3. Eliminating fast degrees of freedom

While the discussion in the last section addressed the identification of essential
variables, we shall now explain how reduced models can be derived from the full
set of equations of motion. The techniques that will be introduced in the course of
this section range from thermodynamical free energy concepts to dynamical averaging
techniques. In any event the physical idea behind the reduction process is that the fast
degrees of freedom act as random forcing on the slowly evolving parts in the system.
If the dynamics of the fast variables is well-posed in the sense that it admits a unique
equilibrium distribution, we can simply average the random perturbations over their
equilibrium distribution whereby the slow degrees of freedom are effectively driven by
an averaged force. A generic slow-fast system has the form

elt) = £(e0) 0, €
) = <glae0) ). ),

where x and y are the slow and fast coordinates, respectively. From the equations of
motion it can be seen already that if both f and g are (globally) Lipschitz continuous,
uniformly in € and ¢, then the fast velocities will be of order 1/e faster than the slow
ones if € goes to zero. This situation becomes more intuitive if we switch to the slow
timescale by scaling the free variable ¢ +— et

Le(t) = ef (xc(t), ye(t), €)
yé(t) = g(IE(t)a yé(t)a 6) ’
where we have labelled the scaled quantities again by x(t), y¢(t). In the limit e — 0
the slow variables are effectively frozen, for @.(t) = O(e), while the fast variables
evolve conditional on the slow ones.> We assume that the conditional fast dynamics
is well-posed for all values of the slow variables in a sense that will be specified below.
This slaving mechanism is a common feature of molecular systems: for instance, it is a
general phenomenon that the frequencies of the fast bond vibrations depend upon the
slowly evolving conformations of the molecule; in turn, the varying bond vibrations
couple back to the slow modes, usually torsion angles [29]. It may even happen that
the back-coupling of the fast variables to the slow ones induces further timescales
which may lie beyond the characteristic time of the slow degrees of freedom [35, 165].
The reader may wonder why timescales are an issue at all, besides the fact that
systems with several different timescales are in some vague sense complicated. One
difficulty in the context of molecular dynamics applications lies in the need for long-
time simulations; in order to integrate the equations of motion any numerical scheme
has to resolve the fastest modes on the order of femtoseconds which is a tedious task
if the simulation ought to reveal the dynamics of the slowest modes that may take
place on scales of milliseconds. Moreover the effect of the discretization error becomes
more and more important for long trajectories, since for high-dimensional systems in a
random environment (solvent) the discretized system departs from the exact trajectory
very early during the integration.®

(3.1)

(3.2)

5We will make extended use of the Landau symbol O which we will, however, use in a very loose
sense: here h(e) = O(e“) means that the limit |h(e)e™ | — ¢ > 0 exists for € — 0.

6Yet this seems to be no problem whatsoever, since although single trajectories may be completely
misdirected, the calculation of average quantities works surprisingly well; for a detailed discussion on
the question Why does molecular dynamics work? the reader is referred to [166, 167, 168, 169].
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3.1. Central paradigm in biophysics: free energy landscapes

There is a whole industry within the molecular dynamics community that is concerned
with the calculation of free energy profiles. The free energy is arguably considered the
most fundamental thermodynamical quantity in analyzing molecular systems, for there
is a variety of phenomena as, for instance, molecular solvation, enzyme catalysis, or
conformation dynamics, the analytical understanding of which is directly related to
the corresponding free energy landscape [170]; see the review [1] and the references
therein. Moreover it is a common believe that the dynamics of these phenomena is also
driven by the free energy. For instance, it is often assumed that conformation dynamics
is dynamics in the respective free energy landscape [171, 172]. We shall argue that this
is not generally the case, even if there is a clear timescale separation between reaction
coordinate and the remaining degrees of freedom. (The reason is that the free energy
is not the potential of a force in the strict sense.) Before we come to this point let us
briefly review the notion of free energy.

Speaking of free energy in the context of molecular applications, mostly means
the Helmholtz or the Gibbs free energy. The Helmholtz free energy is the quantity of
choice in order to describe the reversible work in a system at constant temperature in a
fixed volume, whereas the Gibbs free energy describes reversible processes at constant
temperature and pressure. In both cases the number of particles is kept constant. Here
we are particularly interested in the Helmholtz free energy, which is most standard if
no chemical reactions occur.

The statistical mechanics definition of the free energy is in terms of the partition
function. Let us give an intuitive derivation: Recall the thermodynamical concept
of Legendre transformations among thermodynamical potentials [173]. The Helmholtz
free energy is given by F' = U —T'S, where U is the internal energy, T the temperature,
and S is the entropy of the system. The partition function is simply the normalization
constant of the respective probability density, say p x exp(—(GH),

2= [ exp(-pHE) 2= (0p).
*Q
Now we can endeavour the Boltzmann definition of Shannon’s information entropy,
S = —/ p(z)Inp(z)dz,
Q

which can be rewritten for a system in equilibrium, i.e., p = Z~'exp(—GH):

S=0EH(z)+InZ. (3.3)
Noting that 5 = 1/T, it follows upon identifying U = EH (z) that
F=-p"'lnz (3.4)

which is the familiar expression that typically appears in molecular dynamics books.
By replacing the Hamiltonian by the potential energy we can easily repeat the last few
steps for the configurational Gibbs ensemble, but we could also consider a subensemble
only, e.g., the distribution of the fast variables. This will be explained next.

Thermodynamic Integration We introduce the conditional free energy. Let ® :
R" — RF denote a reaction coordinate. Unless otherwise stated we assume that ®
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is regular in the sense that its Jacobian D® has full rank k almost everywhere.” The
molecular Hamiltonian H : T*R™ — R in mass-scaled coordinates reads

H(q,p) = % (p,p) +V(q).

Following the relevant literature (e.g., [88]) we have:

Definition 3.1. Consider the Hamiltonian H on the phase space T*R™ = R"™ x R"
with the canonical coordinates (q,p), and let ® : R™ — R denote a smooth reaction
coordinate. Then the free energy along the values of ® is defined as

F&) =—-p""InZ(¢), (3.5)
with the partition function
2©)= [ exp(-0H(p)I(@(a) ~ ) dadp. (36)
R xR"

where § denotes the Dirac delta measure on RF.

The reader should bear in mind that (up to normalization) the integrand in (3.6)
defines a conditional probability density. By application of the co-area formula we can
write the partition function as the equivalent surface integral [70, 175]

Z(&) = /E Rnexp(—ﬁH)(vqu))*ldHE. (3.7)

where dH¢ is the Hausdorff measure (surface element) of ¢ x R™ considered as a
submanifold of R x R™. Here ¥¢ C R™ denotes the level set ®~1(£), but for the sake
of simplicity we shall drop the subscript £ and just write ¥ for the level sets. The
volume of the rectangular matrix Jg is defined as [176]

volJe(q) = y/det JX(q)Ja (q) .

We believe that (3.5) together with (3.7) provides the appropriate mathematical
representation of the free energy. For our purpose this form is more convenient than
the one involving the Dirac delta, unless we want to dig into the depths of generalized
functions and measure theory. For a formal derivation of the above identity using a
simple change-of-variables argument the reader is referred to Appendix D.

From the definition it is clear that the free energy could be easily computed from
the marginal probability distribution of the reaction coordinate. However the essential
dynamics is typically slow, and so reliably sampling the marginal distribution is a
rather tedious issue. Therefore a common approach is to constrain the system to fixed
values of the reaction coordinate, and then sample the average force acting upon it.
The free energy is recovered afterwards by numerical integration with respect to the
reaction coordinate. This widely-used technique, which exploits the dichotomy of free
energy as the potential of mean force, is known as Thermodynamic Integration and
goes back to Kirkwood [8]. The hope is that, once one has successfully identified the
reaction coordinate, sampling in the remaining variables is comparably fast.

We issue a warning: There is some ambiguity in the definition of free energy
throughout the literature. Especially in the literature on transition state theory the
term free energy is often used without the matrix volume; see, e.g., [3, 4]. We shall
come back to that point at a later stage, and introduce yet another definition:

7According to Sard’s Lemma [174] this can be guaranteed by choosing the ® : R® — R, such
that it belongs to the class C”*kJrl(R"). Then the points, where D® is rank-deficient, form a set of
measure zero in R? ™ and the level sets ®~1(¢) are regular submanifolds of codimension k in R™.
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Definition 3.2. The expectation for an integrable phase space function f = f(q,p)
conditional on the reaction coordinate ®(q) = & is defined as

1 _
Ecf = %/Exmfexp(—ﬁﬂ) (volJg) 'dHe . (3.8)

The following Lemma is standard, but we give the proof for the sake of illustration:

Lemma 3.3. Let the free energy be defined as above. Then the derivative of the free
energy takes the form of a conditional expectation

VF(§) = Ecfe, (3.9)
where fe is the generalized force along the reaction coordinate evaluated at ®(-) = &,
OH _
fe= S| 87 (JEJe) " JEVInvols. (3.10)
0P D¢
Proof. Differentiating the free energy (3.5) with respect to & € R* we obtain
1 07
VFE(E) =067 =57
&= e

where 0/0¢ = (0/0€!,...,0/0¢*) is shorthand for the vector of partial derivatives
with respect to &. Hence it remains to evaluate the integral

0z 0

85 85 xR
The calculation is easily carried out in an adapted coordinate frame. To this end we
let o : R — %, d = n — k be the embedding X C R", and we let {n1(c),...,nr(c)}
denote a set of orthonormal vectors that span the normal space over . Further we
denote by N3, a sufficiently small tubular e-neighbourhood of ¥, such that the map

¢:R" — NX., (2,7) = o(2) +n'ni(o(z)) .

exp(—BH) (volJs) ! dHe (3.11)

is a local embedding NY. C R"™. By means of ¢ we can uniquely represent any point
g € R" N N, in terms of the bundle coordinates as ¢ = ¢(x,n); for the details we
refer to Appendix B. In particular the local coordinate expression for the potential is

V(z,n) = V(o(z) + n'ni(o(z))).

Defining the conjugate momenta (u,¢) in the standard way, we can easily extend ¢ to
a symplectic transform T*¢ : T*R"™ — T*NX.. By construction, the transformation
from (q,p) to the adapted coordinates (x,n,u,() is symplectic, hence volume-
preserving. Moreover the condition ®(q) = &, i.e., the restriction to ¥ x R™ amounts
to setting 7 = 0. For convenience we define an augmented Hamiltonian by He =
H + = InvolJs. Using chain rule the derivative in (3.11) now becomes

07z _p 0
= L B@) T e a1, O, dadudd
T 8I{<I>
- 6 B(.I) eXp(—ﬂH.@(I,O,’LL,C)) d‘rdUdC )
R4xR™ M -
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where B(z) is the matrix JI(o(2))Q(o(z)) with @ = (n1,...,ng) € Rk By
definition of the augmented Hamiltonian this yields

OH. 0H
2 = = +671QTVInvolJs .
(977 n=0 (977 n=0
Upon multiplication with B~ the last equation is equal to
OH. oH
- = o7 +71QT Jp)'QTVInvolJy .
0P |5 0P|y,

To complete the proof we show that the matrix (Q7.Jgp) 'Q7 is the Moore-Penrose
pseudoinverse of the Jacobian Jg. To this end consider a QR decomposition of the
Jacobian Jg. That is, we consider Jp = QR, where Q € R™** has orthonormal
columns and R € R¥*¥ is upper triangular. Since R is invertible, the Moore-Penrose
pseudoinverse of the Jacobian can be written as [177]

(JaJo) g = (RTQ"Je) ' RTQT = (Q"Ja) 'RTTRTQT,
by which the assertion immediately follows.® O

Remark 3.4. The last result looks slightly different from what is typically found in the
literature [71, 2]; see also [78, 10, 11, 12]; they are equivalent though. The difference
can be explained by pointing out that these authors treat the partition function (3.6)
as an ordinary surface integral (without the Jacobian), simultaneously considering
considering ® as if it were an independent coordinate [179]; cf. the results in [180].

3.1.1. Contributions to the free energy Let us shortly comment on the last
result. Apparently the derivative of the free energy is the conditional expectation
of the mechanical force 9H/0® in the direction of the reaction coordinate plus an
additional term that is owed to the definition of the conditional probability density
(pseudo force). Only in case that 3 C R™ is a linear subspace the matrix volume in
(3.7) is constant, and the free energy is really the potential of the average mechanical
force. We shall study the contributions to the mechanical force in more detail. From
a geometrical viewpoint the Lagrangian formulation is more convenient, for the
interpretation becomes more lucid. Taking advantage of the identity (2.8) we have

oH| 9L
on on

along the integral curves of the Hamiltonian vector field. In coordinates L reads

n=0 n=0

L) = 5 (G + O ) + (A7) + 5 (i) = V),

with the submatrices of the metric tensor defined in (B.2); see the appendix for
details. We can compute the derivative of the Langrangian with respect to the normal
coordinate component-wise. This yields
oL 1 0C,p
oml,—o 2 On'

; .0V
il 4 2 0y — o
n=0 N

n=0 o'

n=0

8Intriguingly the last line would be true, even if Q were not orthogonal: in fact for arbitrary full-
rank matrices A, B € R"*F with A = BS and S non-singular, it can be shown that A? = (BT A)~1BT
is the uniquely defined Moore-Penrose pseudoinverse of A. It can be readily checked that the thus
defined matrix meets the four Moore-Penrose conditions [178].
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By chain rule it follows for the potential term

oV

ont
which is simply the directional derivative along the i-th normal direction. We can
omit the potential in the following. The two other terms have a nice geometrical
interpretation, too. Using the results from Appendix B we find

oL

ont

= (n;, grad V)

n=0

= Sl g(2)i®d” + wh(Xa)a (3.12)
n=0
where
op = {(dni(Xa), Xp)

are the matrix entries of the symmetric map that is associated with the second
fundamental form of the embedding (extrinsic curvature of X) written in the basis
of the local tangent vectors X, = 0o /dz®. The vectors dn;(X) = Vn, - X denote the
directional derivatives of the normals n; along a vector X. The coefficients w? are the
normal fundamental forms that are associated with the normal frame {nq,...,ng}:

w;-(Xa) = (ni,dnj(Xa))

Note that the term involving the normal connection in linear in both the normal
and the tangential velocities. Hence it disappears upon taking the average over the
velocities [15]. In particular if the codimension of ¥ in R™ is one, then it is well-known
that the connection term is identically zero; see Appendix B for details.

At first glance, the fact that the normal fundamental forms give no contribution
to the free energy is quite remarkable. It says that the derivative of the mean
force depends solely on points on 7Y, but not on the ambient space variables, in
particular not on the normal velocities. At closer inspection, however, this is what we
should expect, since the reaction coordinate does not depend on the velocities at all.
Consequently we can disregard the connection term and compute the mean force by
averaging over the remaining terms only. Reformulating the result from Lemma 3.3
accordingly, we thus have the expression for the derivative of the free energy

VF(&) = Befe ,
where

fe = (Q"(0)Jo(@)) " (Q"(q) VVa(q) — (Vn(q) - v,v)) | (3.13)
with

Va(q) =V(q) + 6~ InvolJs(q) .

The last quantity fg in (3.13) is known as the force of constraint that is needed
to constrain a natural mechanical system with potential Vg to the configuration
submanifold ¥ = ®~1(£); see the discussion in the Sections 4.1 and 4.2. Here the
curvature term (Vn-v,v) is understood as a k-vector with the single components
(Vn; - v,v), and (g,v) are elements of the tangent bundle

TY ={(¢,v) e R" xR"|g€ X, Jo(q) - v =10} .

In order to reduce the computational effort it may convenient to recast (3.13) in a
form that does not require to compute the orthonormal vectors n;. Indeed f¢ equals

fe= (U3 (@) Ja(@) " (V3 (@) VVa(q) — (V2®(q) - v,v)) , (3.14)
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where again the rightmost term is explained component-wise for & = (®q,...,Py).

Further notice that the reaction coordinate depends only on the configuration
variables. Hence we can equally well integrate out the momenta in (3.7), which does
not make a difference for the free energy. Modulo additive constants it becomes

F©) =65 mQe), Q) = / exp(—BVa)dor

where do¢ is the surface element of ¥ C R"™. Calculating the derivative yields

1 _
VFO - 55 / Je oxp(— AV )do
with

fe = (JE (@) Jo(@) ! (JE (0)VVa(q) — B~ tr (Pr(q)V3®(q))) - (3.15)

Here Pr = 1— Jg(JL Jp)~1JL denotes the point-wise projection onto the constrained
tangent space T,¥X. The last equation is in fact a velocity-averaged version of the
generalized force (3.14) with respect to the Maxwellian velocity distribution [13, 16].
The trace term is known to be the extrinsic mean curvature of ¥ in R™ with respect
to the normal frame that is spanned by the gradient vectors grad ®;.

Remark 3.5. Intriguingly equation (3.12) suggests a more general interpretation: Let
X denote a generic vector field that is attached to a submanifold ¥ C R™. For each
o € X consider the decomposition of tangent spaces T,R"™ = T3 & N,X with the
respective projections Pr and Py that are defined point-wise for o € 3. Note that this
18 a decomposition of R"™, since we can naturally identify T,R™ with R™. Then we
can define two vector fields the first of which satisfies [181]

PyVxY =I(X,Y), (3.16)

where V is the (covariant) differentiation in R™, and X,Y are both tangent along X.
The second fundamental form I is defined by means of the Weingarten maps [182]

I(X,Y) =) ni(n,VxY) =) n;(&X,Y).

The symmetric Weingarten maps &; : T,X — T,X are given by &; = —Prdn;(-)
as can be readily checked by differentiating the relation (n;,Y) = 0 along X. (Here
dn;(X) is just an alternative notation for Vxn;.) For a normal vector field v, i.e., a
vector field with v(o) € NoX we have the following identity

PNVXI/ = Dxl/, (317)

where Dx v is the connection of the normal bundle. Given a normal frame {nq, ... ,ng}
the connection can be written by means of the normal fundamental forms [183]:

wj(X) = (Dxni,ny) = (dni(X),n;) -

J

The above identities (3.16) and (3.17) follow from the fundamental equations for
submanifolds (Gauss formulae and Weingarten equations). But since any vector field
on X can be represented in terms of VxY and Vxv, the mechanical contribution in
(8.10) can be regarded as the normal fraction of the Hamiltonian vector field [14].
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Figure 3. The plot shows the potential (3.19) with the dynamical barrier for the
parameters C' = 15, a = 200, and £o = 0.8. The deep cut-away comes from the
frequency peak of the harmonic oscillator.

