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Abstract

We consider the problem of sampling a Boltzmann-Gibbs probability distribution when
this distribution is restricted (in some suitable sense) on a manifold ¥ of R™ implicitly
defined by N constraints ¢1(x) = --- = gn(z) = 0. This problem arises for example in
systems subject to hard constraints or in the context of free energy calculations. We
prove that the constrained stochastic differential equations (i.e. diffusions) proposed
in [W. E and E. Vanden-Eijnden, in: Multiscale Modelling and Simulation, eds. S.
Attinger and P. Koumoutsakos (LNCSE 39, Springer, 2004)] and [G. Ciccotti, R.
Kapral, and E. Vanden-Eijnden, ChemPhysChem 6, 1809 (2005)] are ergodic with
respect to this restricted distribution. We also construct numerical schemes for the
integration of the constrained diffusions. Finally, we show how these schemes can be
used to compute the gradient of the free energy associated with the constraints.
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1 Introduction

A standard computational issue in statistical mechanics is the calculation
of the expectation

(1) 16) = [ él@)du(a)

of an observable ¢ : R™ — R with respect to the Boltzmann-Gibbs distri-
bution p defined as

(1.2) du(x) = Z 7 exp(—pV (z)) da.

Here Z = [gnexp(—fV (x))dx is the partition function, 5 > 0 is the
inverse temperature, and V : R™ — R is the potential. When the dimen-
sionality of space is high, n > 1, standard numerical techniques based
on discretizing the integral in (1.1) become impractical, and various al-
ternative techniques have been developed to evaluate (1.1). By far the
most common techniques are the so-called Monte-Carlo sampling tech-
niques, which amount to devising a stochastic process ergodic with respect
to (1.2), and replace the ensemble average in (1.1) by a time-average over
this process using the ergodic theorem:

T—o0

1 T
(13)  16) = Jim Ir(9)  where Ir(9) =3 [ o(Xpt

where X is a generic sample path of the stochastic process. In the case
at hand, one may for instance consider the diffusion:

(1.4) dX, = —VV(X,)dt + /281 dW,,

where W, is a Brownian motion in R”. Under mild assumptions on the
potential V' (see Section 1.3), the process X is ergodic with respect to the
measure p. Standard numerical schemes exist to compute X; and these
can be used to calculate I7(¢) which, for T sufficiently large, provides an
accurate estimate of I(¢).

Many applications require a more general framework, where the Boltzmann-
Gibbs distribution p is replaced by

(1.5) dps(z) = Zg e PV @ dog (x)
where

(1.6) Zs — / eV s ().
>
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Here ¥ is a codimension N submanifold of R™ and the measure oy, de-
notes the surface element on ¥ (i.e. the Lebesgue measure on ¥ defined
from the Lebesgue measure in the ambient space R™ D X). In practice,
the submanifold ¥ is typically defined as the zero level-set of a smooth
function g with values in RYV.

The distribution puy may be thought of as the projection (or restric-
tion) of p into 3. This distribution arises in applications where the system
is subject to hard constraints, these being either of physical origin or ar-
tificially imposed for some numerical purposes, or in the context of free
energy calculations. In this context, the expectation in (1.1) is replaced

by

(1.7 15(0) = [ dl@)dus (@),

and the questions become how to construct a stochastic process (or, more
specifically, a diffusion) ergodic with respect to ux to sample this distri-
bution and how to design numerical algorithms to compute this diffusion
in practice 7 In [13], a diffusion ergodic with respect to puy was proposed
and in [6] it was shown how to use it in the context of free energy calcu-
lations. In the present paper, we put the results of these two references
on firm mathematical grounds. We also design some specific algorithms
to compute the diffusion ergodic with respect to ux; and show how to use
these in the context of free energy calculations.

1.1 Summary of the main results

In Section 2, we recall the diffusion constrained on ¥ introduced in [13, 6],
and we prove that this constrained diffusion is ergodic with respect to (1.5)
and thereby allows to compute expectations like (1.7). These results
are given in Proposition 2.1 in Section 2.1 (for the simpler case when X
has codimension 1) and Proposition 2.2 in Section 2.2 (for the general
case when ¥ has codimension N > 1). In Section 2.3, we also discuss
some generalizations when the distribution (1.5) is modified by including
some extra weight factor (which is relevant in the context of free energy
calculations), and we compare the diffusion constrained on ¥ with that
arising when (1.4) is constrained to stay close to ¥ by means of soft
constraints whose strength is taken to infinity.

In Section 3, we derive some numerical algorithms to integrate the
constrained diffusion proposed in Section 2: these are given in Proposi-
tion 3.1.
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In Section 4, we show how to use these results to compute the mean
force, i.e. the gradient of the free energy associated with the reaction
coordinate q, which defines a foliation of R™ by a family of manifolds 3.
In Section 4.1, we first recall the definition of the free energy, then in
Section 4.2, we derive several expressions for its gradient, the mean force.
These expressions are given in Lemma 4.1 and Proposition 4.2. Finally,
in Section 4.3, we show how to compute the mean force in practice and in
Section 4.4 we give a variance reduction technique which enhances the ef-
ficiency of these calculations. These results are generalized in Appendix D
for the situations with molecular constraints.

For the reader convenience, several technical results are deferred to
Appendices A, B and C.

1.2 Comparison with other approaches

Traditionally in the molecular dynamics community, the sampling of the
Boltzmann-Gibbs distribution (1.2) has been done using Nosé-Hoover,
hybrid kinetic Monte-Carlo, or (non-zero-mass) Langevin dynamics rather
than the diffusion (1.4). Similarly, the restricted distribution (1.5) is
usually sampled by adding holonomic constraints to the Nosé-Hoover,
hybrid kinetic Monte-Carlo (HKMC), or Langevin equations of motion
(see e.g. [29, 7, 8, 19, 18]). Since these equations of motion involves both
the position & of the system and the momentum p associated with this
position, adding holonomic constraints not only forces the position of the
system to remain on the manifold X, but also its momentum to always
be tangent to . In turns, this means that the restricted distribution
sampled by constrained Nosé-Hoover, HKMC, or Langevin dynamics is
a distribution on a submanifold of R™ x R"™ whose marginal in position
space is precisely (1.5).

In this paper, we give the counterparts of these results by working in
configuration space alone and using a constrained version of the diffusion
in (1.4). We also give the counterparts of the various results developed
in the context of Nosé-Hoover, HKMC, or Langevin equations (see e.g.
[5, 30, 11, 10, 9, 19, 18]) to compute the gradient of the free energy (the
so-called mean force) as seamlessly as possible.

1.3 Main assumptions and notations

Thorough this paper we assume that the potential V is a C2-function
which grows sufficiently fast at infinity so that the diffusion in (1.4) is
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ergodic with respect to the Boltzmann-Gibbs distribution (1.2). Most of
our results generalize straightforwardly to situations where the distribu-
tion (1.2) is supported on some connected region 2 C R™, but we will not
consider these cases for simplicity. We also assume that the manifold X
is connected and can be defined as the zero level-set of a smooth vector-
valued function ¢ = (q1,...,qn) where 0 < N < n and ¢, : R — R for
each 1 < a < N and we suppose that

(1.8) rank(Vqy,...,Vgny) = N on X,
where rank(Vqy, ..., Vgn) denotes the rank of the matrix
0
(1.9) (#)
Lj ) 1<a<N,1<j<n

We also suppose that
N

(1.10) 00> M > sup ‘ Z G;}C(a:)ch(a:) , Vo € X,
1<a<N ' 2]

where

(1.11) Gac() = Vaa(z) - Vae(z), 1<a,(<N,

and G;lg () denotes the (a, ¢)-entry of the inverse matrix (G(z)) . For a
scalar constraint (N = 1), this amounts to assuming that |V¢| is uniformly
bounded from below by a positive constant. (1.10) guarantees that the
expectation

al 2
/Z } Z G;}C(w)VCIC(CB)} dux (x)
=1

is finite, a property that we will use below.

