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Coarse-graining of non-reversible stochastic differential equations:
quantitative results and connections to averaging
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Abstract

This work is concerned with model reduction of stochastic differential equations and builds on the
idea of replacing drift and noise coefficients of preselected relevant, e.g. slow variables by their conditional
expectations. We extend recent results by Legoll & Lelievre [Nonlinearity 23, 2131, 2010] and Duong
et al. [Nonlinearity 31, 4517, 2018] on effective reversible dynamics by conditional expectations to the
setting of general non-reversible processes with non-constant diffusion coefficient. We prove relative
entropy and Wasserstein error estimates for the difference between the time marginals of the effective
and original dynamics as well as an entropy error bound for the corresponding path space measures. A
comparison with the averaging principle for systems with time-scale separation reveals that, unlike in the
reversible setting, the effective dynamics for a non-reversible system need not agree with the averaged
equations. We present a thorough comparison for the Ornstein-Uhlenbeck process and make a conjecture
about necessary and sufficient conditions for when averaged and effective dynamics agree for nonlinear
non-reversible processes. The theoretical results are illustrated with suitable numerical examples.

Keywords: Coarse graining, Non-reversible diffusions, Conditional expectation, Effective dynamics,
Optimal prediction, Relative Entropy, Wasserstein distance, Slow-fast systems, Averaging principle.

1 Introduction

Modelling of complex systems by differential equations often leads to systems with large spatial dimension
and vastly different time scales. Prominent examples are molecular dynamics [2], metabolic systems [39],
turbulent flows [51] or climate systems [6]. The high dimensionality and the multiscale nature of the models
cause problems for the simulation over long times, and when solving control or data assimilation problems
that require many forward simulations of the system under consideration. Model reduction techniques are
a means to simplify the models so as to arrive at numerically feasible problems of lower dimensionality and
higher regularity (since typically highly oscillatory terms are eliminated).

In most situations, the quantities of interest (or: resolved variables) are the slow degrees of freedom that
contain information about the long-term dynamics whereas the fast scales or high-order modes are often
considered irrelevant for the long-term behaviour. Examples include conformational changes in biomolecules
[43] taking place within a time scale of milliseconds or seconds whereas the fastest motion, the vibrations
of the single atoms, happen within femtoseconds (107! second). Also in climate models, [40] for which the
interesting time scale are years, decades or even centuries, long-term processes like El-Nino or slow trends like
anthropogenic effects are coupled to fast-scale processes like the weather that changes within days or hours.
In most cases the dynamics of the resolved or slow variables is coupled to the dynamics of the remaining
ones, i.e. the equations for the resolved variables are not closed. Coarse-graining or model reduction are
umbrella terms for finding appropriate closure schemes to arrive at a closed system of equations of motion
for the resolved variables only, also called the effective dynamics.

Model reduction and coarse-graining techniques for dynamical systems can be roughly divided into two
categories: analytical or rational techniques that are (explicitly or implicitly) based on scale separation
and the existence of suitable small parameters and empirical or data-driven techniques that are based on
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(e.g. short) simulations of a full-scale system from which a reduced subspace and an effective dynamics
on this subspace is constructed. The first category comprises averaging and homogenisation techniques
for stochastic and deterministic ordinary and partial differential equations [58, 59, 62], but also control-
theoretic approaches, such as balanced truncation [27, 4] or interpolation-based methods [23, 11]. The second
category includes techniques like Proper Orthogonal Decomposition [65], Empirical Orthogonal Functions
[52] or methods that are designed for nonstationary problems, such as Dynamic Mode Decomposition [41]
or Lagrangian Coherent Structures [30]. In contrast to the first category, the second category methods
do not allow for easy control of the approximation error in the resolved variables, but there are of course
combinations of the aforementioned approaches, e.g. semi-empirical methods that combine homogenisation
with stochastic parametrisation of the reduced-order models [50, 22, 64, 42]. For an overview of various
model reduction methods, see [26].

A related idea, partly inspired by statistical mechanics and termed “optimal prediction” by Chorin and
co-workers, is to use best-approximations and close the equations by projecting them onto the resolved
variables in a way that is optimal, e.g. in a weighted least squares sense [18, 17] or in relative entropy
[67, 49]. The use of weighted least squares leads to conditional expectations as projection onto the space of
the resolved variables and thus resembles the exact coarse-graining approach proposed by Gyongy [28]. See
also [10, 12, 31, 33, 66, 70] for conditional expectation closures and their applications in molecular dynamies,
reaction kinetics and turbulence modelling.

1.1 Key observations

This paper is concerned with the coarse-graining of non-reversible stochastic differential equations (SDE)
with non-degenerate diffusion. Non-reversible diffusions play an ever increasing role in statistical mechanics,
with applications ranging from the variance reduction for Monte Carlo simulation [35, 20] to the modelling
of non-equilibrium systems such as polymer chains in a flow [55, 44] or stochastic modelling of turbulent
flows under shear stress [7, 56].

Coarse graining of non-reversible diffusions
To briefly describe the key problem addressed in this paper, consider the linear SDE

X} = —(Xf —aYf)dt + V2dW}, X§=u, (1)
edYf = —(YF +aX{)dt +V2edW?, Y§ =vy,

on X = R xR, where a € R is a parameter, and W', W2 are independent components of a Brownian motion
W = (WL, W?2). For 0 < € < 1, the second component is fast in that it makes O(1) excursions within a
time span of order €. The averaging principle (e.g. [25, Ch. 7, Thm. 2.1]) states that, for ¢ — 0, the slow
dynamics is essentially decoupled from the fast dynamics and can be represented by a system of the form

dX§ = —(X{ dt — ay},)dt +V2dW}, X5 ==, (2)
with y* being the solution of the auxiliary fast subsystem
dyf = —(yi +ax)dt +V2AW?, g5 =1y. (3)

for fixed . Since y;/. converges to a Gaussian with mean —ax and unit covariance for any fixed ¢t as ¢ — 0,
the averaging principle states that we can replace y® in (2) by its mean in the limit € — 0 and obtain

dXt = —(1+042)Xtdt+\/§th1, XQ = X. (4)

The convergence X¢ — X is pathwise and uniformly on [0, 7] for any T > 0. The key ingredient to prove
convergence is that the fast subsystem (3) is exponentially mixing with unique invariant measure for every



fixed = (here: a Gaussian measure on the real line). No assumption whatsoever regarding the invariant
measure of the joint process (X¢,Y?) is needed.