Entropy, dynamical barriers It is about time coming to our first example which
will guide us through the rest of this thesis: consider the Hamiltonian H : T*R"™ — R

H(E,G,u) = 5 (G,Q) + 5 () + Vel 2)

with ¢ € R*, x € R?% d = n — k and the singularly perturbed interaction potential

Ve, 2) = W(E) + 55 (A, 2)

where A € R4*? is an arbitrary symmetric, positive-definite (s.p.d.) matrix. Clearly
the potential energy diverges as € goes to zero. Observing that V,(£,x) = Vi (&, z/e),
it is therefore convenient to introduce the scaled variables x — ex in order to prevent
the energy from blowing up. The scaling has a symplectic lift to the cotangent bundle
that is given by u — w/e. The thus scaled Hamiltonian reads

H6,2,Gu) = 5 (G0) + 505 ) + V(6 2). (3.18)

Physically speaking, the scaling has the effect that the second class of particles (with
coordinates x) gets lighter as e goes to zero. Therefore the particles get faster and
faster, since the total energy remains finite. Accordingly we choose £ as the reaction
coordinate. The conditional density with respect to £ is

2O = [ esp(-BH( @ Cu))dndcdy
n+d

— el (%) = ( det A(é))_1 exp(—pW (£)) -

Modulo constants the free energy becomes

F)=W()+ % Indet A(E) .

41



Now compare the free energy to the (conditional) internal energy of the system

d

25

where the conditional expectation is defined according to (3.8). From the last equality
and equation (3.3) we directly obtain the Shannon entropy of the fast subsystem

U(§) = E¢He (€, 2, u) = W(E) +

S(¢) = %(d ~Indet A(€)).

Example 3.6. We shall exemplify the influence of the fast variables on the reaction
coordinate in some more detail. Imagine the fast variables = represent the bond
vibrations of a molecule, and £ labels a conformational degree of freedom. Then it
may happen that entropic effects from the bond vibrations alter the conformation
dynamics. Let us carry the example above to the extremes, and set

Vil6,2) = 1€~ 17 + g w(©)%? (319)
with £ € R, z € R and a function w(§) > ¢ > 0, which is defined as
w(€) =1+ Cexp (—a(€ — &)?) - (3.20)

The potential function is shown in Figure 3. The frequency has a sharp peak at £ = &
that induces a large force pointing towards the equilibrium manifold z = 0 (cf. Figure
4a). This has the effect that a particle which approaches £, with a large oscillation
energy will bounce off the dynamical barrier that arises from the frequency peak,
although the potential is almost flat this direction. In order to demonstrate the effect
of the dynamical (or entropic) barrier we compute the free energy

F(©) = 1(€ ~ 17 + 57 nw(). (3.21)

which is depicted in Figure 4b. Apparently the entropic barrier in the full potential
shows up as a potential barrier in the averaged potential. Nevertheless it is not a
potential barrier in the usual sense, as it becomes harder and harder to cross it, if
temperature T' = 1/ increases. In this sense the variation of bond frequencies results
in entropic effects that may influence the conformational behaviour of a molecule.

3.1.2. Two distinct notions and the Fixman Theorem We shall now come
back to the problem of distinct notions of free energy. There is yet another quantity
that circulates in the literature and which is often confused with the free energy (3.5):

G(&) = -8 InZs(¢) (3.22)
with

Zo(€) = [ exp(-pm) de. (3.23)

This definition is quite important in the context of transition state theory [3, 4]. It
has been shown [5] that the optimal dividing surface ¥ = ®~1(¢) that minimizes the
transition rates between two sets over all hypersurfaces is a critical point of G(§).
Notice that the apparent difference to F(£) lies in the matrix volume of the Jacobian
Jo, which is not present here. The more subtle difference lies in the fact that G
is intrinsically defined through the surface ¥, whereas F' explicitly depends on the
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Figure 4. The oscillation frequency w(§) and the free energy F(§) are plotted
— the latter for different inverse temperatures 8 € {6.0,5.0,4.0,3.0} with the
parameters C' = 15, a = 200, and £ = 0.8. Here 8 = 3.0 labels the highest
peak at & = £o, whereas the lowest one corresponds to 3 = 6.0, clearly indicating
that the effect of the dynamical barrier becomes more and more important as
temperature increases.

reaction coordinate ®. This can be seen as follows: It is easy to recognize that we can
switch between F' and G by simply augmenting V with the Fixman potential W

Vao(q) = V(g) + B ' InvolJs(q) . (3.24)
=W(q)

Now suppose that we define a new reaction coordinate by ®, = g(®) where g is
a smooth, strictly monotonic function. Clearly ®,(¢) = g(§) still defines the same
surface X, so G is not altered. But since the Fixman potential

B~ InvolJs, = 87" (InvolJg + In | det Dg(®)])
depends on g, the free energy much depends on the reaction coordinate, viz.,
F(g(€)) = F(¢) + 57" In|det Dg(¢)| . (3.25)
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P(q) = &

Figure 5. Giving some meaning to the Fixman potential W = 8~ !1n||V®|| for
codimension-one submanifolds: The plot illustrates the squeezing of nearby level
sets. The width of the harmonic confinement potential We o< (®(q) — £)? in the
direction of the normal is of order |[V®||? (see also Example 3.6).

We may call G the geometric free energy as it is invariant under transformations of
the reaction coordinate. In contrast, we shall refer to F' as the standard free energy or
simply free energy. It can be readily checked that the corresponding Gibbs densities
are related by a weighting factor in the way that

exp(—fG(S)) = E¢volJa(q) exp(—BF(£)). (3.26)

The Blue Moon relation The difference between F' and G highlights another
important aspect: In the seminal work [179] Fixman addressed the problem of how
to compute unbiased averages for polymeric fluids that are subject to holonomic
constraints. For instance, consider the objective of computing averages along certain
prescribed reaction coordinates by Thermodynamic Integration methods. That is, the
task is to compute the conditional expectation with respect to a reaction coordinate
running constrained dynamics. This bias problem has been often understood in the
sense that the bias were introduced by the integrability condition <I>(q) = 0 (hidden
constraint) that any system satisfies in addition to the reaction coordinate constraint
®(q) = &. This is certainly the case for a mechanical system if velocity- or momentum-
dependent observables are considered. It is less known, however, that the bias problem
remains if the dynamics is purely on configuration space, e.g., in case of Brownian
motion. To understand this, recall the definition (3.8) of the conditional expectation.
If we integrate out the momenta we have for an observable f = f(q)

1
EeS = 55 [ Fexpl=av) (vola) .

where do¢ denotes the surface element of ¥ C R", and @ is the positional
normalization constant. Suppose we want to compute the conditional expectation
by imposing the constraint ®(q) = ¢ and averaging over the remaining variables. Of
course, the constraint only specifies the submanifold ¥ = ®~!(¢) on which the system
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evolves; roughly speaking, the system knows its configuration manifold ¥ but not the
function ®. The natural probability measure that is associated with the constrained
system is therefore obtained by restricting the Gibbs measure to . This defines
another expectation that should be well distinguished from the conditional one:

1
Esf= QE—(O/ZfGXP(—ﬂv) dog , (3.27)

where @y is simply the configuration space version of (3.23). Equation (3.27)
explains why averages that are computed subject to holonomic constraints differ from
conditional expectations. In fact it is easy to see from the two definitions that

_ Es (f (VOlJ@)il)
ng B EE(VOIJq))*l ’

is the conditional expectation expressed by the constrained one. This identity which
is known in the literature by the name of Fizman theorem or Blue Moon ensemble
method holds true, no matter if the system involves momenta or not. Merging the
Blue Moon relation together with equation (3.26) from above, we find a remarkably
simple relation between F' and G, namely

F(&) =G(¢) — ' InEg(volJg) ' . (3.29)

=:D(¢)

This identity is remarkable, for we shall demonstrate in Section 4.3 below that the
derivative of G can be written as an averaged force of constraint. That is, we can
compute VG simply from quantities that are available anyway during the course
of integration (Lagrange multipliers) with no need for extra reweighting. Once G
is computed we obtain F' by adding the term D = —3~!InEg(volJs) ™! which is
also computed without any reweighting. For obvious reasons, the function D is called
Fizman potential, too. As an additional treat the method does not involve second
derivatives.

We can provide some physical interpretation of the Fixman potential W which
is due to the work of van Kampen and Lodder on constraints [75]; see also [28, 17].
In some sense the Fixman potential mimics unconstrained dynamics, although the
system is constrained. Consider a free dynamical system, either Brownian dynamics
or stochastic Hamiltonian. Suppose we want to impose a constraint ®(q) = £ by
adding a strong confining force that pushes a particle towards the surface ¥ = ®~1(q)
Imagine, this force is induced by the confinement potential

(3.28)

k
W) = 55 (®ila) — 6)°
=1

Letting € become smaller and smaller while appropriately scaling the initial conditions
(in order to prevent the energy from diverging) renders the particle to quickly oscillate
around the constraint manifold . The confinement potential has the property that
its gully width orthogonal to X is of the order (volJg)?; see Figure 5 for illustration.
In case the dynamics is ergodic with respect to the canonical density the limit ¢ — 0
will result in: (i) confinement of the particle to the constraint manifold and (ii) an
additional effective force, which is the derivative of the Fixman potential

Wi(q) =~ InvolJs(q) .

In this sense adding the Fixman potential to a constrained system mimics
unconstrained dynamics, by accounting for the influence of nearby level sets ®(g) = £+
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in Figure 5. This also explains why the standard free energy (which involves the
Fixman potential) explicitly depends on the reaction coordinate ®(g), whereas the
geometric free energy depends only on the surface . (This motivates the name
geometric free energy.) Similar results for the microcanonical ensemble are available
in the literature; see, e.g., [180, 27]. We refer to Section 3.4 for a detailed discussion
of various confinement approaches.

We conclude by emphasizing that the two distinct notions of free energy, F' and
G, both have a configuration space analogue: since the reaction coordinate does not
depend on the momenta at all, we have (modulo additive constants)

F(€) = —p' Q) (3.30)
with
Q€)= [ expl(=pV)(volJa) ! do
b
for the standard free energy, and

G(©) =~ mQx(©) (3.31)
with

Qu(6) = /E exp(—AV') do

for the geometric free energy. Since the reaction coordinate is a purely configurational
quantity, the thus defined free energies differ from the previously defined free energies
(3.5) and (3.22) that were defined on phase space only by an additive constant.

Remark 3.7. The traditional way in the literature to express the conditional
expectation is in terms of the Dirac delta measure (e.g., see [71])

1
Ecf = 00 f(q) exp(=pV(q))6(®(q) — &) dq.,
whereas the constrained average can be written as
Bof = 5o | 1@ exp(=8V(0)3(8(0) - &) vol a(a) .

Accordingly the normalization constant Qx, reads

Qs(€) = | expl(-BV(@)3(B(a) - &) volu(a) da.

Comparing the last equations to each other, the assertion (3.28) follows as well. In
an equal manner we could use the relation (3.24) to compute conditional expectations
from constrained simulations by using the augmented potential Vg instead of V.

3.2. The Averaging Principle

Free energy profiles provide reduced statistical models for molecular system. A
dynamical approach is the Method of Averaging which consists in replacing the full
equations of motion by a reduced set of equations where certain degrees of freedom
have been averaged out. The assertion that the trajectories of the reduced system are
close to those of the original system is called the Averaging Principle. In its traditional
formulation [184] it goes as follows: consider the initial value problem

Ze(s) = €f (2e(s),y(s)),  2(0) ==
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with uniformly Lipschitz continuous right hand side, where y(t) is some forcing
function. By continuity of the solution it follows that the limit solution for e — 0
is constant on the interval [0, 7] for any fixed value of T' > 0,

lin% ze(s) =z Vse[0,T].

Things change if we speed up time and consider the behaviour of the solution on an
infinite time interval [0, T'/€]. To this end we introduce the scaled variables t = es and
ze(t) = z(t/€). Keeping in mind that s € [0,7/€] is equivalent to ¢ € [0,T], we arrive
at the classical averaging formulation

Le(t) = flxe(t),y(t/e)), wc(0) ==, (3.32)
where the initial value is independent of €. This explains the idea of the fast dynamics
as random perturbations, since y(t/€) has now become a fast forcing function. Closing
the last equation thus amounts to taking the limit ¢ — 0. Provided that y(t) is ergodic
with respect to probability measure p, we can also close the equation by taking the
ensemble average of the right hand side, i.e.,

T
fla) = Jim [ f(oyende = [ fyntan).

If the integral exists, then z(t) — x((¢) uniformly on compact time intervals [0, T},
and the limit solution x(t) is governed by the averaged equation

@o(t) = flzo(t), 20(0)=1=.
For the convergence proof the reader is referred to the relevant literature [185, 24]. In
the molecular dynamics case the forcing y(t/€) in (3.32) is random and is the solution
of the equations of motion for the fast variables. We can reformulate an analogous
principle for the slow-fast system (3.1) from the last subsection,

e(t) = f(we(t), ye(t), €)
) = <glae0) (). ).

On the slow timescale the slow variables are effectively frozen, such that the fast
dynamics (conditional on the slow variables) obeys the equation

Yo(t) = g(x, y2(t),0) . (3.33)
Let ¢f denote the respective conditional fast flow. That is, y,(t) = ¢ (y) is the
solution of the last equation with initial value y,(0) = y, where we use the subscript
x to indicate the possible dependence on the slow variables. Assuming further that
either ¢f is hyperbolic or mixing with unique invariant probability measure p,, then
the conditional expectation of f(z,-) is uniquely defined [186, 187],

:hm/f 5ot ) dt = [ fay)naldy), (3.34)

T—o00

provided the integral exists. In the molecular modelling case we face a very comfortable
situation, since the equations of motion are either stochastic with non-degenerate noise
matrix or Hamiltonian with randomized momenta. In any case the canonical invariant
measure for the full system is unique, and so will be the conditional probability measure
for the fast variables. Although the last statement may not be completely self-evident,
we will show that the splitting into slow and fast variables can be carried out such as
to maintain uniqueness of the invariant measure also for the fast dynamics.

47



The Averaging Principle is an assertion about the approximation properties of the
averaged system on compact time intervals (observation time scale). If the right hand
side of (3.32) averages to zero, then the dynamics of the accelerated system becomes
trivial on the observation time scale. In this case the relevant dynamics happens on
a longer time interval of order 1/e or even exp(—¢), i.e., when fluctuations come into
play. Averaging theorems for diverging time intervals can be found, e.g., in the work
of Khas’minskii [33]. One such case is the high-friction limit of the Langevin equation.
It has been claimed, however, that long-term corrections to the averaged equations
(so-called diffusive limits) may become important even if the averaged dynamics is
non-trivial on the observation time scale [34]. These authors notice that the rareness
of the conformational transitions indicates that the relevant dynamics happens on time
scales that lie beyond the observation time. There are two answers to this objection:
First of all, we observe that the time scale of the transitions does not diverge as e
goes to zero (although, e.g., transition rates may change with €). Hence conformation
dynamics is essentially an O(1) effect. Moreover it seems that the methodology of
diffusive limits is more targeted on systems with deterministic right hand side that
is subject to random perturbations stemming from the fast variables. The problems
considered in molecular dynamics are usually of a different type, but we will pick up
this thread again in Section 6 below (see Remark 6.2).

Yet another open question up to now is whether the effective force f is somehow
related to the free energy. In point of fact the free energy is also termed potential of
mean force, and it is a common believe in the molecular dynamics community that the
effective dynamics along a reaction coordinate is driven by the respective free energy.

Example 3.8. For the sake of illustration let us start with a simple (linear subspace)
example: suppose the dynamics is given by a non-degenerate diffusion process,
Yilt) = =YV (q(t) + oW (1)

with ¢ = (z,5) € R? x RF. Suppose further that the symmetric, positive-
definite matrices v, o satisfy the fluctuation-dissipation relation 2y = Boo”. In the
Hamiltonian scenario timescale separation is often related to the mass ratio of fast and
slow particles. For the Smoluchowski equation the situation is slightly different, since
the equation of motion does not contain any masses. Now recall that in the elaboration
upon covariant formulations of the Smoluchowski equation we have argued that g is
an element of the cotangent space. That is, the friction matrix v for diffusive motion
takes over the role of the mass matrix for inertial motion. Let us assume for the
moment that both friction and noise matrices are block diagonal,

o Y1 0 o= g1 0
7= 0 Y2 ’ o 0 g9 ’
where each of the submatrices is proportional to the unit matrix (isotropy). In this
case the equations of motion decay according to
T1&(t) = =D1V (x(t),y(t)) + o1 Wi (t)
Y29(t) = D2V (x(t),y(t)) + o2 Wa(t)
where D1, Dy denote the derivative with respect to the first and second slot. A simple

comparison to (3.1) shows that we obtain the familiar slow-fast system by choosing
~vo = €y1. Fluctuation-dissipation requires that oo = y/eoy, which yields for y1 =1

iﬁ(t) = —D1V($6(t),y€(t)) + V 26_1W1 (t)

— 3.35
257 i) (3:3)

Jt) = — DV (a(0) (1) +
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The invariant Gibbs measure p o< exp(—(3V) with 3 = 2/0% is independent of ¢ as
can be readily checked by substituting into the Kolmogorov forward equation. The
conditional fast dynamics alone is obtained by switching to the slow timescale setting
t = es and sending € — 0. This yields the family of equations®

ym(s) = - D2V(‘Ta ym(s)) + V 26_1W2(S) .
This is a non-degenerate diffusion process. Hence it is certainly ergodic with respect
to the conditional Gibbs measure, i.e., the Gibbs measure for fixed =,

pady) = ﬁ exp(—BV (z,1)) dy. (3.36)

Letting € in (3.35) going to zero, we obtain averaged equations of motion

do(t) = —VV(2o(t) + /28 Wi(t),
where convergence in probability . — xg is guaranteed by the Averaging Principle
for stochastic processes [24, 184]. In our simple example the average force is

VV(x) =/Rk D1V (, ) (dy)

which turns out to be the derivative of both geometric or standard free energy. Here,
the equivalence F' = G is owed to the fact that the reaction coordinate defines a linear
subspace of the configuration space, such that the distinctive Jacobian term vanishes.

3.2.1. Averaging for linear reaction coordinates The following is basically a
standard application of the Averaging Principle to molecular dynamics problems that
involve a linear state space decomposition. In some sense it extends the ordinary
Galerkin projection of first-order dynamical systems that is a popular reduction
approach in the control community (e.g., [48, 188]). The crucial difference here is
that the negligible degrees of freedom are averaged out rather than truncated. For an
example of a Galerkin projection we refer to Example 3.23 below.

Let R™ be the Cartesian configuration space of our molecule with coordinates ¢,
and assume we have applied any kind of spatial decomposition method (POD, PIP,
ICA, ...) to R". Let the k-dimensional (affine) dominant subspace found by any
of these methods be denoted by S C R”™, where S is characterized by a projection
matrix & = PPT (the k columns of P span the subspace S). The projection onto
the orthogonal complement S+ with respect to the Euclidean metric is denoted by
2 =QQT. Then & + 2 =1, and we have a unique decomposition of R™ due to

PqeS, 2qeSt.

