrates that the quantity §% is not in general a lower bound on the asymp-

totic variance over the set of biasing potentials in U. A

Lemma 46 (Asymptotic variance for the estimator given in (24)). Suppose that Assumption 7 is satisfied,
that D = T and that Xo ~ puy. Then there erists a unique solution (ZU in LE(uy) to (27) and it holds
that

VN @ () = 1) 5 N (0,570))

N—o0

where 5?[U] is given by (26).

Remark 47. The assumptions that D = T and Xy ~ p should be viewed as technical; it should in
principle be possible to relax them. A

Proof. We begin by showing the existence and uniqueness of a solution in L3(uy) to the Poisson equa-
tion (27). To this end, we recall that, under Assumption 7,

||et£U HB(L%(ILU)) < e—R[U]t, (59)

where B (L3(uv)) is the Banach space of continuous linear operators on Lg(uy) and R[U] is the Poincaré
constant in (18) associated with py; see e.g. [31, Proposition 2.3] and [41, Theorem 4.4]. Therefore, the
Neumann series Y e"TEU s convergent in LZ(uy), which implies that Z — e™~U is invertible with
TLU)f

inverse (Z — e 1 equal to the series. Therefore, there exists a unique solution ¢y € L3(uy) to (27).
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The estimator (7) may be rewritten as

25701 g(Xn'r)
S (V) (Xnr)

The key idea in order to understand the asymptotic behavior of the numerator in (60) is to rewrite the

AN =1+ L g= (D (60)

sum as

2
2

-1

M7
=2
s
I

((T—e™) dv) (Xur)

ol
Ll

(Bu (Kenyr) = €70 0 (Xur) ) = o (Xnvr) + du (Xo).

Il
o

n

This approach dates back to the work of Kipnis and Varadhan [25]. The first term is a sum of uncorre-

lated, identically distributed random variables with mean zero and variance
2 gy LuT 2 co |7 |2 Lu 7 2
1= (|3 06 - e (o) = [ (o2 ol ) @ - |(e0de) @) ) mwtas)
D

- [ (o | (eee@) o) o

where we used the invariance of py by the dynamics with generator Ly for the first term in the last

integral. Since 5[] is a solution to (27), it holds that eTﬁUaU = aU — g, which by substitution gives that
2077 _ oy 2
V5lU] = /d 20u9 — 9" dpu.
D

Using an approach similar to that in [39, Theorem 17.4.4], we can show that the conditions of the
martingale central limit theorem [22] (see also [34] for a detailed pedagogical proof) are satisfied, and so
it holds that

N—
¥ Law
Z (¢U X(nt1yr) — €Yoy (an)) mN(077)2“[U])~
Hence, since it is clear in the setting where D = T that
L
VN

it follows from Slutsky’s lemma that

(Fv (Xnr) = du(X0)) =2r0,

N—o00

A similar approach, based on the Poisson equation

—EU{/;U = (eU - Z[ZU]) )

of which the right-hand side is in L3(uy) by the assumption that D = T, can be employed to understand
the asymptotic behavior of the denominator in (60). Specifically, it holds that

N—-1 Z N—1 B N - X ) - X
% Z <eU(XnT) o Z[U]> = % Z (¢U (X(n-‘rl)T) - eTEUwU (Xm—)> - wU( N )]\7+ 'L/}U( 0).

n=0 n=0
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An explicit calculation, using that the first term on the right-hand side is a sum of uncorrelated, iden-
tically distributed random variables, gives that the variance of the right-hand side converges to 0 in the

limit as N — oo, implying the convergence

1 Nl . 7
LS e Lav, 2
N ;e Nooo Z[U]

The proof can then be concluded by using Slutsky’s lemma once more. O

Lemma 48 (Solution to the perturbed Poisson equation). Suppose that Assumption 7 is satisfied and that
SU € C*(D?Y), and let ¢y .5u denote the solution to the Poisson equation (47) posed in LE(e™V ~U==0U),