We use Greek indices (varying between 1 and N) to denote the com-
ponents of quantities related to constraints. Latin indices vary between 1
and n, n being the dimension of the ambient space. For brevity, we use
the summation convention on repeated indices for some long formulae:
for Greek indices, the sum is over 1... N and for Latin indices, the sum
is over 1...n. We denote by ® the tensor product, and by

2
(1.12) V2 = ( Ou )
8$Z’axj 1<ij<n

the Hessian matrix of a function w : R™ — R. We also denote by V,u
(resp. V;V;u) its partial derivative du/dx; (resp. 0*u/dx;0x;). Finally,
the superscript 7 denotes the transposition operator.
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2 A diffusion ergodic with respect to the distribution uy

In this section, we give a diffusion that is ergodic with respect to uy, [13, 6].
For clarity, we first consider in Section 2.1 the case when 3 is a manifold
of codimension 1. Then we generalize our result in Section 2.2 to the
case of a manifold of codimension N > 1. Section 2.3 is then devoted
to some remarks, especially concerning the case when the constraints are
softly imposed by a constraining potential. We suppose in this section
that g(X o) = 0.

2.1 The codimension 1 situation

Let X := {z : q(x) = 0} be the zero level-set of the scalar valued C>-
function ¢ : R™ — R.
Let us introduce the normal n(x) to ¥ at point @

_ Vq(=)
IVa(z)]

(2.1) ()

and the orthogonal projector P(x) on the tangent space at point & to 3
defined by:

(2.2) P(z) =1d — n(x) ® n(x).

Notice that P2 = P and P = PT, since P is an orthogonal projector. Let
(2.3) k(x) = div n(x).

be the mean curvature of 3 at point . We have:

PROPOSITION 2.1  The distribution pux, in (1.5) is the unique equilibrium
distribution of the diffusion (written in Ité form):
(2.4)

iX; = P(X,) (—VV(Xt) dt + 25—1th> B R(X)R(X) dt,
Proposition 2.1 implies that if ¢ in LP(uy) (with p > 1),

T
(25)  Iné)= Jim Inp(@)  where Ini(e) =7 [ o(Xo,

where X is a solution of (2.4) and the convergence is a.s. and in LP.



SAMPLING ON MANIFOLDS WITH DIFFUSIONS 8

ProOF: First let us note that by assumption on ¥ and V', V' viewed
as a function from ¥ to R" is C? and grows sufficiently fast at infinity
so that Zy < oo. Therefore ux; is well defined. Moreover, the transition
probability function is strictly positive so that any invariant measure is
equivalent to the Lebesgue measure oy, which implies the uniqueness of
the invariant measure (see Proposition 6.1.9 p. 188 in [12]).

So it suffices to prove that py is an invariant measure for (2.4). To
this end let u(t,x) = E5(f(X¢)), where X satisfies (2.4) and E, denotes
the expectation over this process conditional on Xy = . Then puy is an
invariant measure for (2.4) if

(2.6) /E u(t, @)dps (z) = /Z w(0, @) dus ().

To check (2.6), notice that wu(t,x) satisfies the backward Kolmogorov
equation

5]
8—1‘ = —P(x)VV(z) Vu+ B H(z)  Vu+ 7 'P(x) : Vu
where )
L 0“u
P(x) :Viu= Y Pj(x)—
and H = —kn denotes the mean curvature vector. It follows that

d
o /E u(t, @) dps ()
= Zz_l/z(—P(a:)VV(a:) -Vu(t,z) + 7 H(x) - Vu(t, z)
+ 87 P(x) : V2ul(t, a:)) exp(—0V (x)) dox(x),
_ gzt / (div s (Vu(t, 2) exp(~V (2)))
2
+ H(@) - Vu(t, ) exp(—BV (2)) ) dos(x),
= 0.
Here div y, denotes the surface divergence:
(2.7) div 5(¢) = tr(PV¢)
and we used the divergence theorem on manifolds (see [2, 3]):
(28) V¢ eClR"R"): / div (¢) dos = —/ H - ¢ dos,.
) )

This shows that (2.6) holds, which concludes the proof. |
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Componentwise, (2.4) can be written as

(2

40X = (POX) (~VV(X)de-+ 2571w, )

n
(2.9) +071 Y PikViPig(Xy)dt.
jk=1
where we used the identity 327y Pj VP, x = —rn; (see (A.1)). From (2.9),
we see that (2.4) can also be written in Stratonovich form as

(210) dXt = —P(Xt)VV(Xt) dt + 2ﬁ71P(Xt) o th,

which shows that (2.4) essentially amounts to projecting (1.4) onto ¥. In
particular, it implies that

dg(Xt) = Vq(Xy) - (—P(Xt)VV(Xt) dt +1/2671P(X}) o th) =0,

as necessary since we must have X, € 3.

With a view to the discretization of (2.4) (see Section 3), it is also
worth mentioning that (2.4) may be obtained by imposing the constraint
that X; € ¥ using Lagrange multipliers. Indeed, let us modify the
stochastic differential equation (1.4) in the following way:

(2.11) {dXt = —VV(X,)dt + /26 1dW; + dY7,

with Y, such that P(X;)dY; =0 and ¢(X¢) = 0.

Since we suppose that ¢(Xg) = 0, we set Y g = 0. We assume moreover
that Y is adapted with respect to the filtration of the Brownian mo-
tion W. Computing dq(X ), and decomposing dY; = dA(t) + S(t)dW,
where A(t) is a process with finite variation, one obtains:

dq(X}) =Vq(X,) - (—VV(X,) dt + dA())
+1V%(X,) - < 24-11d + S(t)> ( 23-11d + S(t))T dt
V(X)) - ( 23 LAW, + S(t)th> .

Therefore, in order that d(¢(X;)) = 0 we must have (using the fact that
dY;, and hence dA(t) and S(t)dW, are aligned with the normal direc-
tion V(X))

Vg ® Vq

S(t) =— 2B_1W(Xt)
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and thus
Vg VV Vo
dA(t) = ——=—Vq(X;) dt — \V4 P(X,)dt
_Vq-VV

—1 -

where we used the second equality in (A.1). As a result

(2.12) dYy = (P(Xy) - 1d) (—VV(Xt) dt + 2ﬁ1dwt)

+ B8 H(X,) dt.

Thus, we recover (2.4).

2.2 The codimension N situation

The result in Section 2.1 can be generalized to the case of a codimension N
manifold 3 which is the zero level-set of the vector valued function q =
(q1, .., qn) With ¢o : R" > R (1 < o < N).

One central object we have considered in Section 2.1 is the orthogonal
projector P onto Y. In the case of N constraints, this projector reads
(compare (2.2)):

N

(2.13) P(z)=1d— Y G_()Vqa(z) @ V()
a,(=1

where we recall the definition in (1.11) for the N x N matrix G:
Gac(®) = Vaa(®) - Voe(z),  1<a,(<N,

and G;lc denotes the (a,()-entry of the inverse matrix G~'. To check
that P(x) is the orthogonal projector onto ¥ at point x, notice that for
any 1 <y <N,

N

PVq, =Vgq, — Z G;l Vaq.Vqc - Vg,
a,(=1

N
= Vg, — Z G;,chCﬁVq@ =0,
a,(=1
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while, for any vector u such that V1 < ¢ < N, u - Vge = 0, we have
N
Pu=u— Z G;}CanVqC ‘U= u.
a,(=1

Since P(x) is an orthogonal projector, it is a symmetric matrix. Notice
also that in the special case of orthogonal constraints, namely if Vg, -
V¢ = 6a,c|Vaal?, (2.13) simplifies into:

N
(2.14) P@)=Td— Y fa(@) @ it (),
a=1

where the normal n,, is defined by

N . VQa(w)
(2.15) o (x) = Noa(@)]’

In the case at hand, the equivalent of the curvature & in (2.3) is

1<a<N\.

N N
(216) Ko =|Vaal D GIL(Ag = Vo : (Y G5iVa © Vo)),
7=1 ¢,6=1

and Proposition 2.1 generalizes as

PROPOSITION 2.2  The distribution py, in (1.5) is the unique equilibrium
distribution of the diffusion:

dX; = P(Xy) <—VV(Xt) dt + /261 th>
(2.17) N
=B ka(X ) Ao (X ) dt.

a=1

Equation (2.17) is the generalization of (2.4), and the equivalent of (2.5)
holds here as well. The proof of Proposition 2.2 is similar to that of Propo-
sition 2.1. It is again based upon the divergence theorem on manifolds,
and the fact that the mean curvature vector is

N
(2.18) H=-> FKqha
a=1

(see Appendix B below for further details). We skip it for the sake of
brevity.
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Asin the case N = 1, (2.17) can be seen as the projection of (1.4) using
the projection operator P defined by (2.13), and a Stratonovich integra-
tion rule. In other words, (2.9) and (2.10) also hold in the codimension
N situation, since 3 7y PjxV; P = — SN ka(fa)i (see (A.3)).