Assume that the dynamics on S is slow as compared to the motion on S+. We can
define the respective slow and fast coordinates in the obvious way by = PT¢ and
y = QTq. Hence (z,y) form a complete set of new coordinates that are globally
related to the Cartesian coordinates by ¢ = Pz + Qy, where z is the (linear) reaction
coordinate. Since the slow-fast decomposition holds globally, we can easily get rid of
the fast modes by simply averaging over the fast subspaces (fibres) S = R"* for

9The time scaling takes into account that the increments of the white noise are proportional
to the square root of the time increments [117]. As a consequence the noise scales according to
W (t) — aW(t/a?) under scaling transforms ¢ — t/a. Hence time scaling has the same effect as
scaling the friction coefficient according to v — a7y subject to the condition 2y = oo™ .
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each value of the reaction coordinate. We assume that the dynamics is given by a
diffusion process on the Euclidean conﬁguration space R",

q(t) = —grad V(q(t)) + /28" 1W (¢t

In terms of the new coordinates (3: y) we obtain the equations

ie( ) = —DlV(:ve + vV 26 1W1

: (3.37)
6 Wal(t)

Je(t) = —%Dgwxe(t),ye(t)) +

with Wy = PTW and Wy = QTW, and V(z,y) = V(Pa: + Q). Note that we have
already assigned the fast timescale to the second equation, where in contrast to the
little example before the friction matrix is hidden in the scaled coordinates. Again the
invariant Gibbs measure pu o exp(—gV) is independent of €, and for e — 0 the fast
process follows the conditional probability law

1
o (dy) = exp(—pV(z,y)) dy
(@) = G55 exp(=BV (2.1))
with the conditional partition function (normalization constant)
Q)= [ expl(~BV (w0 dy
R

The following averaging result is standard

Proposition 3.9 (Bogolyubov 1961). Assume that the integral

T—oo T

f(z) = — lim —/ D, V(x,y.(s))ds,
exists for all x € R¥, where y,(s) is the solution of the conditional fast flow

y( ) = _D2V T y \/ 2ﬁ 1W2
Then as € — 0 the solution x.(t) of the system of equations (3.87) converges in
probability to a Markov process :vo( ) that is governed by the equation

do(t) = )+ /28T (t (3.38)
where for T >0, >0

lim P [ sup |xe(t) —zo(t)] > 0| =0.

e—0 0<t<T

For the proof the reader is referred to the relevant literature, e.g., [24, 185]. In this
simple case it is easy to recognize that the free energy is indeed directly related to the
averaged equations of motion. Since the conditional fast process is ergodic with respect
to the conditional probability measure p,(dy) as is defined above, we can express the
averaged vector field f(z) as the conditional expectation

fo) == [ DVl (dy).
Rk
The last equation reveals that the mean force f = —VV has a potential
V(z)=-0""1 ln/ exp(—0V(x,y)) dy, (3.39)
RE
that is formally equivalent to both of the two free energies F' or GG, respectively.
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A note about free energy as an averaging concept In the last example we could
observe that the averaged dynamics was driven by the negative gradient of the free
energy which explains why the (standard) free energy is sometimes termed potential
of mean force. However we have to be careful, since according to equation (3.25) the
derivative of the free energy neither transforms as a gradient field nor as a 1-form, i.e.,
a force. Moreover we have seen in Lemma 3.3 that the derivative of the free energy
contains a pseudo force that has no straightforward dynamical interpretation, in case
the essential variables do not span a linear subspace of the configuration space but
rather a general Riemannian submanifold. Consequently we cannot expect that the
free energy will provide the driving force of a general reaction coordinate dynamics.

A very simple argument convinces us that the standard free energy cannot be the
right quantity to look at: consider the last example, where x € R is one-dimensional.
The reduced system in terms of the averaged force 9,V reads

i(t) = =0,V (x(t)) + /287 1W(t).
Suppose we perform a change of coordinates, and we define a new coordinate z by
x = f(z). Expressing the equation of motion in terms of z using Lemma 2.11 yields

RN BN (O NN G - =
V@) = s +f,(z)\/2ﬁ 1y . (3.40)

Now recall that the free energy carries some gauge dependence (3.25). That is,

F(f(2)) = F(z) + 7 In f'(2).
Hence for V(z) = F(z) we would obtain the transformed equation

. 1 afz) L m—

z= IIBE 0. F(z)—2p UL + 7 V2671, (3.41)
which is different from (3.40) in general. Thus: although it may be that V' = F holds
true formally (and so does G = F for the geometric free energy) the transformation
properties of the standard free energy do not qualify its derivative as an averaged
force. We leave it open to the reader to convince oneself that (3.41) is not an Itd
equation (e.g., by choosing V (z) = 22 and f(z) = 2?).

3.2.2. Nonlinear reaction coordinate dynamics Presumably free energy
landscapes do not appropriately describe the dynamics along arbitrary reaction
coordinates, since their gradients do not transform like ordinary vector fields. Now
consider a smooth reaction coordinate ¢ : R™ — RF, and suppose we can globally
decompose the system under consideration into a set of slow variables ¢ € RF and
another set of fast variables, say, z € R™ . This system will be of the form

QZ’E (t) = f(@e(t), ze(t), €)
) 1
Ze(t) = Eg(¢e(t)vze(t)76)-
On condition that the fast dynamics for each value of the reaction coordinate ¢ = £
Ze(t) = g(&, 2¢(1), 0)
is well-posed and admits a unique invariant measure, the Averaging Principle states
that ¢(t) converges in some appropriate sense to a limit process ¢g(t) as € — 0.

The difficulty in setting up the slow-fast system is that it relies on a global change
of coordinates which is hopeless for a general state space. However we observe that the
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equation for the fast dynamics and the conditional invariant measure are defined only
locally for ¢ = £. Noting that ¢(-) = ¢ with ¢ taking values in R* defines a foliation
of R™, we propose to decompose the full system into a family of slow-fast systems

ye(t) = fﬁ(ye(t)v Ze(t)v 6)
Z.'e(t) = %gﬁ(ye(t)v Zé(t)7 6) )

where the vector fields f¢, g¢ are defined locally in a tubular neighbourhood of each
fibre ¥ = ¢~1(£). (This coordinate construction is explained in the appendix). The
slow coordinates y € RF are intended to describe the dynamics orthogonal to each
fibre. Averaging over over the fast variables then yields a family of vector fields

_ 1 T
&) = Jim 7 [ fetm = 0.2c0(0.0) .

that are defined fibre-wise for ¢(-) = £, where z¢ o(t) is the solution of the fast dynamics
on each fibre. The effective dynamics of the reaction coordinate can be reconstructed
by endowing the reaction coordinate space with an appropriate metric. To some
extend the approach presented here can be considered a variant of the accelerated
dynamics or metadynamics that is put forward in [13]; cf. also [189]. However, the
local decomposition of state space here allows for a lucid physical and geometrical
interpretation of the limit equation. This proves useful in designing algorithms that
efficiently sample the coefficients of the reduced equation.

Unfortunately the standard Averaging Principle does not apply, since we can only
study the local convergence to initial values on each fibre. Averaging over the initial
values then gives the average vector field in the vicinity of the fibre but no dynamical
information whatsoever, since the motion cannot leave the tubular neighbourhood.
Therefore we warn the reader that the calculation is purely formal. Nevertheless we
shall support the claims to be made by appropriate numerical examples later on.

Accelerating Brownian motion Let V' : R™ — R be a smooth potential that is
bounded from below, and let ¢ > 0 be scalar. The Smoluchowski equation reads

G(t) = —grad V(q(t)) + UW(t) )

Given a reaction coordinate ® : R” — R?, the level sets of which define smooth
configuration submanifolds of codimension s, we denote by o : R"™® — X¢ the
embedding ¥¢ = ®*(¢) into R". To each o¢ € X¢ we attach a set of normal vectors
(n1(o¢),...,ns(o¢)), and we introduce local coordinates z*, a = 1,...,n — s on g,
and normal coordinates y’, i = 1,...,s that measure the distance to ¥ with respect
to the normal frame {ny,...,n,}. Fixing &, the original coordinates can be uniquely
expressed in a sufficiently small tubular e-neighbourhood N¥¢ . of ¥¢ by the map

0= e(2,y), e (2,y) = 0e(2) +y'ni(og(2)) .-
According to (B.2) the Euclidean metric has the local coordinate expression

ge(z,y) = < GE(ZZLZ%(CEZ’?/) As(f,y) ) _

All local coordinate expressions, and the particular submatrices G¢, Ce € R
or A¢ € R(=%)%5 are given in Appendix B. Note that all quantities depend
parametrically on the value ¢ of the reaction coordinate by virtue of the particular

(n—s)x(n—s)
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embedding of the normal bundle NX¥¢. into R™ x R™. In local coordinates the
Smoluchowski equation becomes (see Lemma 2.11)

i = =9 (ze,ye) OVe(ze, Ye) + bi(zes ye) + 0l (2e, ye) Wi
s 1 al 1 o 0 ol 1
Ze = _Zgg (257?46) 8lv‘g’(zea ye) + Ebg (Zea ye) + ﬁag (%JJe)Wl .

Note that the equations are only meaningful up to the first exit time from NX ..
Moreover we have employed the following notation: Ve = V o ¢¢, and the function

bg =—p1 gglI‘g i denotes the additional It6 drift term, whereas algl are the entries

of the uniquely defined positive-definite matrix square root of 9e ! The symbol 9; is

a shorthand for the partial derivatives with respect to z® and %°, respectively.'®

By having assigned appropriate powers of € to the equation of the fast variables, we
force the dynamics tangential to the fibre ¥¢ to be fast as compared to the orthogonal
dynamics of the 3 (reaction coordinate dynamics); see 3.35 for comparison. For all
€ > 0 this system has an invariant Gibbs measure that is given by

1
pie (dz, dy) = 7 exp(—Ve(z,y)) det ge(2, y) dzdy. (3.42)

The independence of € can be easily verified by inserting the last expression into the
Kolmogorov forward equation. Now we can repeat the time rescaling argument to see
that on the microscopic timescale the equations read

gl = —egi (2, ye) OVe (2e, ye) + €bi(2e, ye) + ov/eat (ze, ye) W
2? = _g?l(zé, ye) 81‘/5(26, ye) + b?(zev ye) + Ua?l(za yE)Wl :
Following [184] we obtain convergence to the initial value y.(¢) — yo as € — 0, where

the restriction to the level set ®~1(¢) clearly amounts to yo = 0. Using the formulae
for the Christoffel symbols from Appendix B we obtain for the fast dynamics

. —G?ﬁ(z) 95 Ve(2,0) + b?(z, 0) + aE?ﬁ(z)Wg ,

where
bg(2,0) = =BG (2)T'¢ 4, (2,0).
Here the I'¢ 5, are the Christoffel symbols associated with the metric G¢ on ¢, and

E¢ is the unique positive-definite matrix square root of Ggl. All other terms vanish

at y = 0 since both g?i =0and I'g,;; = 0. Hence the last equation is the local version
for the intrinsic motion on ¥¢. Therefore, and according to Section 2.3, the invariant
measure is the ordinary Gibbs measure (3.42) restricted to the fibre. That is,

v (dz) = é exp(—0V (og(z)) det Ge(2) dz. (3.43)

Let us denote the right hand side of the slow equations of motion by

fe(z,y) = =g (2,y) OVe(z,y) + bi(2,y) + oal (z, y)Wi.
Now averaging fibre-wise over the fast variables yields the static right hand side

Fi(e) :/(bg(z,m_ggl(z,O)aZV(z,O)+aag(z,0)wl) vs(dz) .

10Note that there is some ambiguity in the use of the index i, as i is supposed to run from 1 to s
whenever it indicates a normal coordinate as in %, but i also is considered as taking integer values
from n — s + 1 to n, for instance, when labelling general vectors or matrices like g®¢. Moreover the
indices h, k,l run from 1 to n, whereas ¢,j only label the normal directions 1,...,s. We hope that
their use will be clear from the particular context.
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Employing the expressions in (B.6) for the Christoffel symbols and for the metric at
y = 0, the mean vector field and the noise term get a considerably simpler form

PO = [ (57627 )Sksloe (2) — 570,Ve(2,0)) vs(ds) + 01
(3.44)

= / (6 ke ,i(2) — 690;Ve(2,0)) vs(dz) + oW*.

The functions ¢ ;(z) in the last row are the single components of the extrinsic mean
curvature vector of 3¢ in R™ that is introduced in the following: Let Pr : T,R" —
T,YX¢ denote the point-wise projection onto the tangent space to ¢, and recall
the definition of the Weingarten maps &; = —Prdn;(-) associated with the second
fundamental form. The mean curvature vector He is defined as [190]

He(z) = Z kei(z2)ni(oe(2)), FKei=—1tr6;.
i=1

Reconstruction of the global dynamics We consider the deterministic part of
fi(€) as a force field on R® by virtue of its parametric dependence on ¢ and by
identifying TR*® with T*R?®. Hence it remains to turn the stochastic force with respect
to y into a force hat acts with respect to the reaction coordinate ®. This is done so by
endowing the limit system with an appropriate metric. To this end bear in mind that
it follows from the Tubular Neighbourhood Theorem [191] that sufficiently close to
the fibres ¥ = ®~1(£) the uniquely invertible relation between the normal coordinate
y and the reaction coordinate r = ® and is given by

r = Ja(oe(2))" Qoe(2))y + €,
where Jp denotes the Jacobian of @, and the columns of @ are the normal vectors
(n1,...,nk). For each o € X this transformation induces a metric on the normal
space N, o3¢, that is given by me(2) = (JEJp)(0e(2)) L. By averaging over the fast
variables with respect to their invariant distribution we can define an metric as follows

m(§) = /mg(z) vs(dz). (3.45)

Notice that the deterministic part of (3.44) can be brought into the form

d'(¢) =p"

0
5 ln/ exp(—0Ve(z,y))1/det ge(z,y) dz
Y ®1(8)

y=0
The averaged stochastic part is simply additive noise in the direction of the reaction
coordinate. Hence we may write the naked reaction coordinate dynamics as

E(t) = d'(£(t)) + oWil(1),
which is ordinary diffusion in R*® with respect to the Euclidean metric. If we equip
our configuration space R® with the averaged metric m (&) that comes along with the
reaction coordinate, we obtain the global form of the averaged equations

E'(t) = —m" ()0, G () + b (E(1) + oh7 (EO)W(t),  (3.46)
where h is the unique matrix square root of the inverse metric m~', and G is the
geometric free energy (which should not be confused with the metric tensor G¢)

G€) = 5 nQs() with Qu(é) = / exp(—BV) do
-1(¢)
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Figure 6. Spherical polar coordinates (¢, 9,7) € S2 x R4.

The additional term b is the usual It6 equation drift
V() = B m M QT ().
where 1:‘3- i are the Christoffel symbols associated with the metric m,

=i 1 il (3mjl 3mkl _ 8mjk)
k9 ock " oI oE!

We emphasize that our approach is not unique, since it relies on an arbitrary
manipulation of the equations of motion, speeding up the dynamics on the fibres.
There is yet another possibility to accelerate the dynamics orthogonal to the reaction
coordinate using a projection operator approach. For a single reaction coordinate the

authors of [13] derive a representation that involves the free energy F

E(t) = a(€()F'(£(1) + B7d'(£(t)) + o/alE(®)W (1), (3.47)

where the metric factor a is defined as the conditional expectation

a(§) = E¢[[Ve(q)]*,

which should be distinguished from the expectation with respect to vs (compare
equation (3.28)). It is not obvious that (3.47) really transforms like an It6 equation, as
it does not have the standard covariant form (2.30). However it has been demonstrated
that (3.47) is consistent with Itd6 formula under transformations of the reaction
coordinate. Since this is also true for (3.46) one could expect that the two equations
are equivalent. Intriguingly this is not the case, unless V& is a function of £ only, since
then @ = m™1! (see the examples below). Presumably the difference in the result is owed
to the fact that the authors of [13] organize the decomposition along the probability
measures (gluing together different conditional measures), whereas we have endowed
a decomposition of the state space (based on the foliation defined by ®).

Example 3.10. Let us illustrate how the local averaging scheme works by means of
an example. Consider the three-dimensional diffusion equation

q(t) = —grad V(q(t)) + oW (t), V(q) = Vo(llall) + 5(q)
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where || - || is the Euclidean vector norm in R3. The potential V is bounded from below
and is such that the first term defines the slow motion in the system, i.e., |[Vo| < [d].
In this case there is a natural choice for the reaction coordinate

D1(q) = llgll =\/a} + a3 + a3 -

We first go through the reduction procedure using a global change of coordinates
and then compare it to the local approach. The form of the problem suggests to use
spherical polar coordinates. We introduce coordinates (¢, 9,7) € S? x Ry by

q1 =1 cospsind, r>0
g2 = rsingsind, 0<p<2rm (3.48)
q3 = rcosv, 0<9<m,

and therefore consider N.S? = S? x R, as our new configuration space (see Figure 6).
Pulling back the Euclidean metric to S? x R induces the metric

r2sin?9 0 0
h(¥,r) = 0 r? 0 | = < G(g,r) (1) > ;
0 0 1

where we have introduced the metric G(9,r) = 72G1(¥9) for the upper left 2 x 2 block
of the full matrix, where G (v) is the local metric on the unit 2-sphere S2. Clearly
r = ®1(q) is the reaction coordinate. The corresponding slow-fast system reads
1 1 o .
ve = __Gaﬁ Ve, 1e)0sV e e -b 067 € _Aaﬁ 1967 )W,
4 = = LG (DD () + LB (D) A (Do W

Fe = =0V (we,me) +b"(De,re) + oW,
where w = (,9) and b' = 3~ 'A/*TL, . The noise amplitude A = r~' Ay is the positive-
definite matrix square root of the inverse metric G=' = r=2G7*. On the microscopic

timescale s = t/e, we have convergence r. — r for € going to zero, such that the fast
dynamics for frozen r is governed by the equation

W = =GP, 1)V (we, ) + b (we, ) + 0 AP (e, 1 )W .
Notice that the fast dynamics is intrinsic to S? (the 2-sphere with radius r), since
Ff’l‘ = Ff’l‘ = O °

That is, the additional Ito drift b~ = —B_lGW‘sF% depends only on the local metric
G. Hence the conditional invariant measure of the fast process is simply given by the
appropriately normalized Gibbs measure on the sphere S?

Qsi(r) exp(—0V (w,r))v/det G(w, ) dw .