Then
Voutesu — Vou

I3 e—0

Viusu in L (pv), (61)

where Yy sy denotes the unique solution in H'(uy) N L3(uy) to

~LuYusu = (f — 1eVsU — V(§U) - Vou
= —"TVV . (VU V). (62)

Remark 49. By integration by parts, which is allowed since ¢y € C>(D?) and §U € C(D9), we can
check that the right-hand side of (62) is indeed mean zero with respect to uy:

1
— [V YU 00) dp = i [ V(U 6UV00) da =
» Z[0] Jya

Therefore, there indeed exists a unique distributional solution in H'(uy) N L3 (1) to (62) by the Lax—
Milgram theorem. A

Proof of Lemma 48. Between the Poisson equations (20) and (47), both the operator and the right-hand
side differ. We begin by rewriting

£U+86U = ﬁU - EV((;U) - V. (63)

Let ¢, = e Hdu+esu — ¢v)- It holds that

QU+edU _ U

~Lusesute = (f = ) ———— = V() - Vou. (64)
The right-hand side is mean zero with respect to uyi.sy by construction, and so by the Lax—Milgram

theorem there exists a unique distributional solution in H' (py4est)NLE (1 +esu) to (64), which coincides
with 1. up to an additive constant. Subtracting (62) from (64), we deduce that

QU+e0U _ U
—Lytesv (e —Yusv) = —(Lv — Luyesv)Vusu + (f — 1) (

- eUaU) = (..

The second term on the right-hand side converges to 0 in L?(uy) in the limit as ¢ — 0, as does the
first term in view of (63). By the Holley—Stroock theorem, the probability measure uyy.su satisfies
the Poincaré inequality (18) with a constant R[U + e0U] that converges to R[U] in the limit ¢ — 0.
Consequently, we deduce from the standard stability estimate (23) that

”CE ||L2(HU+55U)

_ , <
IV (¥ —Yusv)lliL (hU+esu) R[U + 6U]
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Since the right-hand side converges to 0 in the limit € — 0, so must the left-hand side, which leads
to the convergence ||V (¥: — Yu,s0)|r2(uy) — O given the equivalence between the norms of L?(uy)

and L?(uyyesv). This concludes the proof. O

Remark 50. One may wonder whether the statement (61) can be strengthened to

PO 00—y g i H (). (65)
5 e—0

The answer to this question is negative. Indeed, assume by contradiction that (65) holds. Then in
particular ¢y .su — ¢y — 0 in L?(uy) in the limit as e — 0 and so

eSU — 1
u+esr — dy dpy = */ PUutesvduy
€ Jpd

Dd g
1 VU _ o~ V-U—esU
= 710 /Dd PU+esU ( 6 )

— ¢voUduy, (66)
]D)d

e—0

V=U and 67V7U7€5U

where we used that ¢y and ¢y .50 are mean-zero with respect to e~ , respectively.

This is a contradiction because (65) implies that

PUtesU — PU A / Yo suduy =0,
Dd £ e—0 Dd

and so (65) does not hold.
It is, however, simple to show that ¢yy.suv — ¢ in L?(uy) in the limit as ¢ — 0. Additionally, it
holds by Lemma 48 and the Poincaré inequality that

Sutesu —u [ Pusesu — U
3 Dd 9

KU Yusv in H (uy),
e—0

but these statements are not useful for our purposes in this paper. A

Remark 51. Since ¢y sp7 is a weak solution to (62), it holds for every 6W € C° (DY) that

/d Vyusw - Vusu dpy = /d Yu,sw <—eU+VV : (e7U7V5UV¢U)> duy
D D

= | U6y - Vi dp, (67)
D

where integration by parts is justified because U € C>°(D?). This equality, where the roles of §U and