Notice that (2.17) can also be obtained by imposing the constraint
through Lagrange multipliers, as in the case N = 1. For N > 1, the
constraining force Y, is also defined by (2.11) and similar computations
as in the case N =1 yield (2.12) (with H defined by (2.18)).

2.3 Remarks and generalizations

Later on in Section 4, we will see that the free energy calculations involve
the following distribution which generalizes (1.5):

(2.19) duss () = 75 V@ f(2)dos (@),
where
(2.20) Iy = / e V@) f (@) dos (),

»

and f: R"™ — (0,00) is a C?-function to be defined, with a growth condi-
tion at infinity consistent with Zx, y < co. Obviously us = ps 1 and

_ I=(f9)
Is(f)

On the other hand, sampling with respect to (2.19) can also be straight-
forwardly performed upon noting that the measure uy y associated with
the potential V is simply the measure uy associated with the potential

Is 1 () :/Z¢(ﬂ3)d/i2,f($)

(2.21) Vi=V-ptInf

In other words, a diffusion allowing to sample py; ¢ is provided by (2.17)
in which V} is substituted for V, that is

X, = P(X,)( = V(V = 87 In f)(X,y) dt + /281 dW,)

(2.22) N
B Ka(X)fa(Xy) dt.
a=1

In Section 4, we will see that the measure 15 | det G|~ 1/2 (corresponding to

the specific choice f = | det G|~'/2) naturally arises in the context of free
energy calculations.
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Let us describe another instance where the stochastic differential equa-
tion (2.22) with f = | det G|~'/? also appears. Consider

1 N
(2.23)  dX]=-VV(X])dt— o S OV(@R)X])dt + /28~ 1dW,
a=1

where 7 > 0 is a parameter. The additional term involving V(g2) in (2.23)
is a penalty term which constraints X in the vicinity of ¥ = {x : g(x) =
0}. Letting n — 0 amounts to imposing the constraint that X; € ¥ a.s.
In fact, we prove in Appendix C (in the case N = 1) that the limit process
X of X7 when 1 — 0 is solution of the stochastic differential equation:

X, = P(Xy)( =V (V+ 7" In|det G'/2) (Xy) dt + /26~ W, )
N
(224) =B ka(Xi)Ra(Xy) dt.
a=1
This equation is not (2.17). Rather it is a special case of (2.22) for f =
|det G|~1/2, i.e. X, samples the distribution 15| det G| ~1/2-

Notice that the measure py depends on g, only through its zero set
(which defines ). The values of ¢, around ¥ are irrelevant. In this
sense, uy is an intrinsic quantity. Accordingly the stochastic differential
equation (2.17) (and in particular the mean curvature vector H) can
be defined knowing only ¥. In contrast, the measure s | det G|~ 1/2 also
depends on the values of ¢, around X. In this sense, it is a non-intrinsic
quantity. Because the constraints are softly imposed in (2.24) (and not
rigidly as in (2.4)), in the limit as 7 — 0 the limiting process X still
“sees” the variation of ¢, around ¥, through the term In|det G|_1/ 2 in
the modified potential V] e g-1/2-

REMARK 2.3 (Rigidly and softly constrained dynamics) The fact that the
statistics at equilibrium associated with the rigidly constrained dynam-
ics (2.4) and the softly constrained dynamics (2.24) are not identical is
related to an apparent paradozx which has been often discussed in the liter-
ature, about the different statistics at equilibrium of rigid and stiff bonds
in bead spring models: see [27] p. 228, Section 4.6 in [28], [20], [15], [31],
or paragraph 8 in [26]. We here exhibit the difference between statistical
properties of rigidly and softly constrained dynamics in the framework of
over-damped Langevin dynamics, but this question has also been discussed
either in the framework of Hamiltonian systems at equilibrium (in the
canonical ensemble) or in the non-zero-mass Langevin dynamics frame-
work (see e.g. [30, 9, 19, 18]).
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3 Numerical schemes

In this section, we construct numerical schemes which satisfy exactly the
constraint g(x) = 0 since we have in mind long-time simulations for
computing Is(¢) (defined by (1.7)) by a mean over a sample path. For
more general results on the consistency of these schemes, we refer to [24].
We suppose in this section that g(X o) = 0. We have:

PROPOSITION 3.1  The following two schemes are consistent with (2.17):

X1 = X — VV(X0) At + /26 1AW,
N
(31) + Z Aa,nVQCV(XThFl)a

a=1

where Aqy such that ¢(X,41) =0,

and
X1 =X, — VV(X,) At + /28 1AW,
N
(32) + Z )\a,nVQa(Xn)v
a=1

where Aqy such that (X ,41) =0,

where AW,, = Wy . — Wy, denotes the Brownian increment.

The proof of the Proposition is given at the end of this section. The
semi-implicit scheme in (3.1) can in fact be rewritten in a variational
formulation as follows:

X, =X,—-VV(X,)At+ 267 1AW,,
(3.3) X1 =arg min{| X, - Y[*: q(Y) =0}.
YcRn

In this case, the A\, can be interpreted as scalar Lagrange multipliers
associated with the constraint g(X,+1) = 0. We expect the scheme (3.1)
to exhibit better stability properties than the scheme (3.2) since it admits
a variational interpretation.

In practice, in order (3.1), (3.2) and (3.3) to be well-posed, we need At
to be sufficiently small so that X, is not “too far” from the manifold 3.
To solve Problem (3.1), one can use classical methods for optimization
problems with constraints. We refer to [16] for a presentation of the
classical Uzawa algorithm, and to [4] for more advanced methods. To solve
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Problem (3.2), one can use classical methods to solve nonlinear problems
(like Newton method, see [4]). We also refer to Chapter 7 of [25] where
similar problems are discussed.

In the following, we will admit that the schemes (3.1), (3.2) and (3.3)
are well posed and indeed convergent (in the mean square sense for ex-
ample), namely that the trajectory (Xo, ..., X ) where M = T /At con-
verges when At — 0 (for a fixed T') to (X 5)o<s<7 which satisfies (2.17).
Since (X¢)¢>0 is ergodic with respect to pyx; (see Proposition 2.2), the
schemes (3.1) and (3.2) can be used to sample uy and to compute quan-
tities such as (1.7). In Section 4, we more specifically discuss how they
allow the computation of free energy differences and mean forces.

REMARK 3.2 (Computation of V'V, qet G|*1/2) As mentioned earlier, in the
context of free energy calculations (see Section 4), the distribution 15 | det G|—1/2

(corresponding to the specific choice f = |det G|~Y/2 in (2.19)) arises
naturally and this amount to replacing V' by V) gy 172 in (3.1) or (3.2).
Since Videtgl-12 =V — B~ 'n | det G|~Y/2, this requires the computation
of the following term.:

571V 1n (y det G| 71/ (X ) At
(3.4) 36" P (G2t VGac) (Xa)At,
=g Z ( 1V2anq<) (Xn)At,

where we used Jacobi’s formula: for a given tensor M,

(3.5) V In(det M) Z CVMCQ

In order to avoid the computation of V2qo(X,) which is cumbersome,
one can approximate (3.4) by:
(3.6)

-7 Z (Gt V?aaVac) (X o)At

=g Z G t(X0n) (Vo (X + AtV(X 1)) = Vaa(X ) + 0(Al).
a,(=1

The proof of Proposition 3.1 relies on the following Lemma which gives
expansions of the A, , appearing in (3.1) and (3.2).
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LEMMA 3.3 Let X, be the solution of (3.1) or (3.2). Then A,y is such
that:

(3.7) Ao = Ao VAL + AL, At + o(Ab),
with
N
(3.8) Mo = —\2671) G iVa(X,) - wy,
¢=1

where w, = AW, /At are i.i.d. Gaussian variables in R™ with zero
mean and variance Id, and

N
A, = Y 6oLV VY (X,
=1

N
(3.9) +B7 Y GLeG5VPac Ve, © Vas(X )
Co=1

N
-5t Z G;} Aqe(Xp).
=1

ProOOF OF LEMMA 3.3: For the sake of brevity we only present the
proof of Lemma 3.3 for the scheme (3.1). The proof for the scheme (3.2)
is similar.