The slow dynamics is governed by the equation

'I:'E - _8TV(W€7T€) + br(w€77"€) + UW

vp(dw) =

with
V=B WMy, = -7 (GOT, + 17,
and the Christoffel symbols

T 2 T T
Iy, =—rsin”d, 99 =—1, I7,.=0.
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By ergodicity of the fast process with respect to v, and application of the Averaging
Principle we obtain convergence r. — ro as € — 0. The limit process obeys

A 2 :
where the averaged potential is given by
V(r) = Vo(r) + /5(w,r)1/r(dw). (3.50)

We can obtain the same limit result by using the local embedding N¥. ¢ R? x R3
with ¥ = 552. This can be seen as follows: As a first step consider the 2-sphere with
radius &, that is defined by the reaction coordinate ®1(q) = £. A local embedding
o¢: 8% — Sg C R3 is given by polar coordinates with fixed radius r = &

U% = £ cosypsint, £E>0
ag =¢sinpsind, 0<p<2m
ngﬁcosﬁ, 0<v9<mr.

The next step is to construct a normal frame, for instance, by
n(oe(p, 7)) = Ve@i(oe(p, 7)) = o1(p, 7).

Since ||V®1(o¢)|| = 1 the normal coordinates that measure the distance to the surface
Sg are simply given by y = ®; — £. In local coordinates (p,d,y) the metric tensor is

( G5(§)+(C)'5(<Pﬂ9,y) 0 ) 7

95(9071973/) = 1

where the local surface metric G¢ = £2G is defined as above, and

Ceap = 2y (Dae, dn(050¢)) +y* (dn(daoe), dn(dpoe)) -
We can easily compute the matrix of the Weingarten map and the respective mean
curvature. For the Weingarten map we have the expression

Gelp, V) = —dn(-) = ' Pr,

where Pr : T,R” — T,S?, Pr =1—n (n,-) is the point-wise projection onto the
tangent plane to the unit sphere. Also the mean curvature is easily computed: Since
all tangent spaces T, 52 are two-dimensional, the projector Py has rank 2. Thus

2
ke = —tr G¢ :Z

which is the mean curvature of a 2-sphere in R?® with radius €. Using the result from
the last subsection, the locally averaged equations take the form

) _ 92 .

E(t) = -0V (&) + M +oW(t), (3.51)
where the averaged potential is given by

V() =Va©) + [ B, wsldo). (352)

Since r = y+¢ in this particular case, (3.51) equals already the global equation (3.49).
In terms of the geometric free energy G the limit equation thus reads

i(t) = —0,G(r(t)) + o W(t)
which is full agreement with (3.46).
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Example 3.11. One might imagine that the reaction coordinate is defined by
®a(q) = llall* = 4 + a3 + 3,

which is also a frequently used reaction coordinate for distance-based problems. Let us
denote p = ®,. Transforming the averaged equation (3.49) to an equation for p = r2
is straightforward: we find with (3.49) and Lemma 2.11

) = =100,V (V/o0) + 5 + 20\/pO (1), (3.53)

where we have used that the Christoffel symbol I'7.. transforms like [81]

- (X)L
dp or  Or dp? 2p
Other than in the equation for 7, we have I') | # 0 which, in fact, yields the correct
limit equation as would be obtained by using modified polar coordinates from the
outset (replacing r by \/p), and then stepping through the averaging procedure. The
same equation is obtained by endowing the local limit equation (3.51) with the metric
m(p) = (4p) ! that is induced by the reaction coordinate ®3 due to (3.45).

3.3. Projection operator techniques

It remains to address the reaction coordinate dynamics for a second-order mechanical
system. For second-order systems we encounter the problem that the conditional
expectation over the fast degrees of freedom involves position and velocity
(momentum) variables. Now recall that in the Hamiltonian picture both positions
and momenta were treated as independent variables. However fixing the reaction
coordinate at a certain value amounts to imposing a holonomic constraint which
inevitably determines the conjugate momenta. In turn, by varying the slow position
and momentum variable independent of each other we obtain a fast subsystem
that is dissipative and no longer Hamiltonian. The natural invariant probability
measures for dissipative systems of this kind, so-called Axiom A flows, are Sinai-
Ruelle-Bowen (SRB) measures [192, 193]. Although SRB measures are special cases
of Gibbs measures (for example, they can be written in the form exp(—S), where S
is a suitably defined pseudo-potential), they are difficult to handle both analytically
and numerically; for example, if the flow of the fast subsystem is unbounded and
expanding, there is no way of sampling the invariant measure by numerical long-term
simulations. Moreover it is by no means clear whether the averaged system preserves
the structure of the original mechanical equations. We shall illustrate the problem:

Example 3.12. Let us again adopt the Lagrangian viewpoint for a second, and
consider the Lagrangian L : TN S? — R in polar coordinates (¢,9,7) € S2 x R,

b= % <G(19’ (@) (¢719)> + %7*2 -V(r),

where V is a smooth, spherically-symmetric potential, and G (9, ) = 72G(9, 1) is the
metric of the 2-sphere with radius r. See Example 3.10 for details. Speeding up the
angle variables by scaling the respective velocities according to

Lﬁ(@? /(97 Ta Sba 197 T) = L(QO, 197 'f', 69b7 6197 T) 9

58



we obtain Euler-Lagrange equations in first-order form with slow and fast variables
Fe(t) = pe(t)
Pe(t) = —TopCl (G (1) = 8,V (re(t))

B2(0) = (1)
C(t) = 2T, (1) — 215,60 (Bpe(t)

subject to appropriate initial conditions. We have abbreviated w = (p,4). On the
microscopic timescale s = t/e we find the fast dynamics for frozen slow variables r, p:

W (t) = G (1)
(1) = —T5,¢ (¢ (1) = 205,67 (t) p.

Note that since I'j,. # 0, the system is dissipative unless p = 0. In this particular case
the fast equations of motion describe geodesics on the 2-sphere of radius r, i.e.,

O (t) = Tl (0] (1)
The associated Gibbs measure is the ordinary Gibbs measure for the full system
restricted to the 2-sphere with radius r. That is,

(3.54)

o (dw, dw) =

ngl(r) exp(— 0T (w,w)) det G(w, r) dwdw

with the abbreviations

—3/2
Zg2(r) = 47rr? ( g )

2
for the normalization constant, and
1
TT(wv(".)) = 5 <G(w7 T)w7w>
for the kinetic energy. We can write the slow equations again in second-order form,
ie(t) = ~Thpwf ()] (t) — 0,V (re(t))

and average the quadratic part in the slow equation with respect to p,.. This yields

2 1
F(t) = —=—= — 0, V(r(t)), 3.55
(1) =5 ~ Vo) (3.55)
where we have used that I'l,, = —rsin® ¥ and I'ys = —r. We easily recognize

that equation (3.55) is just the mechanical analogue of the stochastic limit equation
(3.49). Now let us revisit equation (3.54) assuming that p < 0. The Christoffel
symbols are I'?, = I‘gr = 1/r and zero else. Therefore the system is strictly
hyperbolic, whenever p < 0 is sufficiently large in modulus. If the system were
purely deterministic, the damping would dominate the dynamics, but its stationary
points, and therefore its invariant measures, would clearly depend on the initial values.
Consequently, the averaged equations would depend on which invariant measure we
choose. For the stochastic system with randomized velocities anything can happen.
Strictly speaking, the stochastic Hamiltonian system was defined only with regard
to the symplectic, time-reversible and energy-preserving Hamiltonian flow (which we
no longer have). But, having in mind the fluctuation-dissipation relation from the
Langevin equation, we can imagine that the dynamics will depend on how friction and
velocity perturbations counterbalance each other. And so will the invariant measure.
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3.3.1. Optimal prediction and the Mori-Zwanzig formalism Originally, the
idea of averaging stems from celestial mechanics [20]. Although the models considered
there were purely mechanical, i.e., second-order, the problems are slightly different
from ours. Indeed, the above considerations reveal that the application of the
Averaging Principle is beyond the scope of this thesis. A central paradigm in molecular
dynamics which comes from nonequilibrium thermodynamics is the method of Mori
[49] and Zwanzig [50]. It is a formal procedure to rewrite the equations of motion
in a specified set of essential variables (resolved variables). Unlike the Averaging
Principle the Mori-Zwanzig proceeds without eliminating degrees of freedom, but
rather incorporates them as some sort of heat bath, involving memory and noise.
What is called noise here actually results from the unresolved variables and is the
solution of an auxiliary equation which describes the dynamics orthogonal to the
subspace of the resolved (essential) variables. The key element of this procedure is a
projection operator, that projects the full set of equations onto the set of essential
degrees of freedom. The projection is orthogonal in the Hilbert space L?; thus it
projects onto a space of functions that depend on the essential variables only. However
this projection is not unique, and there is some freedom of choice. For instance, for first-
order systems the conditional expectation (3.8) provides such a projection, but likewise
the expectation (3.27) with respect to the constrained Gibbs measure. There is a subtle
point concerning the relation between projection and the orthogonal dynamics as has
been pointed out recently in [58]: the validity of the Mori-Zwanzig procedure relies on
the well-posedness of the equations for the unresolved variables; this issue is similar
to the closure problem for the fast dynamics in the averaging scheme, whereby the
projection must account for positions and the momenta (velocities) in an appropriate
manner to obtain well-posed equations of motion.

Before we proceed with the Mori-Zwanzig formalism, let us first consider the
problem of optimally projecting the equations of motion onto the (function) subspace
that is spanned by the reaction coordinate. This gives rise to a method called optimal
prediction: Suppose we want to approximate the dynamics of an unresolved variable
in some function space norm, say, in the Hilbert space L2. Basically, this is to say
that we want to study the best-approximation of an observable with regard to its
expectation value. To this end let pcan(dz) denote the Gibbs measure on the phase
space E = T*R". We introduce the weighted Hilbert space

2 ={o: B = R [ () pemlis) <
E
that is endowed with an appropriately weighted scalar product

(u,v)H = /Eu(z)v(z) tean(d2) .

Recall the problem of optimal subspace projection, e.g., by the method of Principal
Component Analysis (PCA) in Section 2.4. In some sense, optimal prediction can
be considered the function space analogue of optimally projecting onto a dominant
subspace. For example, consider the conditional expectation E¢(-) = E(:|® = &) as
defined in (3.8) for a reaction coordinate ®. It is easy to check that the conditional
expectation defines an orthogonal projection

II: L?(p) — L*(p) € L*(p),  (ILf)(§) = Eef,

where f(d¢) o« Z(£)d¢ is the marginal probability of the reaction coordinate. In
other words, the conditional expectation is an orthogonal projection onto the space
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of functions that depend only on the reaction coordinate. Given an arbitrary function
¢ € L*(p), this projection has the following useful property [64]

lo =Tl < llo =l Vv € L (n).
where || -||,, denotes the norm in L?(u). Labelling by E(+) the expectation with respect
tO Lican, then the last inequality can be expressed in terms of expectation values,

El¢ - Beo? <Elo— vf* Wb € L2(j).
For the sake of illustration consider a reaction coordinate ®(t) = ®(g(t)). Since

d
5 20) = D(q(t)) " p(t)
is linear in the momenta, the best-approximation of the reaction coordinate with

respect to the conditional expectation E¢(-) becomes trivial, viz.,

£(t)=0, ¢0)=¢.
The approach is clearly not unique, and the optimal prediction equation very much
depends on the choice of the conditional expectation. For example, one could project
onto functions that depend on both ® and & or other relevant quantities. For our
purpose it is more convenient to define a conditional expectation, that involves the
reaction coordinate ® and its conjugate momentum ©O.

Definition 3.13. Let the function ® : R — R* denote a smooth reaction coordinate,
and let © : T*R™ — R* be its conjugate momentum map.'' We define the marginal
probability density of ®,0© in the canonical ensemble by

Riem = [ 6(00) = O5(O(.p) el dp). (350

The conditional probability measure is denoted pg , = 06(® —&€)6(© — 1) pican. Then for
an integrable function f = f(q,p), we define the conditional expectation by

1

Beof = g o F@p)uca(da.do) (357)

Quite remarkably, E¢,(-) comprises the expectation with respect to the
constrained canonical ensemble as the special case E¢o(-). Hence the expectation
E¢ () # E¢(-) is intrinsic to the constrained phase space T*X, where ¥ = ®~1(¢).
That is, it does not depend on the function ® but only on the surface . For the
details the interested reader is referred to the relevant literature [195, 196].

Now optimal prediction proceeds as follows: Suppose we are given the molecular
Hamiltonian H explicitly in terms of the reaction coordinate &, its conjugate
momentum ©, and a bunch of unresolved coordinates and momenta. This gives rise
to equations for the reaction coordinate and its conjugate momentum

., OH
P =
00;
. oH .
@i——w, ’L—l,...,k.

11We understand the term momentum map in a rather loose sense and not in accordance with
the definition that is conventionally used in geometric mechanics (e.g., see [81, 194]). Nevertheless we
regard the conjugate momentum © as a function of ¢ and p, thus a momentum map.
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The equations are not closed; they depend on both resolved and unresolved variables.
Replacing the right hand side of the equations by its best-approximation by taking
the conditional expectation yields the optimal prediction equations due to Hald [56]

OH
' =E¢, <%)

. OH .
ni:—Eg)n(@), Z:].,...,k.

Proposition 3.14 (Hald 2000). The system (3.58) is Hamiltonian

(3.58)

~i78E
5_3771‘
. _ _OE
i = oe

with total energy
E(&n) =-8""InR(&n).

Formally the optimal prediction Hamiltonian resembles the free energy
expressions from the previous subsections. In fact it is some sort of free energy
(in phase space though) which is related to the geometric free energy. For better
distinguishability we shall speak of E as the optimal prediction free energy.

Optimal prediction equations In many relevant cases the representation of the
reduced equations (3.58) in terms of the optimal prediction free energy E is not
convenient, since F may not be accessible so easily (cf. Section 3.5). Even worse, in
general the conjugate momentum © is not known explicitly. Nevertheless it is possible
to recast (3.58) in a form that contains only quantities that are either already known
or that can be sampled by means of Thermodynamic Integration. Assume that Jp has

maximum rank. For convenience we introduce new coordinates z*,..., 2"
dl(q) forl=1,...,k
. l N q 3 )
z/J'Z_{ql forl="k+1,...,n. (3.59)

This transformation is non-singular, for det Dy = volJs does not vanish by assuming
that Jp has maximum rank. Hence we can write the molecular Lagrangian as
1

L(z,%) = §akl(2)z'k2l —V(2), (3.60)
where ay; are the entries of the metric (D" D)t ot~! that is induced by the change
of coordinates. Due to (2.6) the conjugate momenta are given by w; = dL/927. The
Hamiltonian is then obtained as the Legendre transform H(z,w) = w;j/ — L(z, 2).
We may split the new coordinates according to z = (£, r) and w = (1, s), such that

1 .. 1 . 1
H( rmn,s) = 561”771'77]‘ + §am77i8a + 55M3a5v +V( ), (3.61)
where the a*' are the matrix elements of

T T
JoJe Mg ) . (3.62)

(DwTDwow—( fA—

Here we employ Latin indices to enumerate the reaction coordinate (upper left matrix
block), whereas the Greek indices label the unresolved modes (lower right unit block).
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The off-diagonal submatrix Mg € R(=k)*k {5 the minor of Jp that is made out of
the first n — k rows. Modulo normalization the marginal density thus becomes

Rigm) = [ exp(=B(€.rn.s) dLc(r).

where dL¢(r, s) = \/det G¢(r)drds is the Hausdorff measure of ¥ x R"~* ¢ R" x R",
and G¢ is the induced metric on ¥ = ®~1(¢), that is obtained as the restriction of the
Euclidean metric to 3.2 We need to compute the partial derivatives of

E(ga 77) = _ﬁ_l lnR(ga C) .

We have
oF 1 oH
- = — —exp(—0H)dL¢ .
(9771 R T+ 8777’ ( ) ¢

Since the off-diagonal terms are linear in s, they vanish on average, and it remains
oF
ont

Other than the constrained expectation E¢ o = Ex which is intrinsic to the surface
>, the conditional expectation E¢ , does not give rise to a proper dynamical system
that has p, as its invariant distribution. However we can sample E¢ ¢ and the fact
that @ is only a function of the configurational variables suggests to do a Taylor
expansion of the conditional expectation in powers of 7. If the temperature is low as
compared to the atomic masses (i.e., 8 > 1), the Maxwellian momentum distribution
will be sharply peaked at 7 = 0. It is therefore convenient to replace E¢, by Eg¢
while neglecting higher order terms, in which case the last expression becomes

A = By (VO V&) + O(|n]) .

=AY (& m)n; with AY =E¢, (VO V7).

Accounting for the dependence of the Hausdorff measure dL¢ (surface element) on
the foliation parameter & by appropriately extending G¢ to the ambient space of
¥ = ®71(¢), we can compute the derivative with respect to £!. This yields

08 L[ (OH 1 (906
76~ 7 Ly (B + 3 (67155 ) ) ewtosmace,

e

0 1 _1
o€ detGg—Ztr(Gg 3€i>‘/detG5

is basically the i-th component of the mean curvature of ¥ in R™; see Appendix C
for the calculation.!® Omitting again all terms that are linear in s, expanding all
other terms around n = 0, what remains decays into two parts: The first part is the
derivative of V with respect to & which, together with the mean curvature, can be

summarized to yield the derivative of the familiar geometric free energy (3.31). The

where

12Note that we still have to integrate over a manifold, and that G¢ is simply the metric of ¥ from
the preceding sections, where we have explicitly chosen r = ¢,...,¢" ¥ as local coordinates on X.

13This looks like a contradiction to Hald’s Theorem, since we have an extra term in addition to the
derivative of the Hamiltonian. However one should bear in mind that the coordinates r = ¢1,...,¢q" %
in the Hamiltonian (3.61) are not the unresolved variables, unless g is restricted to the fibre ®~1(¢).
But this means nothing but shifting the metric G¢ from the Hausdorff measure to the (unresolved)
kinetic energy part in the Hamiltonian. Yet this does not affect the integral.
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other term is the derivative of the (average) kinetic energy of the reaction coordinate,

such that we finally obtain
OF 0
og — a¢

As before the A% are the lowest-order components of the effective inverse mass, and K

is the geometric free energy (which we have labelled by K in order to avoid confusion
with the metric tensor Gg)

K@) =—f"'l /Z exp(—BV) do

with do¢ denoting the surface element of ¥ C R". Conclusively, the optimal prediction
free energy or effective Hamiltonian splits into kinetic and potential energy in the way
that is easily interpretable, and probably more handy for practical applications

B, ) = 5AY@mn; + K(©), (3.63)

where both the inverse mass A~! and the geometric free energy K (more precisely: the
mean force —VK') can be directly sampled by means of Thermodynamic Integration
using constrained molecular dynamics; see the detailed discussion in Section 4.2.
The reader may wonder whether one could recover the standard free energy by
integrating exp(—Q3FE) over the momenta. In fact, integrating out the momenta yields

-1
/exp(—ﬁE) dn o <\/det Eng:pr) exp(—8K).