O0W can be reversed, is useful in the proof of Proposition 53 below. A

Remark 52. In dimension d = 1, it follows from (62) that
Yirsu = U ¢y + ColU, sUJe" Y, (68)

for some constant Cp[U, 6U] such that ¢, 5, € L*(pr). Clearly Cg[U, 6U] = 0. When D = T, we obtain
the value of Ct[U, 6U] by requiring periodicity, that is

0= / W s = / 5yl + CrlU, 8U] / oV,
T T T
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which leads to

We note that this formula may also be obtained by considering the differential of (31) viewed as a
functional of U, an approach which reveals that Cp[U, §U| = dAp[U] - 6U. A

B Connection between (Ag, A%) and (Ar, A})
In this section, we discuss the links between the constants defined in (29) and (37).

Connection between Ar and Ar. The constant Ay = Ag is recovered as a limit of A} for an

increasingly large torus. More precisely, it holds that

L
/ F eV+U
J=L

Ar = Lh_)n;o /L o . (69)
—L
Indeed, for any ¢ > 0 and L > ¢, it holds that
L
/ (F — Ag) eVt / (F — AR)eV+U/ eV Y
L _ JI=L-pu.r) [-L,—£)u(¢,L]
/L eV+U / VU / eV tyu
L [=L,—2)u(e,L] [-L,L]
/ (F o A]R) eV+U / eVJrU
+ [—¢,0] [—2,0] (70)

/ eV+U / eVJrU
[—¢,4] [-L,L]

The right-hand side is a convex combination of the averages of F' — A restricted to the sets [—L, —{) U
(¢, L], for the first term, and [—¢, £], for the second term. In the proof of Lemma 14, we proved that

/eU+V = 00.
R

Therefore, since F is uniformly bounded, the second summand on the right-hand side of (70) converges

to 0 in the limit as L — oo, and so

L
FeV+U (F _ AR) eVJrU

L [—L,—£)u(¢,L]

lim sup|— — Ag| = limsup < sup |F(x) — Ag|.
L
L—oo V4U L—oo / eV—‘,—U |z| >
[—L,—0)u(£,L]

e
—L

Since lim|;| o F(x) = Ar by definition of Ag in (33), the right-hand side of this equation can be made
arbitrarily small by taking ¢ sufficiently large, and so the limit (69) follows.

Connection between Aj and Af. The constant Ay = Ag coincides with

¢
lim sup {A eR: / sgn(F — A) > O} . (71)
{— 00 Vi
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Indeed, since lim|;|_,o F'(x) = Ag, there exists for any € > 0 a constant /. > 0 such that

¢ ¢
Ve =L, / sgn(FF— Ag +¢) >0 and / sgn(F — Ag —¢) < 0.
¢ —£

Therefore, for all £ > {., the supremum in (71) is contained in the interval [Ag — €, Ag + €]. Since € was

arbitrary, the claim is proved.

C Second variation of the asymptotic variance

Since the method we propose in Subsection 3.4 relies on a steepest descent for the asymptotic variance
viewed as a functional of U, it is natural to wonder whether this functional is convex, in order to
provide guarantees on the convergence of the method. We provide a partial answer to this question
in Proposition 53 and Remark 56 below. Specifically, we prove that the asymptotic variance is convex
when the domain is the one-dimensional real line but possibly non-convex when the domain is T. We
have not managed to prove or rule out the convexity of the asymptotic variance in the multi-dimensional
setting.

We emphasize that the convexity of the asymptotic variance in the case where the domain is R does
not imply the uniqueness (up to an additive constant) of the minimizer. The most straightforward
example is that of the constant observable, in which case the asymptotic variance is equal to 0 for any

smooth biasing potential U.