The Lagrange multipliers A, 5, are obtained by requiring that ¢(X 1) =
0if ¢(X,,) = 0. Using (3.1) as well as the a priori expansion (3.7) of Ag p,
this is equivalent to requiring that: for any 1 < { < N,

0= q¢(Xny1),

= Vac(Xn) - (~VV(X,) At + /287 1AW,,

3.10 —
( ) + ()‘g,n At + )‘tlx,nAt)VCIoz(Xn-i-l))

1
+ EKZVqu(Xn)Kn + o(At),
where K, = /26" 1AW, + A, VAtV (X ny1). Since

Va(Xnt1) = Vaa(Xy) + vz%z(Xn)fn + 0(\/&)»
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where K, = /260 1AW, + )\g’n\/ AtVq,(X,,), equating terms of equal
order in At in (3.10) gives
0=120"1Vq(X,) AW, + A0, VAL Go (X n),
0= _VQC(Xn) : VV(Xn)At + )‘tlx,nGa,C(Xn)At
I T _
+ v At}‘g,n(VQC)TVQQa(Xn)Kn + §KSV261<(Xn)Kn-

From this, we obtain formula (3.8) for AD,o and the following expression
for AT 4
)‘é,n = G;,lquC ’ VV(Xn)
— G;lc)\g,n)\g,nVZ% : Vg @ Vgs(Xn)
— 3G N LNV Vg, ® V(X )

—/20671 G;}C >‘9/,n V%, (Xy) : Vg ® wy,

— /2871 G NS, Vi (X)) - Vg, @ w,

- 871 G;}CV%]C(X,L) twy, ® Wy,

We now use (3.8) in this expression together with the fact that in the
limit as At — 0, w, ® w, = Id since w, is always multiplied by F,a¢
measurable functions. For example, we have in the limit At — 0,
A oA, =287 AT G Vg (X)) - AW LGy 5 Vg (Xn) - AW,
=207 G L Gy Gy 5 (Xn) +0(1) = 26871 G 5(X) + o(1).

We thus obtain the following expression for AY ,:

Ao = G Vac - VV(Xa)
— 287G G5V, s Vg ® Vgs(X )
— BTG LGV 1 Vi, © Vas(X )
+2071 G G5 VP, 1 Vg ® V(X n)
+2071 G G5V 1 Vs ® Vg, (X )
— B Gl Ag(X ) + (1),

from which we deduce (3.9). |

We are now in position to prove Proposition 3.1.
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PROOF OF PROPOSITION 3.1: Let us first consider the scheme (3.1)
(or, equivalently, (3.3)). To check its consistency with (2.17), we compute
the value of the term A, 5, Vo (X n41)At using the expressions for )\gm and
A}Ln given in Lemma 3.3. and the property that AW , @ AW, = Id At in
the limit as At — 0, since AW, is always multiplied by F,A; measurable
functions. This gives

)\a,nVQa(Xn—l—l)
= (A VAL + AL, AL) Vo (X o)

+ A VALV o (X 0) ( 26~ 1AW, + A?mx/Ath,y(Xn)) + o(At),
= —\/26871G, V4a V(X n) - AW, + G (Vg Ve - VV(X ) At

+ 071G VG 5V Vg, © Vas(Xn) At

— 871 G Ve (Xn) At — 267G VPqa Ve (X n) At

+2871 G LV 4aVay (Xn) At + o(At),
= (P(X,)—1d) <—VV(Xn)At + 2B—1AWn>

~ 37V Gk (G152 Vay © Vas(X ) + Age(X ) ) At + o(At),
= (P(X,)—-1d) (—VV(Xn)At + 251AWn)

— B e (X ) At + o( At).

This shows that (3.1) is equivalent to

= — -1
(3.11) X1 =X + P(Xn) ( VV(X,)At + /208 AWn)

— B koo (X ) At 4 o(At),

which is a consistent discretization of (2.17).

We now consider the scheme (3.2). In this case, using the expressions
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for )\g,n and )\é,n given in Lemma 3.3, we obtain

)\a,nVQQ(Xn)
= (AL VAL+ AL, AL) Vo (X) + o(A),

= —\/2671G, V4V (X ) - AW, + G Vaa Ve - VV(X,) At
+ 071G VG 5V Vg, © Vas(X ) At
— B G, Vaalge (X )AL + o(At),

= (P(X,) —1d) (—VV(Xn)At + 26—1AWn)
— B o ra (X )AL + o(At),

which shows that (3.2) is also equivalent to (3.11) and proves that this
scheme is consistent with (2.17). |

4 Free energy calculations

In this section, we discuss the computation of free energy differences,
defined in Section 4.1, and more precisely of the gradient of the free energy,
the so-called mean force. In Section 4.2, we give an explicit expression
for the mean force and exhibit a link between the mean force and the
constraining force Y; defined by (2.11)—(2.12). We then use this link to
build a numerical scheme to compute the mean force in Section 4.3. A
variance reduction method is proposed in Section 4.4. In this section, we
assume that no molecular constraints are present: for completeness, the
situation with molecular constraints is discussed in Appendix D.

In this paper, we describe the computation of free energy differences
by imposing the reaction coordinate at a fixed value (this is the so-called
Thermodynamic Integration, see [22]). Note that it is also possible to
compute free energy differences by prescribing an evolution of the reaction
coordinate, in the spirit of Jarzinski equality (see [21, 23]).

4.1 Definition

Let X € R™ denote the random variable whose distribution is the Boltzmann-
Gibbs distribution (1.2). Given q¢ = (q1,...,qn) where g, : R” — R for
each 1 < a < N, the quantity

(4.1) Z =q(X)
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is a random variable in RY. Let us denote by m(z) the probability density
function (with respect to the Lebesgue measure on RY) of Z. Then, by
definition, the quantity

(4.2) F(z) = -8 'Inm(z)

is called the free energy associated with g, which is called the reaction
coordinate. The free energy is directly relevant to compute expectations
of observables depending on x only implicitly via g, since by construction

(4.3 [ dla@)dn(a) = [ oz Dz

Let us now introduce the following generalization of Fubini’s theorem,
derived from the co-area formula (see Theorem 2 p. 117 of [14]): if q :
R™ — R¥ is Lipschitz and g : R — R is a function in L!(R"™), then

(4.4) / g(@)| det G(a)| /2 da = /RN/ 2)dos () (x)dz.

Here (z) = {z : q(x) = 2}, 05z is the (n — N)-dimensional Hausdorff
measure, which reduces in our case to the Lebesgue measure on 3(z)
since q is regular, and G is the matrix defined in (1.11) which we recall
for convenience

Gag(®) = Vaa(x) - Voe(z), 1<a,(<N.
Using (4.4) and the definition (1.2) of u, we have:

| #la@)du(e)
_ / o(=)(27! / eV @) det ()| dos (@) d=.
RN 3(z)
Therefore, by comparing (4.3) and (4.5) we deduce that F(z) is given by
(4.6) F(z)=-p"" ln(Zfl/ e V@) det G(a)|~ 1/2d02(z)(a:)).
%(2)

Equation (4.6) can also be written as

(4.7) F(z) =" (27 250, |12

where Zs,, | get |-1/2 18 the normalization factor associated with the dis-
tribution fi5,) | gerz-1/2 (see (2.19)). In other words, computing the
mean force amounts to computing some partition functions.
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4.2 The mean force

In practice, a way to compute the free energy F' defined by (4.6) (or (4.7))
is to compute first its gradient, since the latter can be expressed as an
expectation over the distribution fis,) | et -1/2 (see Lemma 4.1 below).
The gradient of F' is usually referred to as the mean force, and it can be
expressed via the following:

LEMMA 4.1  The gradient of F' (namely the mean force) can be expressed
as: for any 1 < a < N,

VoF(2)
(4.8)

N
= Z /2( : (VV . G;,lquv —p7v. (G;#Vqﬂ,)) d'“Z(z)Jdet -1/
y=1"%%
(4.9)

N
=2 o) GV, - (VV|detG|—1/2 + ﬁflﬂ) dfis:(z),| det G|-1/2-
y=1

The proof of this Lemma is given below. From these two expressions
of the mean force, one may use two different methods to compute the
mean force. The expression (4.8) of V,F' is rather complicated since it
involves the divergence of the inverse of G. However, remarkably enough,
we shall show in Section 4.3 that we do not have to compute explicitly
this divergence to evaluate V,F(z). This can be done by suitable nu-
merical approximation of (4.8) (together with the approximation (3.6) of
v‘/\detG\*l/Q)'

On the other hand, the expression (4.9) of V,F can be used to derive
an alternative and even simpler procedure. It is based on the following
proposition where V,F(z) is expressed as a mean over the component
along Vg, (taking (Vqi,...,Vqn) as a basis of the normal space to 3) of
the constraining force Y, (defined by (2.12)), using the corrected potential
Videt ¢|-1/2 (defined by (2.21)) instead of V. This has also been observed
in the framework of Hamiltonian dynamics (see [30, 9, 19, 18]).