Now consider the joint process (1), which for every fixed £ > 0 has a unique Gaussian invariant measure
e = N(0, K¢), with K€ being a symmetric positive definite 2 X 2 matrix (see, e.g. [54, Sec. 2]). We seek an
equation for X< only. Clearly, the first equation in (1) depends on Y for every € > 0, but we may close the
equation by assuming that (X¢,Y¢) ~ u° and replacing Y¢ by its conditional expectation given X<, i.e. by
replacing the right hand side of the first equation in (1) by its best approximation in the space L?(X, 1)
as a function of X¢. This closure can be justified by the observation that for any square-integrable random
variable G = G(X,Y), it holds that

E(G|X)= argmin E((G-2)% (5)
ZelL?,Z=7(X)

where E denotes the expectation with respect to u°, and Z = Z(X) means that Z is measurable with
respect to the o-algebra generated by X. It follows by completing the square in the joint Gaussian density
of (X©,Y®) that the conditional mean of Y¢ given X¢ is given by

E(Y®|X%) = K3, /K7, X°, (6)

where K7, and K7, are the first diagonal and the off diagonal terms of the covariance matrix K*°. Replacing
Y® in the first equation of (1) by its conditional mean, we obtain an effective equation for X¢, namely

dX; = —(1 — aKS, /K5, X dt +V2dW} . X5=ua (7)

which in general differs from (4); for example for ¢ = 1, we have K;;l = 0 and thus the conditional mean
is 0. As a consequence, the averaged dynamics and the effective dynamics that is obtained by conditional
expectation closure are different in general. Note, however, that they agree in the limit ¢ — 0, since
E(Y¢| X =z) - —azx as e — 0.

Despite the positive result that the two dynamics coincide in the limit ¢ — 0, it should be clear that there
is a fundamental difference between the two methods in that they rely on different assumptions regarding
the invariant measure: averaging assumes that the fast dynamics Y has a unique invariant measure that
is reached exponentially fast when X¢ = z is held fixed, whereas the idea of the conditional expectation
relies on the existence of an invariant measure for the joint process (X¢,Y*). Typically, the exponential
convergence condition is enforced by a combination of uniform ellipticity and dissipativity conditions for
the fast dynamics (see e.g. [68, Sec. 2]), whereas no such condition is needed for the joint process in the
conditional expectation closure, unless one is interested in deriving sharp error bounds (in which case one
needs even stronger assumptions for the joint process that hold uniformly in ). As the example above shows,
the conditional probability and the invariant measure of the fast process need not be the same for finite e.

Reversible systems

We should mention an important special case, namely, when the dynamics is reversible, i.e. when the un-
derlying transition density satisfies detailed balance. For the situation at hand this is the case if and only
if & = 0 in (1), in which case the two equations decouple, and so Xf = X& = X, trivially holds almost
surely for all ¢ > 0 and all € > 0. This is admittedly a trivial situation, but to demonstrate that it is the

reversibility of the process that makes the difference, consider the following modification of (1):
X} = —(Xj — oY) dt + V2dW}, X5 =z, (8)
edYy = —(Yf — aX{)dt+V2edW?, Y5 =y,

with |a| < 1. The process solving (8) is reversible for all a € R, since the drift is of gradient form:

(St =~ (ovian):



with potential
1
V(z,y) = 3 (x2 — 2axy + y2) .

Moreover the potential is bounded from below if || < 1, in which case the joint process has a unique
invariant measure with density pu o exp(—V), independent of €. As a consequence, the equations for X
and X agree for all € > 0, since the conditional probability measure is the same as the invariant measure of
the fast subsystem. Therefore both effective and averaged equation yield the same approximation of the law
of X¢ on [0,7]. This is true for all gradient systems which is equivalent to saying that this is a feature of
reversible systems [61, Prop. 4.5].

1.2 Relevant previous works

As indicated by the literature above and the references therein, the question of coarse-graining has received
considerable attention. However the question of deriving quantitative estimates, especially in the absence
of explicit scale separation, is a challenging one, and there are so far only few rigorous results available (see
below). This is in stark contrast to the huge body of literature on the averaging principle for SDEs, for
which various weak and strong error bounds under various different growth and regularity conditions on the
SDE coefficients exist; see e.g. [37, 38, 25, 68, 62, 1] and the references given there.

First attempts towards the derivation of error estimates for conditional expectation closures have been
undertaken in [29] and [45]. While the work [29] by Hald & Kupferman is based on traditional Gronwall-type
estimates for Lipschitz continuous right hand side, the second work [45] by Legoll & Leliévre uses functional
inequalities of logarithmic-Sobolev type to give semi-quantitative estimates for the differences in the finite-
time marginals measured in relative entropy. The idea there, and also in this paper, is to exploit the fact
that, while the resolved variables are slowly evolving or almost constant, the remaining degrees of freedom
will reach their equilibrium distribution considerably faster, so that it is justifiable to replace these degrees of
freedom by their equilibrium statistics, i.e. by their conditional expectation (see also [31, 70] for the relation
between coarse-graining of reversible systems and thermodynamic free energy calculation).