But this is different from (3.26) which states the relation between geometric and
standard free energy, and which — upon using (3.28) — can be recast in the form

exp(—(F) = Ex(volJs) ! exp(—fK) .
Example 3.15. Let us reconsider the three-dimensional toy problem with radial

potential. Choosing coordinates (@, 9, p) on NX = S? x R, where p = ||¢||? denotes
the resolved coordinate (reaction coordinate), the Hamiltonian takes the form

(K (©) + A ©nyme) + Ol

H= % (G, p) " u,u) 4+ 2pC + W (p).

Again, G(, p) = pG1(?¥) is the metric on the 2-sphere with radius \/p, and W(p) =
V(\/p) is the radial potential. In this particular case the expression for the optimal
prediction free energy (3.63) is exact and reads

E(p,¢) = 2% - ' n /S (=B ()AL GT, ) diodd
=2pC* +W(p) =5 Inp
plus additional constants which we have omitted. This puts forward the equations
p(t) = 4p(t)C(t)
1

C(t) = = 9, W(p(t)) = 2¢(t)" + )
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3.3.2. The generalized Langevin equation Optimal prediction can be considered
a lowest-order approximation of the equations of motion, similar to the averaging
procedure. However it is possible to derive an exact evolution equation for the
essential variables which is very intuitive, and from which we can derive non-Markovian
corrections to optimal prediction. For this purpose we briefly review the projection
operator approach of Mori and Zwanzig as can be found in, e.g., [51, 197, 52].

Let us consider the problem how phase space functions evolve in time. To this end
consider a Hamiltonian H : T*R™ — R with coordinates z = (¢q,p). Let Xy be the
Hamiltonian vector field generated by H, and denote by z(t) = ¥;(z) with z = 2(0)
the integral curves of Xy (i.e., ¥ : E — E, E = T*R" is the Hamiltonian flow map).
For our purposes it is convenient to cast Hamilton’s equations in the form
G i) = Xu(Wi(2), Wh(z) =+ (3.64)
Given a function fy : F — R, we define f(z,t) = (fo o ¥+)(z) as the pull-back of f; by
the flow map. It follows by (3.64) and chain rule that f obeys the differential equation
L (oo W) (=) = VI(W2) - Xir(Wa(2) (3.65)
Clearly the last equation is not closed in the sense that it does not give rise to the
time evolution of f without solving Hamilton’s equations for z(t) = ¥4(z). Recall that

Xu(Vi(2)) =DV(z) - Xp(2)
is the transformation rule (chain rule) for a generic vector field. But since ¥, is
symplectic and therefore preserves Hamilton’s equations, the identity Xy = Xg holds
true for the push-forward of a Hamiltonian vector field by its flow. Now recall the
definition of the Liouville equation (2.12). Using chain rule again and the definition
(2.13) of the Liouville operator, we can rewrite the ordinary differential equation (3.65)
as a partial differential equation in z and ¢. That is,

Of(zt) =Lf(21), [(z0)=folz), (3.66)
where now the symbol V in £ = Xg(z) - V denotes the derivative with respect to z.
(For the relation to the adjoint Liouville equation that governs the time evolution of
probability densities see the remark below.) We may endeavour the semigroup notation
from Section 2.1.1 and write the solution of the Liouville equation as

f=fooU,=exp(tL)fo.
In particular we can choose fo = z{, such that exp(tL)z§ = Wi(2q) describes the time
evolution of the i-th coordinate. The aim is to split the transfer operator T; = exp(tL)
into a part S; that acts only on the subspace of the essential (resolved) variables, and
a part Si- that operates on the orthogonal subspace.

Following [56] we denote by IT : L?(u) — L?(u) and @ = 1—1I a pair of orthogonal
projections (e.g., the conditional expectation). Modulo some technical assumptions we
require that QLQ is the infinitesimal generator of a strongly continuous semigroup. In
other words, we demand that QL generates a flow on the @Q subspace. For the details
we refer to [58, 198] and define S;i- as the propagator of

Ow(z,t) = QLw(z,1)
w(z,0) =wp(z) € kerII
which can be equivalently written as an inhomogeneous equation for w = exp(tQL)wo:
Ow(z,t) = Lw(z,t) — IILw(z,t)
w(z,0) =wp(z) € kerII.

(3.67)
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The solution of the last equation is easily obtained by Variation of Constants [199],
which results in a Volterra integral equation for the orthogonal dynamics w(z,t),

w(z,t) = Tywo(z) — /0 T I1Lw(z,s)ds. (3.68)

Using that T:£ = LT we may write the Liouville equation (3.66) in the form
8tf(Z, t) = 815th0(2) = Ttnﬁfo(Z) + TtQﬁfo(Z) .

In the second term the transfer operator T} acts on a function that lies in the nullspace
of II. Hence we can insert the solution (3.68) of the orthogonal dynamics with initial
condition wy = QL fo. Omitting the argument z from now on this gives

t
0y f(t) = TILfo + S-QLfo + / T, JILSTQLSfo ds. (3.69)
0

The last equation is often referred to as gemeralized Langevin equation. By no means
this equation is simpler than the original problem. In point of fact, the complexity
of the full-dimensional evolution problem has been transferred to the solution of the
Volterra integral equation of the second kind for the orthogonal dynamics.

The various terms in the generalized Langevin equation have suggestive physical
interpretations: The first term on the right hand side is Markovian. Indeed,

TIILfo = TILfo o Uy = TILF(L).

The second term in (3.69), which is usually interpreted as noise evolves the unresolved
variables according to the orthogonal dynamics’ equation. It remains in the orthogonal
subspace for all times, for S;*Q commutes with Q = Q2. Finally, the third term
depends on the value of the observable f at times s € [0,¢], i.e., it depends on the
past evolution up to time ¢. Accordingly it embodies memory effects that stem from
dynamical interaction between the two subspaces.

Introducing the abbreviations w(t) = S;-QLfy and K(t — s) = T;_,IIL we can
cast the generalized Langevin equation in the slightly more compact form

O f(t) =TLS(L) + /0 Kt — s)w(s)ds +w(t), (3.70)

where w(t) is the solution of the Volterra integral equation (3.68) for the orthogonal
dynamics with wy = QL fy. So far, the last equation is completely equivalent to the
Liouville equation (3.66), but in practice it can only be solved approximately.

Remark 3.16. Note the different signs in the Liouville equation (2.12) for densities
and the Liouville equation (3.66), and remember that the Liowvillian is skew-adjoint
in the Hilbert space L?(dz) (and so is in L*(u) for any smooth probability measure
u preserved by the Hamiltonian flow). Accordingly the Liouville equation (3.66) for
phase space functions can be regarded as the formal adjoint of (2.12).

This duality is the classical analogue of the famous dichotomy of Schrédinger
and Heisenberg picture in quantum mechanics; see, e.g., [200]. Recall that the time
evolution of a probability density p is the push-forward of an initial density py by the
Hamiltonian flow, i.e., p = po o Y_;, whereas the time-dependence of an observable
f is induced by the pull-back, f = foo WU, of an initial value fo. We can make the
Schrodinger-Heisenberg duality more specific: Suppose we are interested in the time-
dependent expectation value of an observable f. As we have seen in (3.65) we can
calculate f(z,t) by following an initial preparation f(z,0) = fo(z) along a trajectory
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z(t) = U(z). If the initial values z are distributed according to some probability
distribution po(z), then

EHf(Zut):/EPO(Z)thO(Z)dZa

where we have employed the semigroup notation Ty = exp(tL). This representation of
time-dependent expectation values is called Heisenberg picture (or Lagrangian picture
in fluid dynamics, respectively). Changing our point of view slightly we may consider
the observable at a fized point in phase space, while weighting the observed quantity
with the current value of the initial ensemble,

%Wﬁ:Lh@ﬂm@M,

which is known by the name of Schrodinger representation. According to [201] the
adjoint semigroup is generated by the adjoint Liouwvillian £* = —L, i.e., T} = T_4.
Noting that Esf = (fo,T-tpo) we see immediately that {fo,T—tpo) = {fo,Ti'po) =
(T fo, po). Hence both representations are equivalent in the sense that Ey = Eg

Approximations and closures Although it seems appealing to make further
assertions, e.g., concerning a generalized fluctuation-dissipation relation, (3.70) is the
best we can achieve, unless we reinforce further assumptions. In particular we choose I1
to be the conditional expectation. We briefly review the most common approximation
schemes that are available in the relevant literature. To this end, we restrict our
attention to the case of a separable Hamiltonian that is of the form
H (e, ,u,0) = 3 () + 3 (0,0) + V(z0)

where (x,u) € R¥ x R¥ denotes the reaction coordinate with its conjugate momentum,
whereas (y,v) € R"* x R"~* labels a set of unresolved conjugate variables.

The Mori-Zwanzig approach is very elegant on the formal level of deriving the
generalized Langevin equation, but it becomes a bit messy when it comes to specific
the equations of motion. Therefore, and for the sake of clarity, we shall be very explicit
regarding notation: we let z = (z,y,u,v) abbreviate the state vector, and we write
©(z,t) = Uy(z) for the solution curves that are generated by the Hamiltonian H.
Moreover let the projection II be the conditional expectation E¢ ,, = E(-|z1 =&, 23 =
7)) that is understood with respect to the initial conditions, where the corresponding
probability density is given by (3.56). Note that this point of view is different from
the optimal prediction viewpoint, where simply the right hand side of Hamilton’s
equations was replaced by its optimal L2-projection given the current value of the
reaction coordinate. (Consult the recent textbook [59] for some clarifying remarks.) It
can readily checked that the generalized Langevin equation takes the form

Orp1(2,t) = E¢ npa(z,1)
Orpa(z,t) = —=VG(p1(z,t)) + /0 K(t— s)w(z,s)ds + w(z,t),

where the integral kernel K(t — s) = Ti_;E¢ L is defined as above, and VG =

E¢ ,D,V(-,-). The fluctuation term stems from the orthogonal dynamics equation,
w(zvt) = _Stlv (V(wl(za t)v ) - G(wl(zvt))) .

So far the generalized Langevin equation involves no approximations, notwithstanding

the separability assumption on the Hamiltonian. But obviously the equations are

(3.71)
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not closed, for they still depend on the initial values of the unresolved variables.
A commonly used simplification is obtained by taking the conditional expectation on
either sides of the equation which, by definition of the orthogonal dynamics, annihilates
the fluctuation term. Defining £(t) = (E¢ ,¢1)(&,n,t) and 1(t) = (E¢ np2)(€, 1, 1), the
generalized Langevin equation (3.71) becomes upon projecting from the left

£(t) = n(t)
n(t) = —E¢ ,VG(p1(2,t)) + /0 E; ,K(t — s)w(z,s)ds.

Still the equations are not closed, since the conditional expectation does not commute
with the evaluation of the nonlinear force term, i.e., E¢ , VG(¢1(2,t)) # VG(£(¢)). In
order to obtain an equation for (£,7n) we follow [64] and interchange the evaluation of
the effective force and the conditional expectation:

Be., VG (1 (2, 0)) = VG(Beyp1(2,1) = VG(E(D)). (3.72)
We refer to this step as mean-field approximation. The reader should not be bothered
by this step, since the sole alternative would be to neglect the spreading of ¢1(z,t) due
to different initial conditions in z. However it has turned out [202] that one is better

off preserving the distributed initial conditions, while mistreating them slightly, than
completely ignoring them. This yields a non-Markovian optimal prediction equation

£(t) = n(t)
n(t) = =VG(E()) + /0 E:,K(t — s)w(z,s)ds.

Note that the memory integral contains information about the unresolved modes,
and so we still have to solve the orthogonal dynamics equation. Suppose the Volterra
equation (3.68) is well-posed. Following [203] the formal solution of (3.68) is'*

w(z,t) = ((z,1) —/0 R(t, s)¢(z,s)ds,

where R(t, s) is the resolvent kernel

(3.73)

o0 t
R(t,s)=> (=) ki(t,s), kilt,s) = / K(t—¢)ki_1(s,s)ds
i=1 0
with k1(t,s) = K(t — s). The smoothness of w(z, -) depends on the smoothness of the
memory kernel. Clearly solving the equations numerically is not necessarily easier than
directly solving the Liouville equation (3.67) for the orthogonal dynamics. Nevertheless
the Neumann series above is related to an iterative scheme that is useful once an
approximate solution is known. For a sufficiently small time step h we consider

h
w(z,h) =((z,h) — /0 K(h—s)w(z,s)ds, (3.74)

where ((z,h) = Thwo(z), and E¢ yw(z,s) = 0, i.e., w(-, s) lies in the nullspace of the
projection II = E¢ ;. We shall apply the method of successive approximations to the
integral equation (3.74). This method consists in constructing a sequence

h
ug+1(z,h) = ((z,h) — /0 K(h — s)uk(z,s)ds

140Of course, well-posedness depends upon the choice of the underlying function space. In particular
the existence of weak L2-solutions has been proved recently in the article [58]
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with E¢ ,ur(z,s) = 0 and initialization ug(z,h) = ((z,h). It can be regarded as a
Picard iteration for the differential equation (3.65). Pushing the iteration to the next
order uj, exploiting the semigroup property Ty = Tp_s o T, we find

u1(z,h) = (1 — hE¢ ,L) ((2, h)

and so forth. It is known that for a sufficiently smooth integral kernel K(h — s)
that satisfies a local Lipschitz condition the sequence {uj} eventually converges to
the orthogonal dynamics solution in some interval [0, 7], i.e., ug(z,h) — w(z,h) for
h € [0,7] as k — oo. However existence and uniqueness is guaranteed only locally;
basically the maximally achievable 7 up to which the solution can be continued
depends on boundedness and decay of the integral kernel. For details the reader may
consult the references [204, 205]. It is interesting to note that extending the lowest
order approximation w(z, h) ~ ug(z,h) to h = ¢ and substituting it into (3.73) yields
what circulates in the literature as t-damping equation

£(t) = n(t)
(t) = =VG(E®)) — ty(E@®) - (D),

where the positive semi-definite friction matrix v is given by

WE) =By (V(V(e1,9) = G) ¥ (V) = Gla)T)

In the last step we have once more interchanged the conditional expectation with
the function evaluation (mean-field approximation). Roughly speaking the ¢-damping
equation amounts to the approximation Sj- ~ Tj; see [64] and the references therein.
However we note that neither ug nor u; ought to be considered a systematic asymptotic
expansion for the orthogonal dynamics that is valid beyond the characteristic decay
time A of the orthogonal dynamics. In particular the energy in the t-damping equation
will quickly decay to zero. This seems rather unphysical, and we therefore suggest to
approximate the memory kernel not until the level of numerical discretization.

A related approximation which is popular in the nonequilibrium statistical
mechanics community consists in introducing a characteristic time 7 that indicates
the support of the memory integral backwards in time; see, e.g. [206, 207]. The basic
idea is to replace (3.74) by a modified Volterra equation

(3.75)

t
w(t) = ((z,t) — / K(t—s)w(z,s)ds, w, W€ kerEg,,

0
where W(s) = wo(2)k(s/7), and k(s/7) is an arbitrary function satisfying

k(0)=1 and /Oook(s/T)zT.

For k(s/7) = exp(—s/7) we can easily expand the integral in powers of 7 and obtain
a t-damping-like equation which reads to lowest order in 7 (see [208])

£(t) = n(t)

(t) = =VG(E®) — (@) - n(t)
with the previously defined friction matrix. Unlike (3.75) the friction term in the last
equation does not increase as time evolves, provided v stays bounded. Nevertheless

the system is dissipative in the sense that the total energy of the system is decreasing
along the solution curves and eventually goes to zero. A further ad-hoc modification
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that has been suggested recently in the PhD thesis [55] consists in adding an extra
stochastic term to the equations with (yet unknown) statistics. This leads to

£(t) = n(t)

(t) = =VG(E(t) — 7y(&()) - n(t) + F(§(t), 1),
which is a linear Langevin equation but should not be confused with the covariant
Langevin equation (2.25) with configuration-dependent friction and noise coefficients.
If F(&,t) is an uncorrelated, zero-mean stochastic process that satisfies the generalized
fluctuation-dissipation relation,

EF(&s)F(&6)" =218717(€)d(s — 1),

then the linear Langevin equation has the invariant probability density

(&) ox exp(—BE(E,m) with  B(€n) = & (n.n) +G(E).

Remark 3.17. We mention that there is an ongoing discussion about whether the
Volterra equation or approximations thereof are well-posed and numerical solutions
exist [58, 209, 210]; see also [210]. Regarding stability of the solutions with respect
to perturbations of the (unresolved) initial conditions we refer to the excellent survey
article [203] and the references given there.

Many authors study a special case of a Volterra integro-differential equation that
relates the velocity autocorrelation function of the reaction coordinate to the memory
kernel, in case the system consists of harmonic oscillators only [211]; however these
authors rarely take into account the specific assumptions under which the equations
have been derived (e.g., linear projections rather than conditional expectations); see,
e.g., [53, 212]. Moreover this type of Volterra equation suffers from various degrees of
ill-posedness, and the numerical integration is notoriously unstable. Therefore many
authors resort to reqularization techniques, e.g., (sequential) Tikhonov regularization,
or choosing local ansatz functions for the memory kernel [54]..

To the best of the author’s knowledge there are no statements regarding the
numerical efficiency of the Mori-Zwanzig method as compared to simulations of the
full model, and detailed numerical studies of the gemeralized Langevin equation are
desirable. Moreover, systematic studies of Markov approxzimations are rare, e.g., [57].
But addressing the computational aspects in an adequate way is far beyond the scope
of this thesis, and we leave it at the few remarks given above. For related approaches
using a moment expansion of the Liouville equation we refer to [213].

3.4. Modelling fast degrees of freedom: adiabatic perturbation theory

In this subsection we put forward another approach to get rid of certain irrelevant
(unresolved) degrees of freedom. The name adiabatic perturbation theory is borrowed
from the theory of adiabatic invariants of integrable systems which is a common topic
in celestial mechanics. The theory of adiabatic invariants relies on the formalism of
canonical transformations: an oscillatory system is recast into an equivalent one with
action-angle coordinates (I, ), such that I is invariant under the Hamiltonian flow,
and ¢ is an angular coordinate on a torus [20]. If the action variables I are not
preserved but slowly varying (slow is meant in comparison with the angle variables),
we arrive at the classical averaging problem; see [214] and the references therein.
The method which is proposed in this section can be considered a
thermodynamical variant of the action-angle problem, which is better suited to
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problem involving a heat bath. It leads to a simplification of the former averaging
problem, and it relies on the basic insight that certain degrees of freedom are fast
and have comparably small amplitude, such that we can treat them as harmonic
oscillations. Not only does this considerably simplify the analysis of the models and
their numerical simulation, but most of the unresolved variables are harmonic anyway,
e.g., bond and bond angle vibrations, or solvent motion to mention just a few.