PROPOSITION 4.2  Consider the processes X and Yy defined by (2.11)
and (2.12), with V' replaced by V) gy -1/2- Then for 1 <a <N,

T—o00

1 Td
(4.10) lim — /0 Y GoeVa(Xy) - dY = Vo F(0),
¢=1
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a.s. and in LP, p > 1.

PROOF OF LEMMA 4.1: Let ® by a C2°(R) function and ¢ = ®'. Let
us consider, for a fixed 1 < a < N,

/N d(zq) exp(—PF(z))dz = Zil/ d(ga(x))e V@ g,
R .-

where we have used (4.3) and (1.2). The left-hand side can be expressed
as follows (using (4.7)):

|, e exp(~pF (2) dz
= /RN P (24) exp(—BF(2)) dz,
_ B/RN ®(20) Vo F(2) exp(—BF(2)) dz,

— BZ*I /RN @(za)ZZ(ZMdethquaF(z) dZ.

(4.11)

The right-hand side can be expressed as follows:
(4.12)

71 / (g (@))e PV @) da
R?’L
— 2 [ ®(ga(@)e @,
Rn
_ 71 / GolVg, V(@0 g) (x)e Y @ da,
Rn

=zt e V. (G;,%que*ﬁv) ()P o qo(x)de,

7z . (6VV - GZLVa, = V- (GZLVa,)) (@)e ™ @ (go () da,

=z /RN D(2a)Zs(2) | det G| -1/

X (/Z(z) (ﬁvv . Ga,’qu’Y -V (Ganqu)) duE(z),|det G|—1/2> dz,

where we have used (4.4) and (2.19) for the last equality. The fact
that (4.11) is equal to (4.12) for all functions ® completes the proof
of (4.8).
To prove (4.9), it remains to show that
VV - GahVay = 71V - (Go 4 Vay)
= VVaerg-v2 - Gah Vay + 871G Vg, - H.
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Using (2.18) and V| gegq-12 =V + B~ 1In (| det G|1/2), this is equivalent
to show that:

— BV (Go V)
= 371G, Vay - VIn|det GV — 871 Vqa| ' ka,

which is a direct consequence of the expression (A.5) of k, given in Ap-
pendix A. [

We are now in position to prove Proposition 4.2.

PROOF OF PROPOSITION 4.2: By replacing V by Videtc-1/2> the mea-
sure sampled by X is fi5;) gey gj-1/2- Moreover, the process Y, is then
defined by

Y = (P(X) = 1d) (= VV] e 172 (X0) dt + 1/28-1dW)
+ B H(X,)dt,  Yo=0.

Hence, since (P(X) —1I) G;}Cng(X) = —G;}CVqC(X), we obtain

N
GrtVac(X0) - dY, = Y. Gl Vay - (Vg1 + 7 H ) (X0) dt
y=1

N
— /2871 G Va(Xy) - dW.
¢=1

In the bounded variation part, we recover the expression (4.9) of the mean
force. Now, (4.10) follows from the ergodicity of X; (see (2.5)) and the
fact that

1 (TX
lim — [ Y G V(X)) -dW; =0,
0 b
¢=1
by (1.10). |

4.3 Computational aspects

We now discuss the computation of the mean force defined by (4.6), using
the expressions (4.8) or (4.9). In the following, we suppose that z = 0,
without loss of generality.
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The first method we propose is based on (4.8). The first term at the
right hand side of (4.8) can be obtained from

M N
lim lim —ZZ(VV G, Iqu/)( n)

T—o0 At—0 M
(4.13)

N
= Z /Z vV . G;,}qu’YdluEJdetGrl/Q’

where M = T/At and X, is the solution to (3.1) or to (3.2), with V
replaced by Vg gj-12 =V + B~ '1n|det G|'/2. As for the second term,
we have

M N
—_— 1 —_—
77 il 57 32 32 (6o V) (6 + W)

(4.14) - (G;,qu)(Xn)) AW,
N
= =873 [ V(G Va b e
y=1

where we used the fact that AW, @ AW ,, = Id At in the limit as At — 0.
Equations (4.13) and (4.14) (together with the approximation (3.6)) allow
to estimate V,F(0) without having to compute V?2q,.

The second method is based on (4.9), and more precisely, on Propo-
sition 4.2. As in the continuous in time case (see (4.10)), the mean force
VoF(0) may be computed by averaging the Lagrange multipliers A,
entering the algorithms (3.1) or (3.2).

PROPOSITION 4.3  Let X,, be the solution to (3.1) or to (3.2), with V
replaced by V) gep -172 =V + B~ |det G|'/2. Then,

(4.15) lim lim —— Z «F(0),

T—o0 At—0 MAt

where M =T/ At.

We recall that in practice, in order to compute VV‘ det G|~1/2, ON€ can resort
to a suitable finite difference scheme (see the approximation (3.6)). This
proposition is a direct consequence of Proposition 4.2 and the following
lemma.
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LEMMA 4.4 Let X,, be the solution to (3.1) or to (3.2). Assume more-
over (1.10). Then, for 1 < a < N, Aon is such that

. -1
(4.16) i, 77 2 e = 7 / Czlaa,gth) Ly,

with Yy defined by (2.12) and where T = MAt is fized, and therefore
M — oo.

REMARK 4.5 (Computation of other energies) All the preceding compu-
tations may be generalized to the following energy:

(@17 Fyz)= 6" [ exp(-BV (@) (@) dosia (@),

where f is a given positive function' such that Zs(z),; < 00. Indeed, in
this case, the expression of the gradient of Fy is given by the following
formula (which is a generalization of (4.9))

N
(4.18) VoF(z) = /2( )Z G Vay - (VVf +5_1H) dfisy(z), -
z ,Y:l

where the modified potential Vy is defined by (2.21).

Suppose now that we use in our numerical schemes (3.1) or (3.2) the
potential Vi instead of V. Then, following the arguments of Section 4.3
we obtain that the mean of the Lagrange multipliers converges to the mean
force (written here for z=10): for1 <a <N,

1 M
9 m 5 e = VaFs0),
where M =T/ At.
Proor orF LEMMA 4.4: Using Lemma 3.3, we have
1 M
A TTAL mzz:l Aam

1 (T _ o )
= ?/OGa,lc (VqC-VV+ﬁ 1G%}Sv2q< : Vg, ® Vs — 8 1Aq<) (X,) dt

1T
- ’/wlf/o GoeVa(Xy) - dW.

! With this notation, the free energy defined by (4.6) is F|jetg|-1/2, up to an additive
constant. Notice that this constant does not intervene in the mean force.
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Using the fact that (P(X) —I)G,1Vqc(X) = -G, Vq/(X) and

Gt Vay - H = G G 5V : Vg, @ Vs — Gy (Age = Fa

one easily obtains (4.16). |

4.4 A variance reduction method

In the numerical scheme we have described to compute the mean force (see
formula (4.15)), there are three sources of errors: the time discretization
error (At — 0), the longtime limit error (' — oo) and the statistical
error due to the fact that we use a stochastic process. In this section, we
focus on the statistical error. It is linked to the the variance of the result.
Let us consider the case N = 1. We have:

R 1M
—— > A =—/2871= ) Ve TPV(X) AW,
MAt ot Tm:1
1 M
— AL At 1).
+TmZ:1 mAt +o(1)

In the limit At goes to zero, the first term in the right-hand side converges
to the martingale part

1 (7T _
20 [ 1902 Va(x) - aw,

of the constraining force Y, while the second part converges to the
bounded variation part of Y (see Equation (2.12)). It is the limit, when
T goes to infinity, of the second term which yields the mean force F’(0).
The first term goes to 0 in the limit 7' — oo but this term is responsible
for a large variance of the result.