When the SDE under consideration is reversible in a wide sense, which includes overdamped Langevin
dynamics with non-degenerate noise and underdamped Langevin dynamics with degenerate noise, quantita-
tive error estimates comparing finite time marginals have been proved in [45] for the overdamped Langevin
equation and in [21] for the underdamped equation under the assumption that the resolved variables are
affine functions of the state variables. Stronger results that are reminiscent of the pathwise error estimates
for averaging problems have been obtained in [46, 48] for stationary overdamped Langevin systems assuming
that the conditional invariant measure satisfies a Poincaré inequality. For systems with scale separation,
these results have been extended recently in [63] to the non-stationary case, using a forward-backward mar-
tingale method. Even more recently, pathwise estimates for non-reversible systems without explicit scale
separation have been proved in [47], however in a fairly restrictive setting when the resolved variable is an
affine function of the original coordinates.

1.3 Main results, novelty and outline

In this article we extend the aforementioned results in two ways. First, given a resolved variable that is
a (sufficiently regular) nonlinear function of the state variables, we prove error bounds for the finite time
marginals in relative entropy and the Wasserstein-2 distance for general non-reversible dynamics with non-
degenerate noise. Moreover we present an error estimate for the relative entropy between the path measure
of the effective dynamics and the marginal path measure of the resolved variable (under the full dynamics).
Although weaker than the pathwise estimates that have been obtained in [47], this will allow us to go beyond
the restrictive affine setting. Second, we will discuss the sharpness of these bounds in the presence of explicit
scale separation and, specifically, compare effective and averaged SDE dynamics.



The pre-limit relative-entropy error bounds that we prove are of the form (see Theorem 2.4, 2.11 and
Proposition 3.2)
H(pe|m) < Ae + B(e),

where H(p:|n:) denotes the relative entropy between the true finite time marginal of the resolved variable
(under the original dynamics) with probability density p and the finite time marginal of the effective dy-
namics, with probability density 1. Throughout this paper we will use the subscript as in p; to indicate that
this is the time-slice of p at time ¢. The above error bounds holds under the assumption that 79 = pg, where
A € (0,00) is explicit in terms of Log-Sobolev and Talagrand constants of the conditional density and the
full initial data. The second term, B(e) is uniformly bounded in & under mild assumptions and vanishes if
the diffusion coefficient is independent of the unresolved variables.

The Wasserstein-2 distance which although a weaker measure of error, is used to prove sharper error
estimates of the form (see Theorem 2.7, 2.13 and Proposition 3.4):

WQ(,ét; nt) S CeD(E)t\/ga

where the C, D(¢) € (0,00) and can be explicitly expressed in terms of the system coefficients, the constants
appearing in the Log-Sobolev and Talgrand inequalities of the fast subsystem, and the initial data (see
Remark 3.5 for bounds on D(e)). However, the path-space error bound that we obtain is not sharp as € — 0
(see Theorem 2.9 and Proposition 3.6):

H(ppo,ql710,4) < Ee+ F(e)t,

where pp and Djo4 denote the laws of the resolved process (under the full dynamics) and the effective
dynamics on C([0,t],X), and E, F € (0,00) can be explicitly computed, with F' having a finite, nonzero
limit as € — 0 and depend on how strongly the systematic drift of the resolved variable varies as a function
of the unresolved variables.

Novelty

Our results generalise the existing literature in various directions. We present time-marginal error estimates
starting with general non-reversible SDEs and nonlinear coarse-graining maps. Additionally we prove an
error estimate for the law of paths, which is the first such result for effective dynamics, and is important for
approximation of dynamical quantities such as mean first-passage times.

While averaging is a well understood and popular technique in multiscale studies, so far its connection
to coarse-graining and effective dynamics is not well understood. In this paper we explore these connections
in detail. Using our error estimates, we present new results for averaging of reversible SDEs with diffusion
coeflicients which depend on the full state space. To the best of our knowledge, these are the first quantitative
results in this general (diffusion coefficient) setting. We also present a detailed comparison of the averaging
and the conditional expectation approach in the case of (non-reversible) Ornstein-Uhlenbeck processes and
isolate sufficient conditions under which the two approaches agree.

Organisation of the article

In Section 2 we first introduce the problem setup and prove various error bounds in relative entropy and
Wasserstein distance for affine and general nonlinear coarse-graining maps. The results are then generalised
to slow-fast systems with two time scales in Section 3, and these are detailed for reversible nonlinear and
non-reversible linear diffusions in Sections 3.2 and 3.3. The theoretical results are illustrated with a few
numerical examples in Section 4. The article concludes in Section 5 with further discussions. The article
contains three appendices that record the proofs of the main theorems (Appendices A and B), and some
auxiliary results (Appendix C).



2 Quantitative estimates

In this section we consider the SDE
dZ, = f(Zy)dt +20(Z)dWy,  Z|i—o = Zo, (9)

where f : R — R™, o : R — R"*™ and W}, is a standard n-dimensional Brownian motion. The corresponding
Fokker-Planck equation for p; = law(Z;) is

615/) =-V- (fp) + VQ LYP, p|t:0 = po, (10)

with v = g0, pg = law(Zy). Here V? is the Hessian and A : B = tr(AT B) is the Frobenius inner product
for matrices.

Assumption 2.1. Throughout this section, (9) satisfies

1. (Regularity of coefficients) The coefficients f,o € C*. Furthermore, the diffusion matriz v € L (R™)
is positive definite, i.e. v(z)yT (x) > ¢Id,, for some ¢ > 0 independent of x € R, and therefore satisfies

0 < Amin(7y) == iEan" A(v(2)) < 400, (11)

where A(A) denotes the smallest eigenvalue of matriz A.

2. (Invariant measure) The SDE (9) admits a unique invariant measure! p € P(R™) which has a density
with respect to the Lebesgue measure, which we also denote by u.

Note that, by assuming the existence and regularity of the invariant measure we have implicitly assumed
certain growth conditions on the coefficients of (9). We avoid these technical details here to simplify the
presentation of the paper. Interested readers can see [15, Section 2.4, 3.2] for a detailed discussion on the
well-posedness and regularity of the invariant measure under fairly general conditions.