Proposition 53. Suppose that Assumption 7 is satisfied and let ¢y be the solution to the Poisson
equation as in Lemma 11. Then, for all SU,6W € C(DY), it holds that

1 Z\U
Lo} (U] -6U) - o1 = 2[2] /Dd U6 Wo <V¢U|2+/Dd|V¢U|2duU) VU
- 2ZZ[2U] /Dd (Vousu, — 0UVou) - (Viusw, — WoVey)e V™Y, (72)

where, for a perturbation 60X € {6U,0W},

0Xp:=0X — py(6X), py (0X) == 0X duy.
Dd

and Yusx, € H (uy) N L3(pw) is the solution to (62) with 6U = 6Xo. In addition, the second term
in (72) is zero in dimension 1 when D = R, and so the asymptotic variance o%[U] is a convex functional

i this case.

Proof. We begin by rewriting the expression (45) as

Lao3(U]- - L — -V-U -V-U

5doFlU]-0U = — /Dd (Z[U](SU . SUe > IVoy|%e
_ Z[U] 2 _V-_U . / —V-U @ o . .
=3 /Dd SU|Voy| e g SUe 270 = Ty [U; 6U) + To[U; 6U.

Using the chain rule, we have

1
dT\[U;6U] - 6W = — — 5We*V*U/ SU|Voy|te VY
A Dl D4
. Z[U] 2 2\ —v_uv Z[U] —v_u
+ lim = /Dd(SU(|V¢U+€5W\ — V| )e -5 /DdéU6W|V¢U| VU,
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Similarly, for the second term we obtain

1
T 72 Jpa

2[U
dT,[U; U] - 6W 6U6We’V’U/ |V¢U\2e*V*U—/ 5UeVUd<Uf[ ]> oW,
Dd Dd

2Z[U]

The functional derivative in the last term on the right-hand side is calculated as in the proof of Theo-

rem 25; specifically,

2
o3V (1 B g »
d<2Z[U]> '5W_d<Z2/Dd¢U(f—f)e V) '5W—ﬁ/md6W\V¢U|2e vu.

By Lemma 48 and the fact that 6U € C>°(D?), we have that

1
2 [ o (Wouseowl? = [9ouf) eV
3 Dd

_ /Dd sU (V¢U+aax: - V¢U> (Vo iesw + Vo) e VU

— 2 / SUVYysw - Vore VY.
Dd

e—0

Collecting all the terms, we obtain

1 1
~d(do3[U] - 6U) - 6W = —— 5Ue—V—U/ SW|Vey|Pe™V Y
2 7?2 Dd Dd
1
- = 6We’V’U/ SU|Voy|te VY
A Dd Dd
2Z[U]
ZZ

ZlU
2[2]/ SUSW <—|V¢U|2+/ |V¢U2duU) e VU,
Dd Dd

/D ) SUNVYy.sw - Ve VY (73)

+

By rewriting the last term on the right-hand side as

Z[U]
72

/ sUsW ([Vul? + / Vool duy ) V-0 — 22U / SUSW|Vy 2oV Y,
Dd Dd 7?2 Jpa

and substituting 6UOW = §UgdWo + U puy (W) + W iy (0U ) — pr (60U )y (6W) in the first term of the

latter expression, the second variation may be further simplified to

1 ZlU
(o3 (U] -0U) - 6W = Z[Q] /D §Uo6Wo <V¢U|2 + /dequﬁduU) VU
+ 2ZZ[2U] /Dd SUV oy - (Vibuaw — WV )e VU, (74)

Using (67), both for ¢y i and Yu,sw, we obtain
/D SUVGy - (Viusw —6WVey)e™ Y
=— /]D)d' (Veu.s0 — SUVG) - (Vibusw — W Vey)e V.
From (62), it is simple to see that Vyy su = Viusu, + VYu,u, vy = VYusu, + pu(6U)Vey. Simi-

larly, Vyu sw = Vusw, + pu(0W)Vey. Substituting these expressions in (74) leads to the claimed
result (72).
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One-dimensional setting. In dimension 1 when D = R, it holds that z/J{MW = 0W ¢y, by (68), and

so the second term in (74) cancels out, which proves the last part of the statement. O

Remark 54. Since all the terms on the right-hand side of (72) depend only on 6Uy, the second variation

is invariant under vertical shift of 6U, in the sense that, formally,
VC eR,  d(do}[U]- (6U +C)) - (6U + C) = d(do}[U] - 6U) - 6U.