Therefore, a natural idea to reduce the variance is to eliminate the
first term. It is possible to directly compute this term (which is the
projection of the Brownian increment) and to subtract it from the La-
grange multiplier. Alternatively, the following scheme, which is very easy
to implement, may be used. We consider that ¢ = ¢, and we denote
by AM(AW,,) the Lagrange multiplier obtained from (3.1) or (3.2) with a
Brownian increment AW,,. The next position X, is defined by (3.1)
or (3.2), but the Lagrange multiplier used in formula (4.15) is now defined
as:

N |
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One can check that this does not change the value of the bounded varia-
tion part AL of \,,, but “eliminates” the martingale part \?. This method
reminds us of the antithetic variables variance reduction method classi-
cally used in Monte Carlo methods. In practice, this method seems to be
very efficient (see [23]). This idea can be straightforwardly generalized to
the case N > 1.
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A Some useful identities

Here we give some useful identities that were used in text.

LEMMA A.1 (Scalar constraint case, N =1) We define by (2.2) the or-
thogonal projection P(x) on the tangent space of ¥ = {x,q(x) = 0} at
point & (where g : R™ — R). The normal n(x) and the curvature k(x)
at point € ¥ are defined by formulas (2.1) and (2.3). The mean cur-
vature vector is defined by H = —kn. The following equalities hold: for
1<i<n,

Y PirViPik = Va7 Y Vi(IValPiy),

4, k=1 j=1
Al _ &
A1 = —|Va|™*Vig Y V;ViaPjk,
jk=1
= —H’ﬁ,l’ = H@
Moreover, we have: for 1 <i <mn,
n n

(A.2) Y VP ;j=-> Pi;V;In|Vq|+ H,.

j=1 j=1

LEMMA A.2 (Vectorial constraint case, N > 1) We define the orthogonal
projection P(x) on the tangent space of ¥ = {x,qo(x) = 0,1 < a < N}
(where qo : R™ — R) at point x by (2.13). The normal N, and the cur-
vature ko are defined by (2.15) and (2.16). The mean curvature vector is
defined by H = — Zgzl KoM (see (2.18)). Then, we have: for1 <i <mn,

" PuViPik = (det G) "V Vi((det G)Y2P ),

7,k=1 7j=1

(A.3) N

= — Z lia(’fla)i = Hi-
a=1

Moreover, we have: for 1 <i <mn,

(A.4) S VP ==Y P;V;((det G)'/?) + H;.
j=1 j=1
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For brevity, we only provide the proof of Lemma A.2 below.

The following lemma giving another expression for the curvature k.
defined in (2.16) is also useful.

LEMMA A3 Let1 < a < N. The curvature ko defined by (2.16) can be
written in the following form:

N
(A.5) ko = |Va|(det @)V 2div ((det V2N Ga}quv> .

v=1
Proor or LEMMA A.2: Let us start with P;,V;FP; ;. We have:

P VP = Vi(PjxPik) — PixV;i(Pjk),

=V;(Pi;) = PirV;(Pjk),

= (Oip — Pik)Vi(Pjk),

= —G o VidaViacVi(G 5V 4, Vias),

(A-6) = —G_Viga Vi (VjG;};quyvk% + G 5A¢, Vigs

+ G 5V50, Y,V ka5 )

= _viQ(gij;,};va’y - Vz‘qszv_,};Aqv
— G, VidaVracG, 5V 4,V iV ka5,

where the summation convention is from 1 to n for Latin indices and from
1 to N for Greek indices. Let us now compute V j(G;}S). We have

0= V;(GarGrs) = Vi(Ga)Gr s+ GacVilGey),
so that

—1
) 45’

Vi (G“/ 5) -G, }IV](
G ; GE,}S (V kaakaC +V; kaCkaOz)

(A7)

Therefore, the first term in (A.6) is

- V@'qaij;}st%
= VigsVg, G, GC s (ViViaaVige + V; VkQCqua)
= ViesVia G 4 LG, 5V VidaVige + VigsVjq, G o LGL 5V Vi4cVida

= Vi4a Vit G 5G: o ViViasViac + ViasViacGe oG 5V iV ity Vida,
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where, in the last line, we have swapped « and § in the first term and we
have swapped ¢ and v in the second term. Notice now that the first term
in the last line and the last term in (A.6) cancel, so that:

PjkV;Pix = Vigs G (—Aqw + Gaévj%vjvkﬁhvkq(m) ;
= Viqs G;}; (—Aqﬂ, + VQqA, : (G;’ICan ® ng)) ,
= —rsViqs|Vas| ",

which proves one equality in (A.3).
Let us now consider (det G)~Y/2V;((det G)'/2P, ;). Using (3.5), we
have:

(det G) V2V ;((det G)'/2 P, ;)
= (det G) Y2V, ((det G)/?) P, j + V; Py j,

= V5 In(det G)Pyj — V(G5 5Via,V jan),
= %G;}gvj%,cp@j = VG 5VityVias
- G;};Vjviquj% - G;};Vz‘%AQ&
= SO VG — 5CLEY oG A0V s
+ GJ}IG;}; (ViViaaViae + ViViaeViaa) VigyVigs
- G;};Vjviquj% - G;};Vz‘%AQ&
= G, ViVitaVia — G ¢ ViViaa Vi G 5ViayV ias
+ G LG5V ViaaVracViay Vigs + G5 oG 5V Viac Viga Vi, Vids
— G 5V;VigyVigs — G 5Vigy Ags
= —Ga}lvjVngvkan;};Vz‘quj%
+ G;,};Gg_,;vjkaszkQCvivaan + G;,};Ga;vjkaCvk%viqﬂ/vaa
- G;};Vz‘%A%,
where, in the last expression we have swapped a and ( in the first term

and o and § in the third term. Now notice that the third term cancels
with the first term so that we obtain:

(det G)~Y2V;((det )2 Py )
= Vig, G5 5 (G AV VadsViacV jo — Ags)
= —ryVigy |V, 7,
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which completes the proof of (A.3).
Let us finally consider (A.4). We have:

V;Pij = (det G)"/2V;((det G)/? Py j) — (det G) V2P ;V;((det G)'/?)
N
==Y kalfa); — Pi;V;(In(det G)'/?),
a=1

which is exactly (A.4). |
Proor oF LEMMA A.3: For a fixed 1 < a < N, we have

" (det G)~2div ((det G)V/2G ] Vg,

= G;{,Vqﬂ, -Vin ((det G)l/z) + VG;’}Y Vg, + G;}“/AQ’Y'
Using (3.5), the first term in (A.8) is:

1
G} ¥, ¥ hder ) =565 e, GV G

=>Gh Ve, GL) (V2asVac + ViacVas )
=G, LG V5 : Ve ® Vg,
Using (A.7) the second term in (A.8) is
VG Vay = =G 56 (VasVae + ViacVas) - Vay,

= —G;%GE}I (V2q(; :Vge ® Vg, + V2q¢ :Vgs ® quy) .

Therefore, we have:
(det G)~H2div ((det 6)'/2G;! Ve,
= —Ga V2 (G5 ® Va,) + Go L Ags,

which yields (A.5), using the definition (2.16) of k. |

B The mean curvature vector H

Here we show that the vector — Zgzl KaTle is the so-called mean curva-
ture vector H defined as [2]?

N
(B.1) H=- Z div x (Vo )Va,

a=1

2 Depending on the textbooks, the mean curvature vector is defined as + Z;V:I KaTa,

or as N7! 2521 KaMa. The vector H defined by (B.1) is also sometimes called the
additive curvature vector.
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where div 5 is the tangential divergence and (vq,...,vn)(x) denotes a
smooth orthonormal vector field generating the space normal to ¥ at
point . Geometrically, H points in the direction where the area of X
decreases most, and intervenes in mean curvature flows or in the diver-
gence theorem on manifolds (2.8) (see [2, 3]). This vector only depends
on the geometry of the surface ¥ as a submanifold of R™. In other words,
the dynamics (2.17) is intrinsic, like the measure py it samples.