In the introduction we discussed the idea of coarse-graining or model reduction in detail. In practice,
coarse-graining is achieved by means of a so-called coarse-graining (CG) map (also called a reaction coordi-
nate in molecular dynamics)

E:R" — M,

which maps the full state space R™ onto relevant lower-dimensional class of variables encoded in a manifold
M. In this article we will consider the case when M is a Euclidean space, and use the notation z € R™ for
the full-state variable and x := £(z) for the coarse-grained (or: resolved) variable.

In what follows we divide our results into two parts. In Section 2.1 we focus on the case of linear CG
maps and prove the results comparing the projected dynamics to the effective dynamics. In Section 2.2
we consider the case of nonlinear CG maps. While the analysis is more involved in the nonlinear setting,
the proofs follow on the lines of the linear case and we only point out the main differences. Although the
linear setting is a special case of the nonlinear setting, we treat the linear case separately because classical
averaging falls under this category, and therefore in the latter half of this paper we will use the explicit
estimates available in the linear setting for further discussions.

2.1 Estimates for linear CG maps

In this section we focus on the case of a coordinate projection as a CG map, i.e.

E:R" > R"™, £(x,y) = x. (12)

LP(X) is the space of probability measures on space X.



Here z € R" and y € R™ with n = n, + n,. To this end, let us rewrite (9) using Z; = (X;,Y;) € R"=*™

dXy = f1(Xe, Vy) dt + V2011 (X, Vi) AW} + V2012(Xe, Y2) W,

(13)
AY; = fo(Xt, Y2) dt + V2021 (X, Yy) AW} + V2090( X1, Vi) AWE,

where f; : R® — R"™ . fo : R" — R™, ogy; : R® — R™ X" g5 : R® — R™X™ gy : R" — R™WwX",
022 : R™ — R™wX"v and W}, W2 are independent standard Brownian motions in R™= and R" respectively.

2.1.1 Preliminaries

We now introduce certain preliminaries and technical tools that will be used throughout this article.

Any ¢ € P(R™) which is absolutely continuous with respect to the Lebesgue measure on R™, i.e. d{(z) =
((z) dz, with density again denoted by ( for convenience, can be decomposed into its marginal measure

&4( =: ¢ € P(R™) satisfying dé(x) = {(z) dz with density

{(x) = Sy, (14)
and for any 2 € R™ the family of conditional measures ((-|z) =: {, € P(R™) satisfying d(,(y) = C.(v)dy
with density

z ¢(z,y)
¢(x)
Differential operators on R will be denoted by V, V-, V2, while the corresponding operators in R™* will be
denoted by V,, V.-, V2 (and similarly with subscript y for corresponding operators on R™).

We now introduce some notation for norms of vectors and matrices. We use |v| for the standard Euclidean
norm of a vector v, and |M| for the operator norm of a (possibly non-square) matrix M. For A € R¥** and
v € RF we set [v]% := (v, Av). For a matrix M € R¥*% the Frobenius norm is

k
M5 = trMTM = | M;;|*.
i,j=1
For a three tensor T € R¥*¥** e abuse notation and use |T'|r to denote the tensor norm induced from the

Frobenius norm for matrices, i.e. it is a mapping from (R¥,|-|) to (R¥** |- |r). Precisely it can be written

as
k

TIE = Y [Tl

i\j,0=1

Next we introduce the relative entropy and the Wasserstein-2 distance. For two probability measures
¢,v € P(X), the relative entropy of ¢ with respect to v is defined as

d¢ .
H(Cl) = /Xln <du) dc¢, if ( K v,

0, otherwise.

Relative entropy is not a metric since it is not symmetric and does not satisfy the triangle inequality. However
it satisfies (see for instance [3, Section 9.4])

H(lv)>0 and H({lv)=0 <= (=v, (-almost surely.

Furthermore by the Cziszar-Kullback-Pinsker inequality, it bounds the total variation norm || - ||y from

above via
¢ = vty < V2H(CIv).



For two probability measures ¢, v € P(X) with bounded second moments, the Wasserstein-2 distance is
1/2
Ws((,v) = inf 21 — 2|2 dO(z1, 2 ,
o) =, int ([ Jo b dben.))

where ©((,v) denote the set of all couplings of ¢ and v, i.e. for any Borel set B C X
/ dO(z1,22) = ((B) and / dO(z1,22) = v(B),
BxX XxB

The Wasserstein-2 distance is a metric on the space of probability measures with bounded second moments.

As mentioned in the introduction, in this paper we assume that the conditional invariant measure satisfies
the Log-Sobolev and the Talagrand inequality, which we now define.

Definition 2.2. A probability measure v € P(X), where X C R™ is a smooth submanifold, satisfies

1. the Log-Sobolev inequality with constant arsy if
1
V¢ € P(X) with { K v: H(Cv) < ——R(|v).
2081
For ¢,v € P(X), the relative Fisher Information of { with respect to v is defined as

d¢ _ d¢ .
R(C) = /X o d¢, if ( < v and Vin (du) € L*(X;(),

0, otherwise.

2
Vin

2. the Talagrand inequality with constant ar if
9 2
W; (G v) < —H(().
aT1

The notion of V in the definition of the Fisher Information depends on the manifold X. For X = R"
this is the usual gradient, while on the level-set of &, i.e. X = R"v, we use V,. Furthermore the Log-Sobolev
inequality implies the Talagrand inequality such that the constants satisfy 0 < apgr < a1 (see [57] for
details).