By no means the averaging results that we present are new. However the current
approach places emphasis on two different aspects: First of all it gives rise to a
alternative view on fast motions from which semi-analytic, reduced models can be
developed that have few free parameters. Secondly, it explains once more the relation
between stiff harmonic modes, e.g., bonds, and constrained variables. In other words,
it points out the (in principle well-known but often ignored) difference between a
constrained system, where certain modes are held fixed at equilibrium values, and
very stiff systems, where the system is allowed to oscillate around these values. The
last remark concerns the difference between conditional and constrained expectations
(Fixman Theorem or Blue Moon formula), and it provides a physical understanding
of techniques like the widely-used umbrella sampling; cf. [76].

A modelling potential Suppose that any of the subspace reduction methods from
Section 2.4 has given us an approximating subspace M that is spanned by a few slow
variables, say, ', ..., 2" "%, and assume that the dynamics stays close to this subspace
over a finite time interval. Given a local orthonormal frame {n;(c(z)),...,ns(c(x))}
over M with normal coordinates y € R® we define a confining potential by

U(o,n) = 55 (Blo)n,n) |
2¢2
where n € N,M with n = yin;(c(x)), and € < 1 is an empirical scaling parameter,
that might be chosen, for instance, as the autocorrelation time ratio of the slowest
and the first truncated dominant degree of freedom. Suppose that for each o € M the
matrix B(o) € R™*" is positive-semidefinite of rank s. In bundle coordinates (z,y)

the confinement potential then takes the form

Ul y) = 55 (K (@))oy) (3.76)

Note that if we assume that the matrix B(o) above has maximum rank s, then the
symmetric, and positive-definite matrix K(z) € R**® is simply B(o) written in the
basis of the normal frame. In fact, it is recommendable to construct the normal frame
from the eigenvectors of B(c) corresponding to non-zero eigenvalues.

The confinement potential U, is designed in such a way that it achieves its
minimum exactly on the approximant [27]. This is always possible if the matrix K
has s strictly positive eigenvalues (recall that the codimension of M C R™ is s). If €
tends to zero, it generates a force in the neighbourhood of M that pushes the moving
particle to the manifold. Clearly in the limit the particle must remain on M, and we
obtain a reduced system that lives only on the approximant.

By construction, U captures the influence of the normal modes which have small
variance.'® This offers a reliable description of the motion close to the approximant M,
provided the matrix family B(c) is appropriately chosen. For example, one may think
of B(o) as the covariance or correlation matrix of the system conditional on x. This

15The term normal mode is not to be confused with what is typically called Normal Mode Analysis.

71



Udz,y) = 32 (K(2)y, )

M = {(z,y)ly = 0}

Figure 7. Schematic plot of the confining potential.

would guarantee that the normal modes reproduce the statistics of the unresolved
motion in the vicinity of the approximant. The idea now is to replace the original
potential V by a modelling potential

Ve(z,y) = Var(2) + Ue(2,y)

in a tubular neighbourhood of M. For example, one might think of Vj,(z) = V(o(x))
as the restriction of the molecular to the approximant, or Vas(z) = F(z) could be some
kind of free energy in the essential variables x. This can by rephrased saying that the
fast variables are modelled by appropriate Ornstein-Uhlenbeck processes (Brownian
motion) or harmonic oscillators, respectively (second-order equations).

Strong confinement limit: diffusive motion To formulate our idea precisely we
start studying the limit ¢ — 0 for the Smoluchowski equation. Let V. : R™ — R be
the modelling potential. Then for § > 0 the Smoluchowski equation on R"™ reads

Ge(t) = —grad Ve(qe (1)) + V261 W (1)
We assume that the approximant M that is spanned by the essential variables is
a smoothly embedded submanifold of codimension s in R™, and we denote this
embedding by ¢ : R"™* — M C R". As before we introduce local coordinates
2% o = 1,...,n — s on M, and normal coordinates 3*, i = 1,...,s that measure
the distance to M with respect to the normal frame {n1,...,ns}. In terms of the local
coordinates the Smoluchowski equation becomes according to Lemma 2.11

I(: - _gal(xe; yé) 8[‘/5(5175, ye) + ba(xéa yé) + aal(xe, yé) VVl
i = —g" (e, ye) OVe(we,ye) + b (e, ye) + a’ (we, ye) Wi,

where b = —p! g’”l"Zl denotes the additional It6 drift term with the symmetric
Christoffel symbols I'?;, and a*! are the entries of the uniquely defined positive-definite
matrix square root of g~! multiplied by the noise amplitude /23~ (see Appendix B
for the definition of the metric tensor g). The effect of confining a Brownian particle
to the submanifold M is expressed in the next statement following an idea due to [74].

(3.77)
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Proposition 3.18. For all € > 0 let the process (x.(t),yc(t)) € R™ defined by (3.77)
with e-dependent initial values (x.(0),yc(0)) = (z, ey) be a continuous Markov process.
Furthermore let the processes admit a family of unique invariant measures p(dx, dy).
Then as € — 0 the process z.(t) € R" ™% converges in probability to a stochastic process
z(t) € R"™*° satisfying the following differential equation

i(t) = b(x(t)) — grad V(z(t)) + a(x(t)) W(t), (3.78)

where the effective potential is given by

V(z) = Va(z) + % Indet K (z) .

The rightmost term is a Fizman potential. The remaining coefficients are
b(@) = 07 G @)G5(), a™(2) = V26 (VET@))
with the Christoffel symbols I'Ss(x) = I'J5(x,0) of the metric G(z) on M.

ay

Proof. For the relation between the various free energies and the Fixman potential
see the paragraph above Remark 3.21 below. First of all observe that Vi(x,y) =
Vi(x,e 1y). Hence we suggest to introduce scaled variables y = ez, in order to
circumvent a blow up of the normal energy in the confinement limit. Moreover we
assume that all realizations will stay in the tubular neighbourhood of M. In the scaled
coordinates (z, z) the equations of motion read

€ €

. 1 . .
i = ——gt Vi — g2P 95Vi + b2 + a2 W,

| L L Lo (3.79)
o =592 Vi — g 0sVi + “b. + —al Wi,
€ € € €
where we have introduced the scaled quantities ge = g(z,€z), be = b(z,ez) and
ae = ac(z,ez). Now the normal energy remains finite as € goes to zero, and the

equations have the standard form to which the Averaging Principle applies. It can
be readily checked that the e-family of invariant measures is given by

pf(dz,dz) = Zi exp (—Vi(z,2)) /det g(x, €z) dadz .

In order to compute the conditional invariant measure of the fast process we make a
time scaling ¢ — €2¢, taking into account that the noise scales like W () — e W (€%t):

% = —2g% 9,V — 2g°P V1 + €22 + ea W,
Zi = —gij 8jV1 — Egiﬁ 85‘/1 + Ebz + ail Wl .

Letting € go to zero yields the fast process conditioned on the frozen slow variables x
3= — 899, Vi(x,2) + /266" W, (3.80)

where we have taken advantage of the identity g% (x,0) = §". The conditional invariant
measure then is independent of € and has the remarkably simple form

e (dz) = ﬁ exp (—pU1(z, 2)) dz,
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which is owed to the fact that the fibres N,M locally look like R?, since we have
dilated the normal direction in the just described way; no functional determinant is
involved.'® Endeavouring the Averaging Principle we have to compute the integral

- o1t
() = limy Tim /0 Fo(a za(t)) dt
where f& denotes the right hand side of the x-equation in (3.79). Note that the
conditional fast process is a non-degenerate Ornstein-Uhlenbeck process, and therefore
z5(t) is exponentially mixing, i.e., ergodic. Hence we can replace the time average by

Fee) = tim [ £ 2) pa(d).

Since p,(dz) does not depend on €, and the integrand is uniformly continuous in z we
may interchange the limit e — 0 with the integration. We can split f& = h% + k& into
one part that becomes independent of z as € goes to zero

lim 2 (z, 2) = b*(x,0) + a®!(z,0)W;
and into a remainder that gives
lii% k& (z,z) = lg% g (x, e2) O Vi (, 2)
=G (x) (871/1(33, z) — w;(Xﬁ)zj[)iVl (z, z))

The second term which contains the 1-form coefficients w;() of the normal connection
is determined by those off-diagonal terms of the inverse metric tensor which are
linear in z, as follows upon Taylor expanding the inverse of g in powers of z; since
g*(z,0) = 0, the singular term vanishes completely (cf. Appendix B). Clearly only
terms that are quadratic in z will survive the averaging procedure, since z has zero

mean; therefore all terms w;()zj 2% with 4 # j are averaged out, where the additional

z* comes from the partial derivative of the quadratic potential. However w!(:) is a

skew-symmetric form and thus w}(X) = 0 (see the remark below). B
In order to complete the proof it remains to evaluate f* = h® + k% with h = ho.
Since g*(x,0) = 5lﬁGO‘B we have b* = b*(z,0) and therefore

fOt

—GM/(%Vl(:E, 2) i (dz) + 0% + a* W,
1 - .
=-G0, <VM(9C) + 35 In det K(:C)) +b0* +a W, .

Noting that gradV = G~'VV and @ = \/23-1G~! we see that f is the right hand side
of (3.78). Finally, convergence in probability z.(t) — z(t) is a straight consequence
of the Averaging Principle for non-degenerate diffusion processes [24]. (See also the
recent paper [17] for a convergence proof.) O

Note that the degree of complexity in the reduced equations is of course a matter
of how the approximant M is embedded into the R™, since the metric G is induced

16Moreover the dilation has the consequence that we can extend the average of the slow process
over the full fibres in the normal bundle (i.e., without the restriction to the tubular neighbourhood),
as effects of the extrinsic geometry vanish anyway as € goes to zero.
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by the embedding M C R™ which is open to choice. In point of fact, M will often be
a linear subspace of R", such that the reduced equations simply become

i(t) = —grad V(z(t)) + /26~ 1W(t), (gradV =VV).

Strong confinement limit: mechanical system We have to be careful with
regard to naive application of the Averaging Principle: the situation is less clear
here than in the diffusion case, since in general the equations do not admit a unique
invariant measure. Therefore we shall restrict our attention to the stochastic version
of the equations of motion (i.e., with randomized momenta and distributed initial
conditions) and give only informal statements concerning convergence (cf. [24, 215]).
We support our conjectures by suitable numerical examples below.

We consider an e-family of Lagrangians L. : TNM — R with the modelling
potential V. that has been substituted for the molecular potential. Using bundle
coordinates (x,y) the Euler-Lagrange equations can be written in first-order form

T =ud

ug = —F?l(:ve,ye)wfwi - gal(xea Ye)OVe(ze, ye) (3.81)
e = v

op = —Tiy(we, yJwiwl — 9" (e, ye) A Ve (e, ye)

with the shorthand w = (u,v) for the tangent space coordinates. As before we
introduce scaled coordinates z = y/e in order to prevent the normal energy from
diverging for ¢ — 0. The thus scaled equations of motion are

(o7

_ .
= u,

1 .
o [e% k. 1l o [e%
Ue = _Fe,klwe We — 9 ’Ya’le - Egejajvl

1, (3.82)

B = T ubul — 0.V — Tglomi
with the same abbreviation as before: g = g(z,ez) and ngl = T} (z,e2).
The Lagrangian that corresponds to the scaled Euler-Lagrange equations then is
K (x,2,%,2) = Le(x, ez, &, e2). If we let Ec(r,s) with » = (2, z) and r = § denote the
total energy of the Lagrangian K., then the corresponding invariant Gibbs measure
can be written in terms of a smooth density. That is, for each value of € we have

ve(dr,ds) = Z- ' exp (—BE.(r,s)) det g.(r) drds .

€

The finite energy scaling has the effect that the Gibbs measure v will contract to the
Gibbs measure on T'M as € goes to zero with an additional term that comes from the
scaled constraining potential Ui (x, z). Indeed

V0 o exp (—B(E1(x,0,,0) + Uy (x, 2))) det G(z) .

Scaling the free variable according to ¢ — et (microscopic timescale), we find

¢ =eud
il = =l wiwl — g0, Vi — g0,y
je = vt
’1}2 = —EF;]CZU/fwi — Egiaaa‘/l - gzjajvl :
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Sending ¢ — 0 and exploiting that g®/ — 0 in the equation for u®, since the off-
diagonal entries of the inverse metric g-! vanish, we have @(t) — 0 and u(t) — 0.
This yields equations of motion for z(t) conditioned on the frozen slow variable x

io=—g"(2,0)0;,Vi(z, 2) = —0iUs(, 2),
such that the conditional invariant measure becomes

1
Vy(dz,dv) = —— exp (—BE,(z,v)) dzdv .
Q)
with the conditional normal energy
1

E.(z,v) = 3 (v,v)y + Uy (x, 2) .
Observing that I'j; . — 0 as e — 0, computing the average of the slow dynamics is
no different than in the diffusion case. Since all terms which are linear in v vanish, it
remains the average of the potential terms; the mechanical analogue of (3.78) is

T =u”

= —I‘?Y‘(;(x)uvu‘s — G*(2)9,V ()
with the Christoffel symbols I'7s of the metric G on M and the averaged potential

(3.83)

V(z) = Va(z) + % Indet K (z) .

Clearly the confined system is Hamiltonian with energy

Ho(z,p) = % (G(z)"'p.p) + U(),

and we claim that the original model system (3.81) (appropriately randomized) with
initial values that are distributed according to (z,y,u,v) ~ exp(—BE(z, ey, u,v))
converges in distribution to the (randomized) confined system given by (3.83) with
initial conditions that are distributed according to (z,u) ~ exp(—SHo(x, Gu)).

Remark 3.19. The Langevin equation that is associated to (3.83) reads

o 0Hy
Op”
.84
o aHO ~ 6H0 ~ ) (3 8 )
P = g e gs +<as W
In accordance with Lemma 2.10, friction 4 = JX~.J, and noise coefficients ¢ = JI's
satisfy the fluctuation-dissipation relation, where J, = Do 14s the Jacobian of the

embedding o : R"° — M C R", and W denotes the Wiener process in R"™%.
Basically the derivation of (3.84) is along the lines of the last paragraph, applying
the L2-convergence result of Kifer [216] for hypo-elliptic diffusion processes; see also
[217, 218]. We omit this lengthy calculation, that involves some subtleties (non-
resonance and exponential mixing conditions) and refer to the next subsection where
a numerical illustration for a Langevin system with an eigenvalue resonance is given.

Example 3.20. Consider the Hamiltonian function H : T*R? — R

1 1
H(xuyauuv) = 5“’2 + §U2 + ‘/;(l',y)

with the potential

1 1
‘/e(xay) = Z(x2 - 1)2 + FW($)2ZJ2 )
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and z € R, y € R. The function w(z) > ¢ > 0 is defined as before:
w(z) =1+ Cexp (—a(z — 20)?) .

As € — 0 the potential V, induces a large force pushing a particle towards the
equilibrium manifold y = 0. Choosing initial values y = O(¢) the confinement to the
x-axis then results in additional force on the particle that is given by the derivative
of the Fixman potential. In order to let the energy remain finite we apply a scaling
transform to the fast variables, (y,v) — (ey, e 'v). This yields a scaled Hamiltonian
H. to which the following Lagrangian is associated
L. 1, 1, .
LE(Ia Y, z, y) = 5172 + 5 (Ey)2 - Vl(fl?, y) .
The corresponding Euler-Lagrange equations can be written as a first-order system

Te(t) = 7e(t)
Te(t) = —ae(t) (e (t)2 —-1) - w/(xe(t))w(xﬁ(t))ye(t)2
1 (3.85)

$elt) = ——wlw ) uclt)

with initial values that are distributed according to (x,y,r,s) ~ exp(—GE1(x,y,r,s))
independently of €. (Here E; is the total energy of the Lagrangian L, for ¢ = 1. Note
that without scaling the initial values, the total energy diverges. As a consequence the
limit orbits may not lie on the z-axis at all (cf. [219]).) On the slow timescale t — et
we find that the fast dynamics alone is given by

yac(t) = Sx(t)
Sm(t) = - w(‘r)Qym(t) )

which can be regarded as a Hamiltonian system with the oscillation energy
1
Eu(y,s) = 35° +w(e)y?
and the conditional invariant measure

o (dy, ds) = ﬁ) exp(—BE (y, 5)) dyds.

Application of the Averaging principle yields the limit equation

io(t) = ro(t)

Fo(t) = —xo(t)(2o(t)? — 1) — B Inw(zo(t)).
Notice that the rightmost term is again the derivative of the Fixman potential. It is
furthermore easy to see that in our particular example the mean force is the derivative
of the free energy. A comparison of the limit solution and the full solution for various
values of € is shown in Figure 9. Apparently, the averaged solution is always pretty close
to the limit solution, except at the dynamical barrier. The reason is that the frequency
of the fast oscillator is almost constant away from the barrier, such that the two degrees
of freedom are virtually decoupled, and averaging trivially gives good approximations
(see Section 6 for a detailed discussion of the deviations from the averaged dynamics).
For values below € = 0.1 the two solutions are almost indistinguishable; notice that the
convergence is even pathwise. The long-term dynamics of the slow variable is depicted
in Figure 8. Here we have integrated both the limit solution and the full equation

(3.86)
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Figure 8. Long-term behaviour of the solution of (3.85) for ¢ = 0.1 versus the
limit solution. Upper panel: Typical hybrid Monte-Carlo (HMC) realization for
B = 4.0 and 100 integration steps between the HMC points. Lower panel: invariant
density of the slow dynamics computed from 500 000 sample points.

using a hybrid Monte-Carlo scheme with internal step-size h = 1072 and an step-size
7 = 1072 between the Monte-Carlo points, i.e., new momenta were drawn every 10
integration steps. The long-term simulation has been carried out with 7 = 10~! and
500 000 Monte-Carlo points.

Fixman potential reloaded Summarizing, the confinement (also: strong molecular
restraint) has the effect that a correction potential, the Fixman potential

U=p3"'InvVdet K,

has to be added to the restricted dynamics on M in order to capture the influence of
the fast modes [179]. Note that the result is similar to the results in classical mechanics
[180, 75, 27], and it is well-known [219] that in case the normal energy is finite the
correction potential does not depend on the embedding of M into R™. Here keeping the
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Figure 9. The two plots illustrate convergence of the full system of equations
(3.85) towards the limit system (3.86). It can be seen that the error for a
typical realization of a HMC trajectory is maximum at the dynamical barrier
x = xo; for e = 1 it even happens that the full dynamics makes a transition to a
neighbouring metastable set and deviates completely. All simulations have been
carried out at the temperature 8 = 4.0, and we have have chosen the parameters
A =15, a =200, o = 0.8 for the frequency function w(x). The lower panel gives
a zoom into the upper graphics around z = 1.

normal energy bounded is achieved by the dilatation y — ey of the fibres in the normal
bundle. In the example above it turned out that the mean force could be expressed as
the derivative of the (geometric) free energy. However in general the Fixman potential
is different from the free energy which very well depends on the extrinsic geometry as
we have seen in the section on free energy (cf. the discussion about dynamical barriers
in the specific case of a flat geometry).