This property had to hold a priori because UJ%[U ] is itself invariant under addition of constants to U, and

so we could have assumed that gy (6U) = 0 from the beginning of the proof without loss of generality. A

Remark 55. The optimal biasing potential is known explicitly by Lemma 14 in the one-dimensional
setting, so Proposition 53 is of little direct importance in this case. Nonetheless, the result provides

understanding for the numerical experiments using the formula of the directional derivative. A

Remark 56 (One-dimensional case with D = T). The asymptotic variance is not a convex functional
when D = T and d = 1. Indeed, we construct in this remark a potential V', a smooth function ¢, and a
direction U such that the second variation of the asymptotic variance JJ% for the observable f = —L¢
(with £ the generator Ly given in (19) with U = 0) in the direction 6U is negative when evaluated at
the biasing potential U = 0. In the setting we consider, since ¢ is the solution to (20) when U = 0, it
holds by Remark 52 that

dUp¢’
Yu=o,50, = 0Uod’ — (%) o

Here 06Uy := 6U — pu(6U). Therefore, by substitution in (72) we have that

5(do?0] - 60 (/Wo ('“” +/'(’5' d“) o W)

The right-hand side of this equation is not always positive. In order to show this, consider the case
where Uy = ¢'eV. Note that 6U, indeed has average 0 with respect to p since fT SUpe™V = fT ¢’ = 0.

Then, we have

Zataogio)-5v)-ov = [1ote” + fTWL Jiore - UeloPe’)

Jre¥

Assume that ¢ = g. x h+ C is a regularization of a hat function h: T — R given on the interval [—m, 7],

which we identify with its image under the quotient map R — T, by

1—|z|, z| <1,
o {1 Nl

0 otherwise,

with . the standard mollifier (16) and C € R the constant such that ¢ has average 0 with respect to .
Then, letting v denote the probability measure with Lebesgue density proportional to " and Z = [-1, 1],
we obtain that, in the limit as ¢ — 0,

[t v, [l o, 6P -
T T T

Therefore, it holds in this limit that

gd( 200 - 5U7) - 6T — (V(I)Jru(I)V(I)—21/(1')2)/Tev.
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Now let V(z) = K cos(z) for all . In the limit as K — oo, it holds that u(Z) — 0 and v(Z) — 1. We
conclude that, for sufficiently large K and sufficiently small e, the second variation of the asymptotic

variance in direction §U is negative. AN

D Numerical discretization of the Poisson equation

We consider here the case where the domain is T? for simplicity, noting that the method may be gener-
alized to any spatial dimension. In order to numerically solve the Poisson equation (20), we use a finite
difference approach on a grid of size N x N. For a given § > 0, the discretization nodes are arranged

linearly according to

-1

N (75)

X := (=7 446, —1 + j6) € T?, j= { J , i=f—1—jN, 5= %ﬁ
for £ € {1,...,N?}. Note that the indices i and j each run from 0 to N — 1; the largest value of either
coordinate over the set of discretization nodes is m — §, which is sufficient given that —7 and 7 coincide
under the quotient map R? — T2.

Before we present the method, we introduce additional notation. We denote by Il the discretization
operator which associates to a function its values at the grid points (75), and for a function h: T? — R,
we write h = IIyh € RN”. The notation exp .(h) refers the vector obtained by applying the exponential
function element-wise to h, and diag(h) refers to the diagonal matrix with diagonal entries given by h.
The notation 1 € RN’ refers to a column vector containing only ones. We also introduce the one-

dimensional backward and forward difference operators, which act on vectors in RV :