Finally we state the entropy-dissipation identity for the Fokker-Planck equation (10), which we rewrite
as

Orpr =V - (pt {f+V'7+vV10gu+vV1othD ;
where p is the invariant measure, and therefore we find

d
—H(ps|p) :/ <1+logpt> V. (pt {f+V-’y+7Vlogu+'yVlogpt})
dt Rn 1% 1%

=—/ V(logigvv(logif)pt—/ V(logif)pt[erV-erWlogu]

2 2
:f/ Vlog&

Mvpt/HV(Zt>[fu+V~(w)]—/n Pt-

5
To arrive at the final equality we first apply integration by parts and then use the fact that p is the invariant
measure. Integrating in time, we arrive at the entropy-dissipation identity for any ¢ > 0

Vlog&
I

Mol + [ Ro(puliyds = o), (16)



where R (-, ) is the y-weighted Fisher Information given by

R(cv) o= [

These formal calculations which assume smoothness of the solution to (10), can be generalised to allow for
weaker notions of solutions using approximation arguments as in [14].

d¢
Vin @

dc.

2
y

2.1.2 Projected and effective dynamics

Using Ito’s formula along with V& = (1,0), V2¢ = 0 (recall (12)) and f = (f1, fo),y = (’7}’11 ;12>, we find
21 722

d&(Z:) = f1(Z)dt + \/2711(Z)d By, (17)

where By is the standard Brownian motion in R™* given by
dB, = (711)_1/2(0117012)} (Z4) - dWy, (18)

with W; = (W}, W2). The projected dynamics (also called the coarse-grained dynamics in [21]) is the closure

of £(Z;), which solves
dX, = —F(t, X;)dt +\/20(t, X;)d B, (19)

with the corresponding Fokker-Planck equation for p; := law(X;) € P(R"*) given by
Oip =V - (Fp)+ V3 : Tp. (20)
Here the coefficients F' : [0, T] x R — R, T': [0,T] x R™ — R™ *"= satisfy

Flta) = [ —hln)dpa). Do) = [ ) sl (21)

where p; , is the conditional measure corresponding to p; (recall (15)). A straightforward calculation (see for
instance [21, Proposition 2.8]) shows that p; = law(£(Z;)), i.e. £(Z) and X are exact in the time-marginal
sense.

Next, we define the effective dynamics as

dX, = —F(X,)dt + +/2T'(X,)dB;,

with the corresponding Fokker-Planck equation for 1 := law(X;) € P(R"*) given by
O =V (Fn)+V2:Tn. (22)

The coefficients F' : R"» — R™> T': R™ — R™=*"= gatisfy

F($> = /R"y _fl(w7y) dﬂw<y)7 F(‘r) :/R 711<$,y) dﬁw(y)’ (23)

Ty
where [i, is the conditional invariant measure.

Remark 2.3. In this article we assume that the CG map and the coefficients of the original dynamics satisfy
sufficient regularity and growth properties to ensure the well-posedness of the projected and the effective
dynamics. Following the strategy in [21, Sec. 2.3, 2.4] and general well-posedness results in [15], these details
can be made precise in the setting of this paper. For instance, the Lipschitz continuity of the effective
coefficients (and thereby the well-posedness of the effective dynamics) follows as in the proof of Lemma C.1
(with e = 1). However, to keep the presentation simple we skip these details here. O



2.1.3 Relative entropy and Wasserstein estimates

We now state the relative entropy estimate.

Theorem 2.4. In addition to Assumption 2.1, assume that

(R1) The conditional invariant measure fi,, satisfies the Talagrand and the Log-Sobolev inequality uniformly
in x € R™ with constant a1 and apsy respectively.

(R2) There exists k3 > 0 such that

|~F(x’y) _I_.(x’y/)h"*l”(x)
K3 = sup  sup - < oo
zERnz y,y' ER™Y |y -y ‘

where F : R™ — R¥ is defined as F := fi — V4 -y11 — (111 — ')V, log p.
(R3) There exists Ay > 0 such that

,: —1/2 B
Moo= || e 2om =D ||
Then for any t > 0
H(pulm) < Hlpol >+2(A2+“3‘)m< ) = Mo (24)
PtINt) = Lo|Mo /\min(’Y) H P Lo PtIL)],

where Amin (7y) s defined in (11) and p; = law(Z;) where Z; solves (9).

For a proof of this result see Appendix A. We now make some remarks about these assumptions.

Remark 2.5 (Functional inequalities). Assumption (R1) is the central assumption made throughout this
paper and we now discuss it in detail. Functional inequalities such as the Log-Sobolev inequality (which
implies the Talagrand inequalty) have been extensively used to quantify convergence to equilibrium. For
instance, consider du(z) = Z 'e~V(*)dz with normalisation constant Z, which satisfies the Log-Sobolev
inequality with constant aggr, and p; which solves the overdamped Langevin dynamics (which is ergodic
with respect to p). Then it is well known that p; converges exponentially fast in time with rate 2ag,gr to p
(see [9)).

Here we assume that the conditional invariant measure i, satisfies the Log-Sobolev inequality, which from
the observation above implies that any dynamics on R™ (with non-degenerate diffusion) which is ergodic
with respect to this measure converges exponentially fast to it. It must be stressed that since we do not know
the dynamics of the conditional measure, no statement can be made about its convergence behaviour and
therefore the Log-Sobolev assumption is purely technical. Consequently, while in certain simpler settings (see
for instance Proposition 3.13 on linear diffusions), one can connect this assumption to the global dynamics,
in general there is no clear interpretation.