To derive the expression H = — YN, k,n, from (B.1), notice first
that this definition does not depend on the choice of the vector field
(v1,...,vn). Thus, the mean curvature vector is characterized by the fact
that, for any vector v in the normal space to ¥ at point @, H - v =
—div »(v). Let us then compute: for 1 < ay < N,

—KaTlg * Mgy
= — V4ol G54 (Aqy — V¢, : (G5 Vg © ch))
X V4a|Vaal ™" Vdag| Vaao| ™,
== G4 (Agy = V20, (G510 ® V) ) Gaao | Vaag| 7
= — (Aday = V20aq : (G5 V50 Va0) ) [Vata| ™"
But we also have: for 1 < 4§ < N,
div £(fs) =1d: (PV(Vas/[Vas))) ,
= 0;j <5i,k - G;}CviQOzkaC) Vi (vj%|v%|_1)) :
= (5i,k - G;}CviQakaC) (Vkvi%‘v%rl - viQ5ka5IVQ5r2) ;
= Aqs|Vgs| ™t - G;lgvz'QaVkQCvkvi%‘VQJFI -1

+ G, VidaViacVigsVias|Vas| 2,
= Aqs|Vas| ! = V205 (Gt Vae @ Vo) Vel

Therefore, for any 1 < ag < N,
N
= Kafa - oy = —div 5(Ra,).-
a=1

Since (n1,...,in)(x) generates the space normal to ¥ at point @, this
proves that H = — Zgzl KoMl
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C The proof of lim, o X! = X,
This appendix is devoted to the proof of

lim X;’ = Xy,
n—0

where X} and X are such that X = X and respectively satisfy (2.23)
and (2.24). For simplicity, we restrict ourselves to the scalar constraint
case, N = 1. Moreover, we suppose in this section that

(C.1) 0<m<|Vq| <M and |Aq| < M.

LEMMA C.1  Let X] be the solution of the stochastic differential equa-
tion (2.23) with initial condition X = Xq. Let us suppose (C.1) and
that:

and
(C.3) IVV| < M.

Then we have:

(C4) E (sup \q(X?)\> < Cor/28- (1 + M2T ) + B MM

t<T m?2

-1 2 2
(€5)  swB(lgX])P) <267n+2 (M7+M> .

t>0 m?

Proor: We have:

o0 == 1 [ VPO ds - [ Vaxn) - v as

+1/268-1 /Ot Vq(XT)-dW s+ 371 /Ot Aq(XT)ds.

Let us first perform a change of time. The local martingale M; = fg Vq(XT)-
dW g is such that (M), = [} |Vq|*(X7)ds > m?t (by (C.1)). Therefore,
(M) = oo almost surely and thus, by the Dubins-Schwartz Theorem,

there exists a Brownian motion B such that M; = B, Let us set

te
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7(t) = inf{s,(M)s >t} and Z; = q(XZ(t)). By a change of variable, we
obtain:

1 st t(B~'Aqg—VV -V
Zt:_ﬁ/ sts+«/2,8—1Bt—|—/ G q‘qu %) (XZ(S))ds.
0 0

Therefore, we have:

t t -1 — .
Zi=f2571 [ eI, 1 | et B1 VYV NG) n g

Vq|?
: “IN 4 M?
< Jop1 /0 et=)ngp, P MM

m2

Therefore,

E (sup|Zt|> < /267 1E (sup
t<T t<T

t
The process g = / e~ (t=5)/ TdB, is an Ornstein-Uhlenbeck process so

0
that, by [17], there exist C1,Co > 0 such that

Ciynn(1+T/n) < Esgg l9¢] < Cay/nn(14T/n).
t<

t —1 2
/ e—(t—s)/ndBSD QoMM

0 m?

Thus, we have:
M+ M?
E (Sup \Zt’> < G226~ 'nIn(1+T/n) + BTW-
t<T
This means that

M + M?
E( sup |q<X?>l> < o231+ 1) + Py

t<7(T)

Using the fact that 7(¢) > 15, we then obtain (C.4).

If we consider another norm, we have:

2 1 2\ 2
M+ M
+ 2 (*ﬂ + ) 772.

m2

t
E|Z> <487'E V e t=9/nqB,
0

71M+M2 2
< 2»3_177 +2 (ﬁT> 772'

This yields (C.5). |
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We now introduce the following change of coordinates:

R* — R
(C.6) P : v ( p(x) )
q(x)

where p = (p1,...,pn_1) : R* — R" ! is such that Vp; - Vg = 0 for
all 1 < i <n-—1and for all ® € 3. In other words, ¢, = ¢, while
®;, = p;, for 1 < i <n—1. We suppose that ® is invertible, and thus,
Range(Vp1,...,.Vpn—1) = n — 1. It is always possible to build such a
function ®, at least locally, by considering a parametrization of 3.

For the statement of the next proposition, we suppose that:

(C7) 0<m<|VP®| <M, and VP and AP are Lipschitz functions.

Notice that the assumptions on ® are actually some assumptions related
to the regularity of the surface ¥, and therefore, some assumptions related
to the regularity of ¢. If X is sufficiently smooth, it is possible to define the
parametrization ® at least in a neighborhood of X, so that the arguments

given below still hold, by a localization procedure on the processes X,
and X7.

PROPOSITION C.2 Let X be the solution of the stochastic differential
equation (2.23) with initial condition X = Xg. Let X, be the solution
of the following stochastic differential equation:

X, = X, — /0 (X )VV(Xs)ds + /251 /0 "X aw,

(C.8) t
45! / V. P(X,)ds.
0

We suppose that (C.2), (C.1) , (C.3) and (C.7) hold. In addition, we
suppose that:

(C.9) V'V is a Lipschitz function.
Then, for small n,

(C.10) supE| X} — Xt|2 < Chn,
+<T

where C' is a constant depending on the data, and on T.
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Notice that X solution to (C.8) satisfies (2.24) since V-P = —PV In [V¢|—
kn (see (A.2)). All this can be generalized to the case N > 1.

ProoF: By rewriting the stochastic differential equations in the co-
ordinates (p, q), we have, for X7,

forall1<i<n-—1,
dP;(X{) = V;0,(X])(=V,;V(XY) dt + 26" 1dW (1)) + B~ A®;(XT) dt,
dg(X{) = = |Val*(XT)a(XY) dt + Va(X]) - (=VV(X]) dt + /257 TdW )
+ 671 Ag(XY) dt,
and for Xy,
(C.11)
forall1<¢<n-1,
d(I)Z(Xt) = VJ(I)Z(Xt)(—V]V(Xt) dt + / Qﬂflde(t)) + B_lA(I)Z(Xt) dt,
dg(Xy) = 0.
Let us prove (C.11). By It6 Formula, we have,
d®;(X;) =V, - (PVV + 7'V - P)(X,)dt
+1/267IV®; - (P(X)dW,) + B71P : V20, (X ) dt

Equation (C.11) can be straightforwardly obtained from this equation
using the fact that: on X,

Vo, if1<i<n-1
o, {7 H1

if1<i<n-—1

if i = n.

Y

AD,
" and V-(PV®;) = {

Now, by (C.5), we know that, for small 7, sup;~, E <|q(Xg) — q(Xt)|2) <

Cn. For the other components of ®(X ), we have, by using (C.3), (C.9), (C.7):
VO<t<T,

n—1 t
E (Z (X) - <1>@-<Xt>|2> <o) [ BIx- X, as
i=1 0
Therefore, by using (C.7) and (C.5), we obtain: V0 <t < T,
t
E0(X) - ®(X,) < C(T) | BIXI- X, ds+Cn.
0
and thus
t
E(X] - X, < C(T)/ E|X7 - X,[>ds + On,
0

which yields (C.10). [
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D The situation with molecular constraints

In many applications, in addition to the constraints associated with the
reaction coordinates g(x) whose free energy is of interest, some molec-
ular constraints c(x) = (c1(x),...,cpm(x)) = 0 (M < n) are needed.
These correspond to physical constraints on the system, such as fixed
bond lengths for example. For completeness, we discuss this case here.
We suppose in the following that rank(Veq, ..., Vey) = M and

rank(Vqy, ..., Vgn,Ver,...,Vey ) = N + M.

In this section, Latin indices go from 1 to M or from 1 to N + M.
When molecular constraints are present, the original Boltzmann-Gibbs
distribution (replacing (1.2)) is

(D.1) dur(x) = Z5te PV @ dop (x)
where I' = {x : ¢(x) = 0} is the codimension M manifold on which the

system is constrained due to the presence of the molecular constraints,
or is the Lebesgue measure on this manifold, and

(D.2) Zr :/e_ﬁv(m)dap(w).
r

D.1 Definition of the free energy

As in in the case without molecular constraints (see Section 4.1), the free
energy Fr associated with g(x) is such that e PFr(2) ig the probability
density function of the variable Z = q(X) when X is distributed ac-
cording to pur. Thus, the free energy Fr is defined by: for all function
¢: RN SR,

(D.3) /F(ﬁ(q(w))zrjle*ﬁ\/(m)do-r‘(w) :/R ¢(z)676Fp(z) dz.