From these operators, we construct difference operators along the x and y directions by taking Kronecker

products with the RV*N

identity matrix idy:
Dg =idy ® Dsg, D]?_5/)2D13(8>i(11\/7 D =idy ® Dp, Dg:DF@)idN.
We recall that, for two matrices 4, B € RV*N_ the Kronecker product A ® B is defined as

auB alNB
A® B =

CLNlB aNNB

We denote by Vyh the N2 x 2 matrix Vyh = (DIZEh Dgh) . For a weight function w: T? — R, we
introduce the weighted inner product (-, - ) : RY xRM 5 R given for g, h € RN’ by

N2
(g, h)y = 0% g" diag(w)h = 6> ghy w(xy), (76)
=1
with corresponding norm || - ||, We include the factor 62 in this definition so that, if g and h contain
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the values taken by continuous functions g and h when evaluated at the discretization points and w is

continuous, then

<g7h>w F g(x)h(x)w(x) dz.
< Jr2

Finally, let |Vrh|? = || DEh||% + || D{h||? and let |[Vyh|? denote the N2 x 1 column vector obtained by

taking the squared Euclidean norm of each row of Vph. In the remainder of this section, the notation (76)

-V-U

and corresponding norm are usually employed with the weight function w =e and so, in order to

simplify notation, we omit the subscript in this case. We are now ready to write the discrete formulation

of the Poisson equation (20).

Proposition 57. For V.U, f: T? — R, there exists a unique solution (¢, In) € RM xR to

5 <¢N> _ < - exp.(U)> <¢N> _ <diag(exp.(U))f> | o
Iy Pexp.(-V-U)T 0 Iy 0

where

L = diag(exp .(V + U)) D diag(exp .(—V — U)) D¢
+ diag(exp .(V + U)) D} diag(exp .(—V — U)) D{. (78)

Remark 58. The first rows in (77) may be rewritten as
—L¢y = diag(exp.(U))(f — In1),
which resembles the Poisson equation (20). The last row in (77) may be rewritten as
82exp.(=V-U)T¢py = (1,05) =0.

It expresses the requirement that the vector ¢, should be mean-zero with respect to the discrete measure
exp.(—V —U). A

Remark 59. We use the notation I for the scalar unknown in (77) because solving (77) yields both an

approximate solution to the Poisson equation and an approximation of I = u(f). A

Proof. In order to prove the statement, it is sufficient to show that the homogeneous equation

—L exp.(U)\ (v\ (O
((52 exp.(-V -U)T 0 > (a) B (O) (79)

admits only the trivial solution = (0,0). We assume by contradiction that (v, 0) is a nonzero solution.
Then
—Iy+oexp.(U) =0,

implying that
—(L~v,1) + o(exp.(U),1) = 0. (80)

The linear operator on RV *xN? induced by L is self-adjoint for the inner product (-, -), because

—(g, Lh) = —¢°g" (D diag(exp.(—V — U)) DE + D§ diag(exp .(—V — U))D¥) h
= (Dig, Dih) + (Dg, Dih), (81)

40



where we used the relation Df = —Dp. Therefore, going back to (80), we deduce that
0=—(vy,L1) + o{exp.(U),1) = o{exp.(U),1) = 6?17 exp.(— V).

Therefore 0 = 0, but then Ly = 0 by (79) and so (v, Lvy) = 0. By the relation (81), this implies
that Df~y = D~ = 0, so the vector « is constant. The last equation in (79) then implies that v = 0.
Note that (81) implies that Ker(L") = Span{exp.(—V — U)}, which will be useful in the proof of
Lemma 61. O

It is possible to prove the convergence of the solution to (77) to the exact solution of the Poisson
equation (20) in the limit as N — oco. To this end, we begin by showing the following Poincaré-like

inequality.