The invariant measure p € P(R™) for (13) below can always be written in the form dp(z) = Z e V() gz,
where Z = [, e~U()dz is the normalisation constant with z = (x,y) for some potential U : R — R (recall
Assumption 2.1). The corresponding conditional invariant measure is

1

dpis(y) = = G e VW dy (25)

where U,(-) := U(z, -) for a fixed # € R"™. The normalisation constant Z(z) = [5., e~ dy is exactly the

R™y
marginal invariant measure. By the Bakry-Emery criterion (cf. [8]), the requirement that the conditional
invariant measure (25) satisfies the LSI inequality with constant argr follows if

VZUI(/!/) > arst Idny .
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uniformly in « € R™». This convexity requirement can be weakened to allow for bounded perturbations using
the Holley-Stroock result [34]. Furthermore, it is worth noting that

Vilao(y) ViV, Us(y)
ViU (z,y) = z royr >ald, = VU,>ald,, 26

o= (groticty etn) ) =1 U =2 acldn, (#6)
and therefore the conditional invariant measure satisfies the LSI inequality if the full invariant measure
satisfies the LSI inequality. It is indeed reasonable to expect that the full invariant measure satisfies a LSI
inequality, since assuming the existence of an invariant measure requires that e~V € L'(R™) which follows if
U has sufficient growth at infinity, and thereby could satisfy the Holley-Stroock result.

In the context of Theorem 2.4, the estimate (24) is sharper when the constant argy is larger, which
implies that a sharper estimate holds when we use a CG map such that the resulting conditional measure is
unimodal and concentrated on its level sets. This gives an alternative characterisation of a ‘good’ choice for
a CG map. O
Remark 2.6. The constants £y, Ay are the non-reversible counterparts of the corresponding constants in [45,
Theorem 3.1] and [21, Theorem 2.15]. The constant Ay; bounds the difference between the coarse-grained
mobility y1; = VEYVET and its average I' with respect to the conditional invariant measure fi,. Furthermore,
when 711 is a constant matrix, Ay = 0 and ky = ||[Vy f1]| L (rn), and therefore k4, can be interpreted as
the interaction between the projected dynamics (via its coefficients) and the level sets of £. Similar constants
also appear in the trajectorial estimates comparing the projected and the effective dynamics [47, Theorem
2.2]. O

We now state the Wasserstein-2 estimate comparing the projected and the effective dynamics.

Theorem 2.7. In addition to Assumption 2.1, assume that
(W1) The conditional invariant measure fi, satisfies the Talagrand and the Log-Sobolev inequality uniformly
in © € R* with constant ary and opsy respectively.

(W2) There exists kyy > 0 such that

Kw = sup sup |fi(z,y) — fi(z, )]

< 00. (27)
zER™x y y’ER™Y |y - yl|

(W3) There exists Ay > 0 such that

‘\/711(93#) - \/711(17,?/)‘
A = sup  sup 1

zERMz y,y' €ER™Y ‘y - yl|

< 00,

where | - | is the Frobenius inner product for matrices.
Then for any t € [0,T]
2 2
Ay + Ky

I ()~ A

W2 (peyme) < et (Wg(ﬁoano) +

where Cyy =1+ max{2|||Vmﬁ|F||2Lm(Rn), IIVeF ||| Lo (rr)} and Amin(7y) is defined in (11).

Remark 2.8. The constants kyy, Ay depend on how strongly the coefficients in (17) vary along the unresolved
variables on the level sets of the CG map. These constant are similar to their counterparts in pathwise esti-
mates (see for instance [47, Theorem 2.2]), which is to be expected since the proof of the Wasserstein estimate
follows a synchronous-coupling argument which is also used to prove pathwise estimates. Furthermore, note
that kyy, A are automatically finite if V/7, V f are bounded. O

Theorem 2.4, 2.7 quantify the error on time-marginals of the projected and the effective equations, and
therefore do not provide any correlation-in-time information. In the following section we present error
estimates on path measures in relative entropy.
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2.1.4 Error in path space

With Z; = (X;,Y;) € R%*+" we consider a special case of (13) with diagonal diffusion matrix o = (3 2)

o2

dXy = f1(Xe,Ys) dt + V20, (X¢) AW,

(28)
dY; = fo( X4, Vi) dt + V209(Xy, Vi) dWE,

where we use the same notation as in (13). Note that o is a function of X; only. We write v = (’61 % ) with
v = oot > Amin(71) > 0 and 7o = 0203 > Apin(72) > 0. In the following we use p = law((Xt, Y3)o<t<T)
and v = law((Xy, Y2)o<i<7) (see (29) below).

For a fixed T' > 0, our aim is to compare the law of paths p := law((X¢)o<t<7) € P(C([0,T];R"*)) with
U= law((X¢)o<i<r) € P(C([0,T];R™)), where the effective dynamics X solves

dX; = F(X;)dt +V20,(X;)dW}, with F(z) = fi(z,y) diie(y).
R"y

It is important to note that, as opposed to the last section, here we compare the effective dynamics directly

with X and not with the projected dynamics X (defined in (19)) since the two do not have the same law of
paths, i.e. law((X¢)o<i<7) # law((X¢)o<i<r). We now state the estimate that bounds the error in relative
entropy of the path measures p and ©. Note that p and # are the marginals of p = law((Xy, Yz)o<t<r) and
v =law((X¢, Yi)o<i<r) under the map &.

Theorem 2.9. In addition to Assumption 2.1 assume that

(P1) The diffusion coefficient of the slow variable Xy is independent of the fast variable Y, i.e. v1 = y1(x).

(P2) The first component of the drift fi is Lipschitz in y, with constant kyy, uniformly in x (recall (27)).
Furthermore, p; 5 has finite second moments uniformly in x € R™, t € [0,T], i.e.,

sup sup / ly|2dpi . (y) < 0.
te[0,T] veER"= JR™y
This implies that

Var(f1) :== sup sup /<f1(x,y)/fl(fc,y’)dﬁt,z(y’)>2 dpr,z(y) < oo.

te[0,T] z€R™=

(P3) f1 — F satisfies the Novikov’s condition, i.e. E[exp(fOT |f1— F\i,lds)] < 0.
1

Then
Var(f1) Ky

22min(71) 410,81 Amin (Y1) Amin (72)

H(plv) < H(polvo) + T H(polp),
where Amin(71) is defined as in (11).

Proof. Instead of directly working with p and ¥, we will compare (28) with an auxiliary system

dX; = F(X;) dt + V20, (X;) dW},

_ _ (29)
dY, = (X, Yy) dt +V205(X, Y1) dW7.