N

To obtain an explicit expression of Fpr, we need the following general-
ization of the co-area formula (see Theorem 2.93 p. 101 in [1]): for any
function g : R™ — R (possibly defined only on I') and a smooth function
q:R" - RN,

04) [ g@)ldetGr(@)dor@) = [ [ @)oo @)z,

where the matrix Gt is defined by: for 1 < o, < N,

(D.5) (Gr)a,c = Vraa - Vryc.
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In (D.5), Vr denotes the surface gradient. More explicitly, let us introduce
the orthogonal projector Q(x) on the tangent space to I' at point x:

M
(D.6) Qx) =1d— > K, '(x)Vei(w) ® Ve;(x),
i,j=1

where, V1 <1i,5 < M,
(D.7) K;j = Vc; - V;.

Since ¢, is also defined in the vicinity of I', we can thus express the surface
gradient of ¢, as:

(D.8) Vraa(z) = Q(x)Va(z).

We also recall that the surface divergence on I' is the trace of the surface
gradient on I' (see (2.7) with ¥ replaced by I' and P by Q),

Now, using (D.4), by similar computations as those made in Section 4.1
to obtain (4.6), we have the following expression for the free energy:
(D.9)

Frz) =67 (Z0! [ V@) det Gr(@)] P dorose) (@),
I'nX(z)
or equivalently

(D.10) Fr(z) = —p7" 1H(Zr_12mz(z),|det GF\*W)-

This means that, similarly to the case without constraints, we need to re-
place the potential V' by V) 4o ¢, -1/2 in order to sample the right measure.
Thus, the numerical schemes to consider are (written here for z = 0):

X1 =Xy = V(Vqet gp -172) (Xn) At + V23 1AW,
(Dll) + Zgzl )‘a,nVQCv(XnJrl) + Zz]\il Mi,nvci(Xn+1),
where A\, and g, such that (X, 41) = ¢(X,41) =0,

and

Xn+1 = Xn — V(WdetGﬂ_l/Q)(Xn) At + \ 2571Awn
(D.12) + 30 A Ve (Xn) + S 50 Ve X)),
where Ay, and p; , such that g(X,41) = ¢(Xp11) =0.

Notice that VV‘ det GF‘71/2) involves the Hessian VZq,, but the computa-
tion of this quantity can be avoided in practice by using an approximation
similar to (3.6).
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D.2 Expression for the mean force

We now turn to the question of the computation of the mean force. As
in the case without molecular constraints, we obtain the following gener-
alization of Lemma 4.1:

LEMMA D.1  The gradient of Fr (namely the mean force) can be ex-
pressed as: for any 1 < a < N,

\V4 Fp / VFV G_ )a, Vrq
(D.l?)) Z nx(z) 7 K

- ﬁ_ldiv F((Gf )a,vquv))dﬂmz(z),| det Gp|~1/2-

As in the case without molecular constraints, this formula can be used
directly to evaluate V,Fr(z). Let X, be the solution to (D.11) or (D.12).
Then, the first term at the right hand side of (D.13) can be obtained from

T—o0 At—0

lim lim % > (vpv-(Ggl)Mquv) (X,)
(D.14) "

= ViV - (Gr)a~rV d 2).| de —1/2,
Z/mz(z r Gr ) 7 VIy ORPAS(2),| det Gp|—1/2

where M = T'/At. As for the second term, we have
(D.15)

M N
a l%f;oiﬁomzz( (Gr)an Vi) (X + AW,

— (G2, Vra,) (X)) - QX ) AW,

— _ﬁ Z /sz div F I: )a”yqu’\/)d’urmz(Z)JdetGF‘—l/Q-

PROOF OF LEMMA D.1: Let ® by a C°(R) function and ¢ = @'
Then for a fixed 1 < a < N,

/RN &(2q) exp(—LFr(z))dz
= /RN ' (24) exp(—BFr(z)) dz,
- B/RN B(20)Va Fr(2) exp(—BFp(2)) dz

= ﬁZfl /RN q)(za)ZFﬂE(z),|detGp|*1/2vaFF(z)dz'

(D.16)
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On the other hand, using successively (D.4), (2.8), and the fact that the
mean curvature vector of I' is orthogonal to Vrg,, for any 1 < < N we

have
(D.17)

/ P(za) exp(—BFr(z)) dz
RN
_ 7! / / $(ga(x))e V@ | det Gr ()|~ 2dorrs ) (@)dz
RN I'nx(z)
- Z‘l/q)'(qa(w))e_ﬁv(w)dar@)’
I
= 27 (G o Vit Vi (@0 40) () @ (),
I
=7 ! /1‘ div p ((Gfl)a,wvﬂhe_ﬁv) (2)® 0 ga(x)dor (),
— 7 /F (8Y2V - (GrNan Vra, = div e ((Gr s Vra, )) (@)
X eiﬁv(m)q)(qa(%'))dgl‘(w)a
= Zil /]RN ‘1)(th|z)ZI‘mE(z),|detGﬂfl/2
. ) —1
8 /FmZ(z) (ﬁva (GranVrgy —divr <(GF )“”vrq”))
X dppasy(z),|det Gp|-1/2 AZ-

The fact that (D.16) is equal to (D.17) for all functions ® completes the
proof of (D.13). |

Notice that, as a generalization of (4.9), V, F1(z) can also be expressed
as

VQFF(Z)
N

(DIS) = /sz( ) Z(GEI)aNVFq’Y . (VFWdetGﬂ_l/Q + ﬁ_lHF)
z) =1

X dfipns(z),| det Gr|-1/21

where Hr is defined by:

(D.19) Hp=— (kr)a(fr)a;
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with
(D.20)
N
(kr)a = |Vrgal| det Gr|~2div | [det Gr[Y? Y (GrY)an Vg, |
y=1
and
. qua(a:)
D.21 Nr)g(x) = ——=—.
( ) ( F) ( ) |VI‘Qa($)|

D.3 The orthogonal case

By Proposition 4.3, we know that for 1 < a < N,

(D.22)
T/At

1
lim lim — A
A Ay 7 2 Ao

N+M

- /sz Z La’iVn ’ (vv\det Grl-1/2 + s H) d:“FmE,Idet Gr|=1/2;
=1

where we have used the (N + M) dimensional constraints vector
T = (CIh---,CINaClw--vCM)
and the (N + M) x (N + M) matrix L:
(D.23) Li(x) = Vri(z) - Vr;(x).
Notice that in (D.22), H is the mean curvature vector of the surface 'NX:
N+M
H=— Z lii’fli
i=1
with n; = % and (see (A.5))
N+M
ki = | V|| det LI~ 2div (|det L[Y2 7 L} vry).
j=1

In the case the molecular constraints and the constraints related to the
reaction coordinates are orthogonal in the sense that: V1 < i < M and
V1< a <N, Veg(x) Vgo(x) =0forx € I'NYE, (D.22) indeed gives the
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correct expression of the mean force VFT(0). This is because in this case,
V1<a<N,Vrga =Vqa, V1< o, <N, Lyg=(Gr)as V1< a< N
and VN +1 <i < M, Lo; =0, so that V1 < a, 3 < N, L}y = (Gr')ap
andVli<a< NandVN+1<1i< M, L;; = 0. Thus, one easily obtains
that:

N+M
> LoiVri - (YWiaegp -1z + 87 H)
=1

-

(G Vra; - (V‘ﬁdetcrrm + ﬁflﬂ) ;

2
Il
—_

N
(GranVre, - <VFV|detGp|1/2 -6 f@s('flr)a) :
6=1

-

1

2
Il

Thus, it remains only to check that ko = (kr)a, which amounts to prove
that

N
| det K|~1/2div (| det K|/2(det Gr)*/? Z(Gpl);}vquv)
y=1

v=1

N
=divp (| det GI‘|1/2 Z(GFI)Q,A{VFQV) )

using the fact that det L = (det K)(det Gr). This holds since for any
smooth function ¢ such that, V& € T', Q(x)¢(x) = 0 , we have:

| det K|~ /2div (| det K |'/2)
= |det K|7/2div (| det K['/2Q¢)
= |det K|7div (|det K['2Q) - ¢ + div r(¢),
= div r(¢),

since |det K|~1/2div (|det K|1/2Q) is the mean curvature vector to I'
(see (A.3)) and is therefore orthogonal to ¢.
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