Lemma 60 (Discrete Poincaré inequality). Assume that V + U: T? — R is uniformly bounded. Then
there exists a constant Raisc[U] > 0 independent of N such that

Vg € {h eRY :hTexp.(-V-TU) = o} , IVrgl? > Raise[U]|l g2 (82)

Proof. 1t is sufficient to show (82) for V + U = 0. Indeed, assuming that the inequality holds in this
particular case and denoting by C' a constant which depends only on V + U and is allowed to change

from line to line, we have that

2
vg e RN,  (Dig, Dfg) + (Dig, Dig)
> C((Dgg, Digh + (Dilg, Dig))

L (g1
>Clg— 88— 8, gzég 1y

]-a 1>1 ,

where we employed the equivalence between (-, )1, which is given by (76) in the particular case
where V + U = 0, and (-, - )o-v-v, noting that both constants in this equivalence can be fixed in-

dependently of N. Using this equivalence in the other direction, we obtain

(g—geg-81>Clg—gg—8) >Csirelﬂg<gfsl,g*sl>

(g, 1)
(1,1)

Finally, equation (82) when V + U = 0 follows from its one-dimensional counterpart by using a standard
tensorization argument (as for the proof of [31, Proposition 2.6] for instance). It only remains to show

the one-dimensional inequality

vg € RY, (Drg, Drg)1 = Raisc[Ul(g — 8,8 — 8)1, g= (83)

for a constant Rqisc[U] independent of N for sufficiently large N. To this end, we notice that

(Drg, Drg), = (DpDr(g — 8),8 — 8),-
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The matrix Dy Dy is given by

This is a circulant matrix [14] with explicit eigenvalues given by

2
Ak:;sin2<7;\l;>=]\gsin2(7;\]:), k=0,1,...,N—1.
s

The minimum eigenvalue of this matrix is Ay = 0, and the associated eigenvector is 1, to which g — g is

orthogonal. Therefore, equation (83) implies that

Vg GRNa <DFg7 DFg>1 = >\1<g_§7g_§>17

which implies that, for fixed N, equation (83) holds with constant Rgisc(N) = (N/m)?sin(7/N), which
converges to 1 in the limit N — oco. See also [42, Lemma 12.2] for a Poincaré inequality for discrete

functions on a bounded interval that are zero at the endpoints. O]

Proposition 57 implies that L is invertible. Using Lemma 60, we show that L~! does not diverge in

the limit as N — oo, in an appropriate norm.

Lemma 61. Assume that V,U: T? — R are continuous. Then the matriz L~ is bounded uniformly

in N € N, for the operator norm induced by the following norm on RN x R:

(v,0) = [Vlle-v-v +|a]. (84)
Proof. The strategy of proof is similar to that used in [47, Section 2.2]. Since by the Fredholm alternative
Ran(L) = Ker(L")*, the range of L is given by {h ERY :hTexp.(-V-U) = O}. It then follows
by Lemma 60 that the following inequality holds for all g € Ran(L):

ILglllgll > —(Lg, &) = | Digll* + | DEgll® > Raise[U]lg]7,

and so we deduce that that ||L7! < m over Ran(L). Denote by (v, c) the solution to

~L exp.(U)) (v) _ (g (85)
2exp.(-V-U)T 0 o s)

_<L7a 1> + a(exp (U)7 1> = <ga 1>7 (86)

This solution satisfies

and since (L, 1) = (v, L1) = 0, this implies

(g 1) ‘ gl
(exp.(U),1)[ ~ (exp.(U), 1)’

o] =

We then deduce that

—~

v,1)
1,1)

777:7L71<g70—exp'(U))7 v = 1,

—~
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and then the last equation in (85) gives ¥ = s1/||1||>. This leads to the bound

Iyl < Ty =71+ 17l

< gl + lolllexp .(T)]) + |s|

1 (Ul 1
1 el <1+ lexp -(U) | |>+|s| 1]

1
Raise[U] ( [L[* ™ Raisc[U] {exp.(U), 1) (R¥/kn

In the limit N — oo, it holds that

1] — e VU, lexp .(U)|| — e VU, (exp.(U), 1) —>/ eV,
\/ T2 \ /72 T2

which enables to conclude the proof. O

We are now ready to prove the convergence of the solution of the discretized Poisson equation (77)
in the limit N — oo.