Before we conclude let us let us briefly clarify the relation between the Fixman
potential here and the quantity formerly denominated the Fixman potential, viz.,
W = 3~ 'InvolJs. To this end we remind the reader that volJs = vdet DOTD® for
a function ® : R™ — R?, and we consider a free Hamiltonian system onto which a
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constraint ®(q) = £ is imposed by adding the confining potential

Wlo) = 5oy (Bla) ~ €)°

As before the spatial initial conditions gy = ¢.(0) are located in a tubular e
neighbourhood of ¥ = ®~1(¢). That is, we require ®(gp) — & = O(e) in order to
prevent the energy from diverging in the limit ¢ — 0. By expanding W, in terms of
the normal coordinates around the constraint manifold and repeating the calculation
from above, it is then straightforward to show that the Fixman potential W becomes
the potential of the limiting confining force perpendicular to X.

In molecular simulations, the Fixman potential is sometimes added to a
constrained Hamiltonian (e.g., with frozen molecular bonds) in order to mimic
unconstrained dynamics and to reproduce the correct statistics of an unconstrained
system [28]. By the way, the same can be done for Brownian dynamics [17]. However
as we have argued in the proof of Lemma 3.18 and in the last example (cf. Figure 9),
the convergence of the confined system to the limit system is often pathwise. That is,
by adding the Fixman potential to a constrained system do even approximate single
trajectories of the stiff, unconstrained system.

Remark 3.21. Let us shortly comment on the relevance of the connection 1-forms
wi(X) associated with the normal frame. There is one possible scenario where the
connection gives contributions to the average force, namely, if the embedded manifold
has singular points o. where n;(o.) = 0 for some of the normal vectors. In this case
wi(X) is different from zero, and in some \/e-scale neighbourhood of these points the
averaged dynamics will differ from the full solution. However it follows from Sard’s
Theorem that such points form a set of measure zero, and therefore the confinement
result holds whenever the reaction coordinate is sufficiently smooth.

3.4.1. Resonances in molecular systems For purely deterministic systems it is
well-known that eigenvalue crossings in the matrix K of the confining potential may
have large impact on the limit equation. It is an open question whether degeneracies of
the matrix K can affect the approximation capabilities of the stochastic limit system
as well. To address this question, let us briefly review the Averaging Principle for
almost integrable system as it appears in celestial mechanics. To this end we follow
the outline in [98] and consider the Hamiltonian H, = H(I,¢) that is assumed to
give rise to the following weakly perturbed system

I =cf(I,p,0) (3.87)

Sb = _W(I) +€g(Ia 9076) ) (388)
where I € R™ and ¢ € T™ (cf. equation (3.2)). In the limit € — 0 the I = (I1,..., 1)
become first integrals of the resulting vector field, where the condition I = I singles
out an invariant torus T™ with coordinates ¢ = (¢1,. .., ©m). For e = 0 the equation
¢ = —w(Ip) defines a conditional flow on the torus, which can be easily solved,

o(t) =po —wt, w=w).

Now assume that the right hand side of the slow equation is periodic for € = 0, i.e.,
fI,o+2m,0) = f(I,p,0). The time average of the slow equation is simply

1"
f(IO)_Tlgr;oT‘/o f(107S00_Wt70)dt7
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and is independent of pg. The classical Averaging Principle of Neishtadt [220] consists
in replacing the full system above by the spatially averaged system

F= e, JO) = g [ S0 0)d.

The last equality states that the conditional flow o(t) is such that in the limit ¢t — oo
the torus is uniformly sampled which excludes periodic orbits, for example. Basically,
replacing the time average by the spatial average requires that the components of the
frequency are non-resonant. That is, for all J € R™ we require (at least) that there
are no integer coeflicients k; € Z, such that

krwr (J) + ..+ kmwm(J) =0, Z|k|;£0 (3.89)

If, for instance, the two frequencies of a two—dlmensmnal harmonic oscillator are
related by w; = kwy with k& € N, then the system admits a periodic orbit with
ws = min(wy,ws). Hence the conditional fast flow covers only a one-dimensional
submanifold (namely, the periodic orbit) of the two-dimensional torus T2.

To see how the above problem is related to ours, consider the family Hamiltonians
H. with confinement potential as is obtained as the Legendre transform of the
Lagrangian L. in the last section. We shall restrict our attention to initial value
problems at constant energy (i.e., the microcanonical setting). The Hamiltonian reads

ez (K @)y.)

By construction, the conditional system of equations for frozen z is integrable. Hence
coordinates (I, ¢) exist, such that there is a (x, €)-parameter family of canonical (i.e.,
symplectic) transformations. The corresponding family of Hamiltonians is

L) =Y Ii(w ewi(x)

where the wy(x) are square roots of the eigenvalues of K(x), and I, = Ix(y,v; x,€).
Although (z,w)z.c — (I, )z, is a symplectic transformation when z is fixed, the full
transformation S : (z,z,p,w) — (x,0,p,I) is not unless we set € = 0 (note that
w = 0Hy/dI in (3.87) above). However we can compute the equations of motion with
respect to the pulled-back (non-standard) symplectic form, which of course becomes
e-dependent [221]. Enforcing the non-resonance condition (3.89) and letting e tend to
zero, one obtains an averaged system that is Hamiltonian with the energy [222]

1 1
Hf(xvyauvv) = 5 (u,u) + 5 <1},1}> + VM('I) +

Hy(x,p) = )+ Vi (a Z Trwi(x

1

2 <
Here the averaged action variables J, = I are constant and depend solely on the initial
conditions (z(0), y(0),v(0)) of the original system. Hence also in microcanonical setting

the confinement has the effect that an additional potential is added to the constrained
dynamics on T* M. This should be compared to the Fixman potential,

=" Jiwn(z) vs. Up(x) =51 nw(x)
k=1 k=1

noting that Uy depends on the temperature 1/3, whereas Wy only depends on the
scaled initial energy of fast system via the initial values (2(0),y(0),v(0)) which is
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easily explained by the different underlying ensemble concepts, i.e., canonical vs.
microcanonical; see the monograph [27] for a detailed discussion.

An interesting question is how resonances could affect the confinement result in
the molecular dynamics case. For the classical situation it is well-known [20] that the
approximation capability of the limit system is related to the exponent v > 0 that
appears in so-called Diophantine conditions

[ (k,w(J))| > cllk]|™", JeR* VkeZ\{0}.

That is, if for given 7 the measure of frequencies wy(J) that violate the Diophantine
condition is large (almost resonant regimes), the averaged system is likely to be a
bad approximation to the original dynamics. However the effect of the resonance also
depends on how long the system stays in the vicinity of an almost resonant set. If
the normal motion is generated by non-degenerate Ornstein-Uhlenbeck processes the
system is mixing and we expect no problems. However for a stochastic Hamiltonian
system or Langevin dynamics at low friction and noise the situation is less clear.

To determine the measure of the frequency set that violates the Diophantine
condition is a tedious and challenging mathematical task that goes far beyond the
scope of the present thesis (cf. the articles [223, 224, 225]). Therefore we will not take
up this discussion here, but we shall study the problem by means of an illustrative
model system instead. To this end consider a singularly perturbed potential which
constrains to a submanifold of codimension s = 2:

Ud(z,y) = —5 (A(2)y, y) A(I)_(al(x) ¢ )

2¢2 ¢ ax(r)

with a;(z) = (z £1)2 + A, and a coupling constant 0 < ¢ < 1. The additive constant
A > 0 is chosen such that A is a positive matrix (e.g., A = 2¢). The frequencies wy, are
the eigenvalues of A which are shown in Figure 10. The eigenvalues of A are \; = w?

3
Nr) = & (@) +as(z) | \/(a1 (z) — az(x))
2 4
Note that at « = 0 the eigenvalues are separated by a gap of width A\ = 2¢ (avoided

crossing). As ¢ — 0 the gap closes, and the system has a resonance wy = ws.

We compare the classical singularly perturbed Hamiltonian initial value problem
and compare it to the stochastic Hamiltonian system with randomized momenta. To
this end consider the three-dimensional model Hamiltonian

(A(®)y, )

2
+c2.

n 1
2 2V 2¢2
putting forward the equations of motion

1 1
Hé(xvyauvv) = —U2 + 5 <1} 1}>

Te = Ue

. 1

Ue = _@ <A(w€)yeaye>

. (3.90)
Ye = Ve

. 1

Ve = —6—2A(x€)y€.

The system is integrated subject to the initial conditions (x(0),y(0),u(0),v(0)) =
(T4, €Ys, Ux, V4 ). The associated limit Hamiltonian has the form

1
Hy(x,u) = §U2 + Jiwi(z) + Jowa(z)
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Figure 10. Eigenvalues of the matrix A: the dotted blue lines show a1 and a2),
whereas the red and green curves show the eigenvalues A\; = w% and Ag = w%. As
the zoom in the lower panel illustrates the eigenvalues exhibit an avoided crossing
at z = 0 with frequency gap A\ = 2¢ (right panel).

with the frequencies w;(z) = y/\;(x) from above and the action variables [222]

1 1 1
Ji = ) (§w12 + 5%2(:10*)212)
Here z = C(z4)ys, and w = 2, where C(x) € O(2) is the orthogonal matrix that
point-wise diagonalizes A(x) = CT (x)A(x)C(x). We start the integration of the full
Hamiltonian system (3.90) with initial values that are chosen such that the action
variables It (t) = I (y(t),v(t); z(t), €) satisfy I5(0) ~ 1 and I5(0) ~ 0. Then as ¢ — 0
we expect that the action variables uniformly converge to the adiabatic invariants,
I — Ji. As can be seen from Figure 11 the action variables remain almost constant
unless the system reaches the resonant regime around x = 0, where energy is suddenly
transferred from one normal mode (oscillation) to the other, such that the action
variables vary significantly. For fixed coupling constant ¢ > 0 between the oscillators
these non-adiabatic transitions become weaker as € decreases. In fact it is known that
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Figure 11. Jump of the action variables If(t) at the avoided crossing. It can
be seen that jumps occur exactly when the dynamics reaches = = 0. The
plots show the dynamics of the I (t) for ¢ = 1 (blue), ¢ = 0.1 (green), and
€ = 0.01 (red). All numerical simulations were carried out at constant step-

size h = 0.0002 using a symplectic Leapfrog/Verlet scheme with initial values
(2(0), 51 (0), 5*(0), u(0), v" (0), v*(0)) = (~1,0,¢,0,0,0).

non-adiabatic transitions occur in a y/e-neighbourhood of a resonance [226, 227].

Of course we have to keep in mind that we are not interested in tracing the Ij
but rather in approximating the slow variable x.(t) by the effective motion z(t) which
is generated by H ;. Here the situation is even worse, since once the system has passed
through the (avoided) crossing, though constant again, the values of the If have been
altered. Yet the limit Hamiltonian H is still the same with J; = I?(0) which is likely
not to capture the true dynamics after a non-adiabatic transition has occurred. Hence
the limit solution and full solution deviate more and more whenever the system passes
through the crossing (see Figure 12).

Now let us repeat the experiment for a stochastic Hamiltonian system with
randomized momenta. Of course it does not make sense to look at action variables
which are anyway stochastic variables, since they depend on the random momenta
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Figure 12. The approximation of the full solution with e = 0.002 by the limit
solution € = 0 becomes worse each time the system passes through a resonance
(crossing). The integration was carried out with step-size h = 1075 and initial
values (2(0), 4 (0), 42(0), u(0), v(0), v2(0)) = (~1,0,,0,0,0).

of the fast dynamics. Anyway there is no limit result which states that they should
become constant as e goes to zero. Nonetheless we may compare the slow motion z(t)
to the limit motion z(¢). A typical realization of the Hamiltonian system (3.90) at
the temperature 3 = 4.0 is shown in Figure 13. Apparently for relatively large € the
avoided crossing does not affect the dynamics at all. Even if we close the eigenvalue
gap by letting the coupling constant ¢ go to zero, the limit dynamics still approximates
the full dynamics (a typical realization and the corresponding Fixman potential for
¢ = 0.0001 is shown in Figure 14 below). Observe that the nascent resonance at z =0
induces an additional potential barrier that renders the system to be (though weakly)
metastable. Last but not least we illustrate the dynamics at various temperatures while
keeping e, ¢ fixed. We choose ¢ = O(y/€), which is typically considered the worst case
(e.g., see [228] and the references therein). For e = 0.01 we observe that for our test
problem the system full dynamics and the limit dynamics are almost indistinguishable
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Figure 13. Typical realization for the stochastic Hamiltonian system associated
with (3.90) for moderate coupling ¢ = 0.1. The simulations were performed using
a hybrid Monte-Carlo (HMC) scheme at temperature 8 = 3.0 with step-size
h = 0.0005 for the Leapfrog integrator choosing new momenta every 100 steps.
The lower panel shows a zoom into the upper one.

for various values of 3 (see Figure 15).

Certainly these short simulations are nothing more than illustrations of what
can happen in the presence of resonances or almost-resonances (avoided crossings).
However they should get the impression to the reader that the impact of resonances
on the limiting behaviour of appropriately ”thermalized” systems does not seem as
severe as for purely deterministic systems.

The reader may wonder if the Fixman potential Uy is just the average of the
deterministic potential Wy over all initial values with respect to the Gibbs distribution.
It is easy to see that this is not the case, for

Woa. ) = S wn(o) [ iy, 0)vi (dy.do) # Uao).
k=1

where the average is with respect to the Gibbs measure v, of the normal modes.
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Figure 14. HMC simulation for weak coupling ¢ = 0.0001 and € = 0.05. The
upper panel shows the corresponding Fixman potential for 3 = 3.0.

Remark 3.22. We take a brief look at Langevin dynamics in the limit of low friction
and moise which represents a particular case — even in the absence of resonances:
Consider the Langevin equation for the confinement problem. For o, scalar satisfying
the fluctuation-dissipation relation 2y = Bo? we have the equations of motion

Te = Ue

. 1 :

Ue = _ﬁ <A(xe)yea y€> — Yue + oWy

, € (3.91)
Ye = Ve

. 1 .

Ve = ——2/1(336)31€ — v + oWs.

€

We are interested in the quasi-deterministic limit v,0 — 0 with v ~ o2 (constant
temperature). For this purpose we introduce a scaling parameter 6 < 1 and we set
v = 6y and o = \doy. As before we dilate the normal coordinates according to
(y,v) — (ey,v), defining z = y/e (note that z and v are no longer conjugate variables).
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Figure 15. Typical HMC simulations for ¢ = 0.1 and ¢ = 0.01 at various
temperatures. Note that the limit and the full trajectories are virtually
indistinguishable. The lower panel shows the respective Fixman potentials.

On the microscopic (i.e., slow) timescale the Langevin equation now becomes

Te,§ = EUes
€

ﬁe,é = 3 <A($E,5)ZE,5; Zs,5> - 6570“6,5 + \/50'0‘/.[/1
2 (3.92)

735,5 = Ve,s
Vs = —A(Te5)2e,s — €0Y0Ve,5 + VeEdooWa.

Suppose the coupling constant ¢ > 0 is kept fized. Even then we are caught in
a complicated situation since there are two distinct scaling parameters, where the
limiting behaviour very much depends on the order of letting €,0 tend to zero, and
we have to consider certain distinguished limits. Roughly speaking, 6 — 0 brings us
straight to the deterministic world, and the description using the Fizman potential
becomes inappropriate, whereas letting € go to zero first amounts to the fully stochastic
situation. Therefore it is recommendable to couple the two scales in a way that € ~ §.
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Figure 16. Typical realizations of the slow variable z. s for the two-parameter
Langevin equation (3.92) with coupled parameters € ~ § (blue curves: full system,
red curves: limit dynamics for e = 0). The realizations indicate that for €,§ — 0
the averaged dynamics with the Fixman potential does no longer approximate the
full (quasi-deterministic) system. In contrast, taking the limit € — 0 while keeping
6 =1 fixed leads to the usual (stochastic) limiting behaviour which is also robust
in the vicinity of the avoided crossing.

Letting now €,d go to zero we see that friction and noise vanish at a higher rate
than the slow variable x.s freezes. Hence the assumptions underlying the Averaging
Principle fail, for the fast dynamics does no longer admit a unique invariant measure.
Accordingly we expect that the Fixman potential does not provide the correct limit
description for €,§ — 0, even far away from the avoided crossing.

Indeed the realizations shown in Figure 16 indicate that for e,6 — 0 the averaged
system of equations (3.84) with the Fizman potential does no longer approximate the
full (quasi-deterministic) system. In contrast, taking the limit ¢ — 0 while keeping
0 > ¢ fized leads to the usual (stochastic) limiting behaviour which is also robust in
the vicinity of the avoided crossing. We emphasize that these hand-waving arguments
can only provide restricted insight; a rigorous study of the two-parameter system
(8.92) requires profound knowledge of the system itself and careful analysis of the
distinguished limits which cannot be given here. For the method of distinguished limits
and perturbative multiscale expansions we refer to [229] and the references therein.
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3.4.2. Relations to geometric singular perturbation theory This whole
section has surveyed different techniques for the elimination of fast degrees of freedom.
All these techniques have in common that the fast degrees of freedom are averaged
out with respect to some particular probability distribution that is either the invariant
measure of the fast dynamics (Averaging Principle) or a prescribed probability
measure (optimal prediction). Here we shall briefly mention yet another approach
which proceeds by discarding (and hence disregarding) the fast variables, which is
reasonable under certain conditions. Let us consider a deterministic slow-fast system

#(0) = £ (0), (0,0
i(0) = Zo(e(0) y(0), ).

where ¢ < 1, and (z,y) € R? x R*® are slow and fast coordinates, respectively. So
far we have considered the limit € — 0, but the limiting equation clearly depends on
how the limit is reached. In fact by simply setting e = 0, the system degenerates to a
differential-algebraic equation of the form

() = fz(t),y(t),0)

0 =g(x(t),y(t),0).
Suppose that g is sufficiently smooth, such that the equation g(z,y,0) = 0 defines a
differentiable manifold M = ¢g~1(0). Further assuming that Dag(z,y,0) # 0 on M,

the Implicit Function Theorem states that we can locally solve for y = h(z). Upon
reinserting h into the slow equation we obtain the reduced system!”

x(t) = F(x(t)), F(z)= f(z,h(x),0). (3.94)

In some sense this restriction can be understood as averaging over the fast variables,
where the corresponding conditional invariant measure is singular with support on
M, ie., pz(dy) = dp(z,y). It has been shown [230, 231] that, if M is uniformly
asymptotically stable, then the full system (3.93) stays in a tubular e-neighbourhood
of M, such that it can be approximated by solving the reduced system (3.94).