Using assumption (P2) we find
2
/ ( fl(xay/) - fl(xay) dﬁt,z(y)) dﬁt,m(yl) S / / (f1($,y/) - fl(xvy))z dﬁt,m(y) dﬁt,z(y/)
R™ R™y Ry JR"™y
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<y [ ] 0P ) dpa ) < 26y [ oPdpat) < .
Ry Ry Ry

and therefore Var(f;) < co. Using Girsanov’s theorem together with f(z) — f(z) = (177 we have

Hol) = .10 2] = (i) + &, [ (120~ Fizo) oawi+ § [ 1520 - Fizop al

dv 0

= Hlpolon) + 5, U112 - F(ZOR ] = H(pole) + / eIz - PR

< H(polvo) + ;/OT (Ept “fl(Zt) - F(Zt)ﬁyfl} +Ep “F(Zt) B F(Zt)‘?vflb dt,

where the last inequality follows by adding subtracting F (defined in (21)). The first term in right hand side

can be estimated using

) 1 : Var(f1)
- 2 | <———FE, |E; - 2} <
El)t [|f1(Zf> F(Zt)|,yl 1] = )\min('Yl)Ept |:E/’t,z|f1(Zt) F(Zf)| = )\min('YI)
Controlling the second term in the right hand side as in the proof of Theorem 2.7, we arrive at

Var(f1) K}y

H(plv) < H(polvo) + T
(pl) (Polo) 2Amin(71)  4aT10n,81Amin (Y1) Amin (72)

Using H(p|?) < H(plv) and 0 < H(ps|p) < H(po|p) we arrive at the final result

Var(f1) Ky

H(plo) <H vo)+ T
(PI?) < Hlpolvo) 2Amin(11)  4arrarstAmin (Y1) Amin (72)

Hpo|).

2.2 Analogous estimates for nonlinear CG maps

(H(polp) — H(pelp)) -

In the previous section we focussed on the case of coordinate projection as the CG map, which considerably
simplifies the notation and the results since the level sets in that case are lower-dimensional Euclidean spaces.
In this section we will focus on nonlinear CG maps, in particular we generalise the results to the following

setting.

Assumption 2.10. Throughout this section we assume that
1. (Regularity) € € C*(R™;R¥) with V& having full rank k.

2. (Bounds) There exists constants C1,Cy such that VEVET > Cy 1dy, and |VE| < Oy.

2.2.1 Preliminaries

We now briefly discuss a few notations that will be used in this setting. As in the previous section we use
z € R™ for the full-state variable and z := £(z) € R* for the coarse-grained (or: resolved) variable. For any

z € RF we use
Y, ={2€R":&(z) =z},

for the level set of £&. For any such X, there exists a canonical intrinsic metric dsx,_, which for any 21, 29 € 3,

satisfies

1
ds, (21, 22) = inf{/o glds = g € C1([0,1],%,), g(0) =21, g(1) = 22}.
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We use V& € REX™ for the Jacobian, G := VEVET € REXF for the metric tensor and Jac ¢ := v/det G for the
Jacobian determinant of £. The Jac¢ is uniformly bounded away from zero due to the assumptions on &.

Since we are working with a nonlinear &, the formulation for the marginal and conditional probability
measures takes the level sets into account. For any ¢ € P(R™) which is absolutely continuous with respect
to the Lebesgue measure on R™, i.e. d((z) = ((z )dz with density again. denoted by ¢ for convenience, can
be decomposed into its marginal measure £4( = : ¢ € P(RF) satisfying d((x) = ((x)dx with density

2oy HF(dz)
)= [ €O g (31)

and for any » € R* the family of conditional measures ((:|X,) =: (, € P(X,) satisfying d(.(z) =
Cu(2)dH™*(2) with density
o0 C(®)

“) = e sace)

Here H" ¥ is the (n — k)-dimensional Hausdorff measure which is defined on %,.

(32)

As before, differential operators on R™ will be denoted by V, V-, V2, while the corresponding operators
in R* will be denoted by V., V-, Vfc. We define the surface gradient on X, as

Vs, = (Id, -VeTG VeV

As in the last section, in this section we will assume that the conditional invariant measure satisfies the Log-
Sobolev and the Talagrand inequalities defined in Definition 2.2, with the crucial difference that X = 3,
and therefore the gradient in the Fisher Information is the surface gradient Vs .

For any ¢ : R” — R, we define ¢¢ : R¥ — R as

dHe*
€0 .
o= [ oS
Similarly for any matrix-valued function B : R® — R¥*¥ we can define B® component-wise as above. For
any R"-valued random variable X with law(X) = ¢(2)dz, we have law(£(X)) = ¢¢(z)dz. The derivatives of
these objects will play a crucial role in the following, and are given by (see [21, Lemma 2.4] for proof)
der k derfk
acé Jacg

V¢S () /v (pG~ 1vg) , V. Bz /v (BG~'V¢) (33)

2.2.2 Error estimates

Since we are no longer in the linear setting, V2¢ # 0 and therefore the coefficients of the projected and the
effective drifts differ from the previous section. Using It6’s formula we find

dE(Zs) = (VEF + 7y : V2E)(Ze)dt + 1) 2(VEYVET)(Z4)d By,

where the Brownian motion B; in R¥ is defined by
aB, = [(VeyveT)2Veo| (21) - W,

The corresponding projected and effective dynamics are given in (20) and (22), with the corresponding
coefficients given by

F(t,z) = /E (=VEf —7: V) (2)dpra(z), T(t,x)= /Z VEYWVET (2) dpy o (2),

F(z) = / (V&S — 7 V2€) () dfialz),  T{t,x) = / VeVET (2) dia (2).

x

We now state the relative entropy estimate.
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Theorem 2.11. In addition to Assumptions 2.1,2.10, assume that

(RN1) The conditional invariant measure fi, satisfies the Talagrand and the Log-Sobolev inequality uniformly
in x € RF with constant ar and aps respectively.