Proposition 62. Suppose that Assumption 7 is satisfied. Let ¢ denote the exact solution to (20) and
let I = p(f). Let also (¢, IN) denote the solution to the discretized equation (77). Then it holds that

lon —TIng|| —— 0, Iy —— L
N—oo N—oo

Proof. The proof is an application of the standard Lax equivalence theorem. We denote the matrix of

the linear system (77) by EN to emphasize its dependence on N. Convergence follows from the usual
argument:

H (Hw— <¢>N> 7 (Hm— ¢N> ’ _|z <HN¢> B (HN (er)>
N - N
I—-1IN I—-1In I 0

where the norm in this equation is that defined in (84). The first inequality follows from the stability

C

N

—0,
N—o0

statement of Lemma 61, while the limit follows from the consistency of the discretization, which is
simple to check given that ¢ is a smooth function under Assumption 7, and relying on the presence of
the factor 62 in the definition (76). O

The main interest of the discretization (77) lies in the following statement, which may be viewed as
a result on the commutation of the discretization and derivative operators. In order to be more precise,
we denote by (¢, In) the solution to (77) and let

2Zn[U Zn = 06*1Texp.(-V),
o wU] = 200 g2 where o (57)
N Zn[U]:=6°1" exp.(—-V = U).

The following statement shows that the functional derivative of 3% [U] has a structure similar to that

of 0%[U] given in (21); it may be viewed as a discretization thereof.

Proposition 63 (Functional derivative of (T%N). Suppose that V,U: T?> — R are uniformly bounded.

The functional derivative with respect to U of O’?)N is given by

1.5 _ZN[U] 2 2 > . ||VF¢N||2
2d05[U1- 80 = =75 (8U,|Vegnl? = VrdyF),  [VedyP = o

Notice that (88) is very similar to the formula (45) for the functional derivative of U]%[U ]
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Proof. The proof mirrors that of Theorem 25. In view of (81), we first rewrite

ﬁMW—QA”Mv¢mP 2&ﬂ]wwuw>
:MZLQ[U}<¢N,diag(exp.(U))(f—IN1)> QZgZ[ ]<¢N7f Iy,
N

Let (¢, I5) denote the solution to (77) with U+e0U in place of U everywhere and L¢ the corresponding
matrix (78). It is simple to check, using a reasoning similar to (86) as well as the equation (L¢¢%, 1) = 0,

that the scalar term I§ = Iy is fact independent of the potential U. Therefore, we obtain that
— L ¢%y = diag(exp.(U + €dU)) (f — In1).

By definition of the functional derivative, we then have

1 dZN[U Zn[U
Lao y(u]-ou = L g g e ot P s g ner. @)
2 72 0 eZ%
The functional derivative in the first term is given by
dZn[U] - 6U = —(8U, 1). (90)

For the second term in (89), we obtain

(O — O f — Inl)e-v = (¢} — by, diag(exp .(U))(f — In1)), v o
—(@N — PNy Ly )e-v-u
—(L(@N — N); Pn)e-v-v
—(L*PN, PN )e-v-v-cov + (L, Py)e-v-u
— (Lo, dn)e-v-v + (L@, P )e-v-v-zsv.

The first two terms in the last expression cancel out, and after substituting the expressions of L and L®

given in (78) in the other two terms, we obtain

(N — & f = INL)e-v = —(Dg(M — M) Dy, py)1 — (Dg(M — M*)Dgply, )1,

where
M — M? := diag(exp.(—V — U)) — diag(exp .(—V — U — e6U)).

Noting that

. M- M* . .
gl_l;r(l) — = diag(exp.(—V — U)) diag(8U),
we deduce that
. ZN ZN U
ilj}(l) EZ[Q ]<¢N ¢N7f_IN1>e—V = [2 }<6U7|VF¢N|2>8—V—U'
Combining this equation with (89) and (90), we deduce (88). O
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