The proper geometric description of the dynamics in the vicinity of the invariant
manifold M is due to Fenichel [232], who has shown that for sufficiently small e an
invariant manifold M. exist that can be parametrized by a formal series

€ =¢(xe) with &(x,€) = h(z) + ehy(z) + ho(x) + ... .
The corresponding reduced equations of motion for 0 < € < 1 then are
(1) :Fé(x(t))v Fe(.%') :f(‘rvg(xve)ve)'
For the general theory and conditions that guarantee convergence of the formal power

series we refer to the review [233] and the references given there. Nicely, the above
considerations can be generalized to stochastic systems of Smoluchowski type

(1) = £ (0) y(0) €) + oala(t), y(t), W (1)
i(0) = ala(t): (0).) + T=bla(0).y(0). OW ()

(3.93)

(3.95)

with 02 = 2/3. By applying the above arguments to the deterministic part in the
stochastic equations of motion, and imposing some non-degeneracy condition on the

"We call M uniformly (hyperbolic) asymptotically stable, if and only if all eigenvalues of the
Jacobian Dag(x, h(x),0) have negative real parts and are uniformly bounded away from zero.
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covariance matrix aa® of the noise it has been shown recently [130] that the sample
paths remain concentrated inside a tubular o-neighbourhood of M.. Under certain
conditions it is then possible to approximate (3.95) by the reduced stochastic system

#(1) = Fu(a(0)) + 0 Aa(0) 1 (1) (3.96)
with
F(x) = f(z,&(z,e),e) and A (x) =a(x,&(z,€),€)

The reduced equation provides an approximation up to the first exit time 7. from M,.
The approximation is of order o+/€(1 + x(t)), where x(¢) depends on the associated
deterministic system and is bounded whenever the deterministic system admits a
uniformly hyperbolic, asymptotically stable invariant manifold. In particular for e = 0
the reduced system gives simply the slow diffusion restricted to the invariant manifold
M = My that is defined by the algebraic equation g(x,y,0) = 0.

Replacing the full system (3.95) by the reduced system (3.96) in a controlled
manner involves many subtleties; in particular the first exit time 7. from the invariant
manifold goes to zero as ¢ — 0, and therefore the estimation for the approximation
error becomes useless. For the technical intricacies we refer to [130, 234].

Example 3.23. Reconsider our familiar confinement problem for a diffusion process
in R2. Using the scaling y = ez of the fast coordinate we have the system of equations

j75 - _8xv($€) - 8xw($€)w(175)2€2 + UWl
(3.97)

Ze = —6—2&12(905)25 + EO’WQ.

with the sharply-peaked frequency (see Figure 4)
w(z) =1+ Cexp (—a(z — 20)?) . (3.98)

The invariant manifold of the deterministic equation that is defined by the condition
z = 0 is clearly uniformly hyperbolic and asymptotically stable, for w(x) > ¢ > 0. For
fixed € > 0 the diameter of the invariant manifold M, is determined by the second
derivative of the constraining potential, and it becomes wider, if w(z) is large, i.e., the
potential is stiff, and it becomes narrower, if w(x) is small. This accounts for the fact
that for a stiff potential there is less spreading of trajectories. For e = 0 the reduced
system turns out to be the confined system (3.78), but without the additional Fixman
potential,

i?o = —8IV($0) + UWl .

As we have seen throughout several examples, the confined system including the
Fixman potential U = 3~ !Inw approximates the full dynamics rather well, and the
reader may wonder, if solutions of the last equation can do better. Figure 17 shows a
typical realization of the Smoluchowski equation above for small € versus the averaged
and the restricted dynamics. The plot clearly indicates that the averaged dynamics
yields the better approximation. Especially the long-term behaviour (the invariant
distribution) is not captured by the restricted dynamics at all.

Of course even for € > 0 the reduced equations on the invariant manifold M,
were never meant to approximate the long-term behaviour of the full system, since the
system is likely to leave M, after some time. Nevertheless we mention this approach, as
discarding fast harmonic and quasi-harmonic motions is quite common in molecular
applications; for instance, almost every popular molecular dynamics code imposes
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Figure 17. The upper panel shows typical realizations of the slow-fast
Smoluchowski equation (3.97) versus the averaged and its restricted limit
equation. The integration was performed using an Euler-Maruyama scheme with
step-size h = 10™% and initial values (x(0), 2(0)) = (x0,0) as is consistent with
the restriction to the invariant manifold M. The lower panel shows unnormalized
histograms of the slow coordinates. Notice that only the averaged system
reproduces the three metastable sets correctly, since the additional barrier at
x = 0.8 stems from the entropy contribution of the fast modes (cf. the discussion
regarding the entropy contribution of fast bond vibrations in Section 3.1.1).
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constraints on the fast bond vibrations without accounting for their contribution (given
by the Fixman potential) to the remaining system.

Spatial decomposition methods reconsidered If the invariant manifold M is
known from the outset there are plenty of methods to restrict a system to it. For
first-order systems and invariant manifolds that are linear subspaces of the systems’
configuration space a convenient route is the Galerkin projection: Recall the discussion

181n fact, this is not quite correct, since many molecular force fields are parametrized such as to
reproduce certain physical effects subject to frozen bond lengths or even bond angles [235].



from Section 2.4, and let z € R™ denote the original configuration variable. Denote
further by P the n X d matrix the rows of which span the d-dimensional subspace
M. Then PPTz € M, and we can introduce local coordinates 2 = P72z on M. The
Galerkin projection then consists in the projection of the full system

5(t) = f(2(0),1), = € R
onto the tangent space of M. That is,
i(t) = PTf(Px(t),t), € R®.

For mechanical systems one has to be more careful, since the Galerkin projection does
not preserve the Hamiltonian property of the system, even if it is written as a first-
order system. The canonical way to restrict a mechanical system to a submanifold
of its configuration space is by means of holonomic constraints [163]. That is, the
restriction of the equations of motion is obtained by, firstly, restricting the original
Lagrangian to 7'M and then, secondly, computing the corresponding Euler-Lagrange
equations. It clearly depends on the particular system whether the reduced equations
are really simpler to evaluate than the original ones. For example, if f = —gradV in
the equations above, where V' is the molecular potential, then the right hand side of
the reduced equations still requires the gradient evaluation of the full molecular force
field which is typically the most expensive operation in numerical simulations.

3.5. Summary and bibliographical remarks

This section briefly revisits the variety of different strategies that have been introduced
to systematically deduce reduced models for conformation dynamics of molecules
provided a suitable reaction coordinate is known.

Distinct notions of free energy Consider a molecule with configurations ¢ € R"
and conjugate momenta p € TyR™ = R". Let further ¢ : R" — R* be a smooth
reaction coordinate. If the molecular Hamiltonian is denoted by H = T 4V, then the
standard free energy is defined by the marginal density of the reaction coordinate,

F(§=-p" 111/Z . exp(—BH)(volJe) *dH ,

or
F() = —ﬁ_lln/ exp(—BV)(volJg) ' dog
P

which differs from the former only by an additive constant (recall that Jp = D®).
Here ¥ = ®71(¢) is the level set of the function ® that is defined by the equation
®(q) = &, where doe denotes its surface element. In contrast to that, dH¢ is the
Hausdorff measure of ¥ x R™ considered as a submanifold of R” x R™. By construction,
F captures the correct statistical weights between different conformations [1, 236].

There is yet another definition that is important in the context of transition state
theory [3, 4] which is based on the probability density of the surface ¥ C R",

G(O) =5 [ exp(-pH)ae.

or
G(&) = —5—1111/ exp(—BV)doe .
b
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We have termed this second type of free energy the geometric free energy, since it
depends only on the surface ¥ but not on the reaction coordinate ®. The difference
between the two free energies and implications thereof have been clearly stated for the
first time in the review [13]. The authors of [5] insist on calling only F' a proper free
energy, since GG is not a function of the reaction coordinate. However we think that
only G deserves the name potential of mean force, for only the derivative of G can
be written as an average generalized force as has been pointed out in Section 3.1.1.
Moreover unlike VF, only VG transform like a 1-form (i.e., a force).

By analyzing the different probability densities underlying the two free energies,
we recover the famous Fixman Theorem or the Blue Moon reweighting formula, that
allows for computing conditional expectations from constrained simulations [179, 71],

Es (f(g)(volJs(q))™")
Ex(volJa(q)) !

The leftmost expectation is a conditional expectation E¢(-) = E(-| ®(q) = ), whereas
the one on the right denotes the expectation with respect to the Gibbs measure
restricted to the fibre ¥ = ®71(¢), i.e., Ex(-) = E(-|¢ € X). The formula marks
the important difference between a function ® and a surface ¥ that is defined as
its level set: there are many functions that have identical level sets. Basically, the
Blue Moon formula can be considered an instance of Federer’s co-area formula [70].
Accordingly, the reasoning that leads to Blue Moon does not involve any reference
to an underlying dynamical system. Therefore, and in contrast to what is commonly
asserted, the formula holds whether or not the system involves momenta. Moreover the
relation is true for any configurational probability measure. As a straight consequence
F and G are related by the simple formula

F(&) =G(€) — ' InEx(volJgp) ™!

E¢f(q) =

Averaging for stochastic differential equations Consider the diffusion of a
molecule with configurations ¢ € R™ in the potential energy landscape V : R™ — R,

q(t) = —grad V(q(t)) + V26~ W (t).

Suppose we can arbitrarily speed up all variables except the reaction coordinate.
Basically this amounts to speeding up the dynamics along the fibres ®~1(¢) for all
regular values & of the reaction coordinate. Of course it is not possible to find a
global coordinate transformation so as to rewrite the above equation in terms of the
reaction coordinate and the remaining coordinates. However we can locally consider
the accelerated dynamics on each fibre ¥ = ®71(¢) and average the right hand side
of the equations of motion over the invariant measure vs, x exp(—GV)doe of the thus
accelerated dynamics. This yields an effective drift and noise orthogonal to each fibre.
In order to recover the global picture, we endow the state space that is spanned by
the reaction coordinate with an appropriate averaged metric

m(¢) = Ex(D®TD®) "1,
By this we obtain a reduced model for the dynamics of the reaction coordinate
€ = —grad G(€) +b(¢) + v/20~"a(€) W,

where grad G = m~!VG@ is the gradient of the geometric free energy, a is the positive-
definite square root of the inverse metric tensor m~!, and We denotes standard
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Brownian motion in RF (here, k is the dimension of the reaction coordinate). The

additional drift comes from interpreting the equation in the sense of Ito; it is given by
(&) = 571mjkrék

with F; . denoting the symmetric Christoffel symbols associated with the Riemannian

metric m. We emphasize that the derivation of the reduces system is based on an

arbitrary manipulation of the original model which is not unique.

In point of fact, there is yet another possibility to accelerate the dynamics
orthogonal to the reaction coordinate using a projection operator approach. This
amounts to a decomposition along the lines of the invariant measure of the system
(gluing together different conditional measures). For a single reaction coordinate the
authors of [13] derive a reduced equation that involves the free energy F'

€= h(€)IeF (&) + 671 0h(€) + V2B~ (W,
where the metric factor h is defined as the conditional expectation

h(€) = E¢||[Vo(q)]*,
which should be distinguished from the (constrained) expectation with respect to vs.
It is not obvious that the second equation really transforms like an It6 equation, as
it does not have the standard covariant form. However it has been demonstrated that
it is consistent with It6 formula under transformations of the reaction coordinate.
Since this is also true for the other reduced equation one could expect that the two
equations are equivalent. Intriguingly this is not the case, unless V& is a function of £
only. Then h = m™'. The difference can be explained by drawing upon to the different
decompositions into fast and slow variables (probabilistic versus geometric).

Optimal prediction and the Mori-Zwanzig procedure If the original system
is Hamiltonian the methods of choice can be subsumed under the name of projection
operator techniques. Unlike the ordinary averaging techniques these methods do not
explicitly rely on the assumption of time scale separation, and they take into account
that the configurational variables and their conjugate momenta are independent
variables (i.e., the equations is effectively second-order):

;  OH
1 _3pi

0H .
pi:—a—qi, 1=1,...,n.

Let us assume the system is appropriately thermalized, i.e., we consider a stochastic
perturbations of the original deterministic system, such that the system at temperature
T =1/ is ergodic with respect to the canonical probability measure p x exp(—GH).
Let ® : R — R* denote again a reaction coordinate with (yet unknown) conjugate
momentum O : R” x R® — R*. Then the conditional expectation
Ecy() =E(-|®(q) =& 6(q,p) =)

defines an orthogonal projection in the Hilbert space L?(u1), where E(+) is meant with
respect to u. Exploiting the best-approximation property of orthogonal projections,
one can show that the optimal approximation of Hamilton’s equations in L?(u) in
terms of £ and 7 solely is obtained by the projected equations of motion

. OF
j_ 2=
¢ on;
OF .
77]:_8_&7 jzlu"'aka
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where the optimal prediction free energy F (effective Hamiltonian) is defined by

E(¢,n) =—-8"1 hl/*z exp(—FH)dLe ,, .
Here dL¢ , is the Hausdorff measure of the submanifold ¥ x R"~* C R" x R" that is
defined as the level set of the reaction coordinate and its conjugate momentum.
The optimal prediction equations in Hamiltonian form are due to Hald and were
stated in [56]. We could show that the effective Hamiltonian FE relates to known
quantities as the geometric free energy G in the following intuitive way

1
E(&m) = 5 (I(&nm) + G(&) + O] -
The effective inverse mass is given by
1(€) =EsJ§ Jo

where the expectation is understood with respect to the constrained Gibbs measure
vy, «x exp(—FV)doe. Neither G nor I depend on the momentum variables. If the
temperature is low as compared to the atomic masses (i.e., § > 1) the Maxwellian
momentum distribution is sharply peaked around n = 0, such that we can neglect all
higher-order contributions and interpret the effective Hamiltonian in the usual way as
a sum of kinetic and potential energy. Doing so, the reader may wonder whether one
could recover the standard free energy by integrating exp(—GFE) over the momenta.
In fact, integrating out the momenta yields

[ exp(-pE)dn £ Coxp(~5P).

That is, the reaction coordinate distribution generated by the optimal prediction
system is not given by exp(—/SF') which is no surprise whatsoever, as we have neglected
all terms that are at least O(||n||*).

The Mori-Zwanzig procedure (e.g., [51, 198, 237] consists in decomposing the
Liouville equation that is associated with the Hamiltonian system into a part that
acts only in the direction of the reaction coordinate plus a remainder. To this end we
define the projection I = E¢ ,,, IT: L?(u) — L?(u). If (g(t), p(t)) denotes the solution
of Hamilton’s equations depending on initial values ¢ = ¢(0) and p = p(0), then the
generalized Langevin equation for a function f(¢) := f(q(t), p(t)) reads

Ouf(t) =TILf(t) + /O K(s—t)w(s)ds + w(t).

Here K is a friction kernel that makes the equation non-Markovian, and w is the
solution of an Volterra integral equation that is defined on the subspace orthogonal
to the reaction coordinate. The operator £ is the usual Liouvillian that is generated
by the Hamiltonian vector field. Although the various terms in the last equation have
appealing physical interpretations (drift, friction and noise) the equation is useless
without further assumptions and approximations. For example, if the Hamiltonian is
separable, explicitly containing the reaction coordinate and its conjugate momentum,
a (rather bold) approximation to the generalized Langevin equation is the so-called
t-damping equation, proposed by the authors of [202]. It reads

£(t) = n(t)
n(t) — VG(E(t) +ty(E(t)) - n(t),
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and it is the formerly introduced optimal prediction equation with a Markovian friction
term that increases with time. The symmetric and positive semi-definite matrix
describes configuration-dependent friction, and G is the geometric free energy (which
coincides with the standard free energy F' in this particular case). An alternative
equation, where ¢ in the friction term is replaced by a constant characteristic time
scale 7 is suggested in [55]. However in either case the system is dissipative and the
energy of the system quickly decays to zero (which is not true for the original system).

Systematic studies of the Mori-Zwanzig procedure are extremely rare; see, e.g.
[238, 57, 58]. Even worse, they rely on rather restrictive assumptions (e.g., separable,
quadratic Kac-Zwanzig Hamiltonian as in [60]) which considerably limits the usability
of the Mori-Zwanzig procedure.

Modelling fast degrees of freedom: Fixman potential A basic insight of
conformation dynamics is that once a reaction coordinate is well chosen, then the
remaining degrees of freedom are fast and have comparably small amplitude. This
leads to the idea to treat all unresolved variables as being harmonic, with a stiffness
matrix which may depend on the reaction coordinate. Consequently, we replace the
original molecular potential V' by a modelling potential

Vel ) = Vi () + 55 (C@),w)

where M is the configuration manifold that is spanned by the reaction coordinate,
(x,y) are local coordinates on the normal bundle NM, and C is a symmetric and
positive-definite matrix. The particular form of the V}; is open to choice; for example,
one can choose it as the restriction of the molecular potential to M. We have studied
the singular limit € — 0 of both the diffusion system or the Hamiltonian system,
while keeping the total energy finite. In either case the model potential constrains the
motion to the dominant subspace M giving pathwise convergence in most cases. The
averaged drift in the limit system stems from the effective potential,

V(z) = Var(x) + (28) tIndet C(x).

The rightmost term is the Fizman potential. It pops up when taking the limit € — 0,
and it describes the influence of the coupling between the (fast) oscillations normal to
M and the motion along M. Physically speaking, it accounts for the difference between
a constrained system and a very stiff (but unconstrained) system. This connection has
been established in [75] from the viewpoint of statistical mechanics; see also [28]. The
equivalent problem in the microcanonical ensemble goes back to [180] and [239]. For
a detailed discussion we refer to the textbook [240] or [98].

Furthermore the confinement mechanism provides a physical explanation of the
Fixman Theorem and the Blue Moon formula. Imagine, the dominant subspace
M C R"™ is determined as the level set of some function ¢ : R* — RF, ie,
M = ¢~ 1(0). If we impose the constraint ¢(g) = 0 by adding a strong potential,

k
Vo) = Var(@) + 57 D (0i(@)?

then the corresponding limit potential for ¢ — 0 has the familiar form
V(q) = Var(q) + B ' InvolJ,(q) .

Hence it turns out that the Fixman Theorem describes the difference between an
ideal constraint, i.e., a configuration submanifold M C R", and a penalty function
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¢ that is added to confine the system to the fibre M = ¢~1(0). The analogous
relationship between the invariant constrained and conditional probability measures
has been exposed in the recent paper [17], where also a strong convergence proof for the
confinement of diffusion processes is given. (The infinite energy scenario is discussed
in [219] for mechanical systems and in [241, 242] for diffusion processes.)

The confinement method can be viewed as a simplification of the former reduction
schemes that works for both stochastic differential equation models and (stochastic)
Hamiltonian systems. Especially the limit potential can be interpreted as a free energy
in a flat geometry, where the influence of the extrinsic geometry of M has vanished
due to the finite energy scaling (see Section 3.4). Moreover the stiffness matrix can be
freely chosen (modulo the condition that it be symmetric and positive-definite). Hence
the modelling potential offers some flexibility in setting up a reduced model by means
of parametrization. For alternative approaches that are built on fully parametrized
reduced models we refer to the recent preprints [41, 39].
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