(RN2) There exists kg > 0 such that

|F(2) = F(2)|r-1/2(a)
Ky = sup sup y < 00,
rERFK 2,2/ €5, dEz (Z, z )
where F : R™ — R* is defined as
F=VEf +7: V2 -G 'VEV - (VEVET) — (VEVET —T) [V (GT'VE) + G'VEV log ],
and dx., is the intrinsic metric defined on the level set 3.

(RN3) There exists Ay > 0 such that

Ay = H ’F71/2(v§7V£T — F)(V§V§T)71/2’ HL (R™) =
Then for any t > 0
2

M) < Wb + 5 (¥ + ) () — oo,

QATIOLST

where Amin () is defined in (11).

For proof of this result see Section B. The object F is connected to the notions of free-energy and
mean-force, which we discuss in the following remark.

Remark 2.12 (Connections to free energy). The object ['"'F is the counterpart of the local-mean force
encountered in free-energy calculations [19]. To see this, let us consider the overdamped Langevin setting
with f = —VV, v =1d,, u = Z 'e”V. Then we find

F=-VEVV + AL -V (GG'VE) — GG'VEVIog p — T [GTIVEVV — V- (GT1VE)]
=-T[G7'VEVY -V - (GT'V9)],

and therefore 7 = —T'N where N is the local mean force i.e. it satisfies =V, log fi(z) = [, Ndji, (see [21,
Eq. (2.19),(2.20)] for the proof of this final equality). O

We now state the Wasserstein-2 estimate in the nonlinear setting.

Theorem 2.13. In addition to Assumptions 2.1,2.10, assume that

(WN1) The conditional invariant measure fi, satisfies the Talagrand and the Log-Sobolev inequality uniformly
in x € R* with constant arrr and apsy respectively.

(WN2) There exists kyy > 0 such that

Ulz) — ’
o DU
2ERF 2,2/ €Y, ds, (Z, Z’)

where U(z) := (—=VEf — v 1 V) (2).
(WN8) There exists Ay > 0 such that

< 00,

VVEVET ) — VEVET(F)
A = sup sup £

< o0,
zERFk z,2/€X, dzx (Z,Z/)

where | - |F is the Frobenius norm for matrices.
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Then for any t € [0,T]
Ay + K3y
Q10181 Amin (7)

WE (i) < €Ot (w§<ﬁo,no> N (H(pol1) — H(mu)])

where Cyy := 1+ max{2|||Vx\/f|F||2m(Rn), [V F[||poe(Rr)} and Amin(7y) is defined in (11).

We skip the proof, since it follows on the lines of Theorem 2.7.

3 Scale separation and averaging

In the previous section we presented error estimates comparing the projected and the effective dynamics.
In this section we discuss the asymptotic behaviour and sharpness of these estimates in the presence of
scale separation. Specifically we focus on the case of averaging in SDEs with diagonal diffusion matrices.
We first write the effective dynamics and state the time-marginal estimates derived in the last section in
the averaging setting for a fixed value of the scale-separation parameter. We then study the asymptotic
behaviour of these estimates in two specific examples — reversible SDEs in Section 3.2 and linear diffusions
in Section 3.3. Extensive literature has been devoted to the study of these averaging problems and in
Section 3.3, we compare our results with the existing averaging literature.

We consider the following SDE

dX7 = f1(X7,Y7) dt + V201 (X5, YS) dW/, Xi—o = Xo,

€ 1 £ € 2 £ € 2 (34)
AV = SR, Y7 ) db o+ Z0a(XE,YE) dWE, Yico = Yo,

With n = n, +ny, here X7, Y are random variables in R"#, R™ respectively, f; : R — R"=, fy : R" — R",
o1 : R® — R%Xne gy : R® — R™*"™ and W} W72 are standard independent Brownian motions in R"=
and R™. The parameter 0 < ¢ < 1 encodes scale separation, and thereby Y;° can be viewed as the fast
variable and X; as the slow variable. Following such a splitting, the natural coarse-graining map here is the
coordinate projection onto the slow variable, i.e.

§:R" = R™, {(a,y) =,

which is the CG map studied in Section 2.1. As stated in Assumption 2.1, we assume that (1) the coefficients
f€,7¢ € C*° and the diffusion matrix ¢ is positive definite, and (2) the SDE (34) admits a invariant measure
uf € P(R™). Here

fi 0 1
fa = <1f2 ) ’YE = (Z)l 75) y N = 0—10—{7 ’Y; = g’y% V2 = 0-20—;7 (35)
€

with f¢:R™ = R", 4* : R® = R"*" and n = ng, + ny. As explained above, the coarse-grained dynamics is
the slow variable £(Zf) = X7, and its law 5§ = law(X§) = law(£(Z5)) = xpf evolves according to

Op° = Vg (F5p°) + V2 : T°)°, (36)
where the coefficients ¢ : [0,T] x R" — R T :[0,T] x R" — R™*"= are

Fta) = [ —hGadiaw. T = [ i)

As before we have used pi , € P(R") for the conditional measure corresponding to p; under the mapping
&. The effective dynamics n; is the closure of the slow variable X; using the invariant measure and satisfies

the evolution
Oyn® = V- (Fo1°) + V3 - T, (37)
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where the coefficients F¢ : R"= — R" T'¢ : R"= — R X" gre

Fa) = [ —hlendic), @ = [ ),

with fi,, € P(R™) as the conditional invariant measure.

The entropy-dissipation result (recall (16)) in the current setting of (34) reads

d t t |2 lt
—’Hpnﬁ:—/na,fmds:—// ps_f//
g P = = | R (pilic) e

V. log %
7
To simplify the analysis, throughout this section we will assume that the initial datum is independent of €.

o2
Pt c
Vv, log *]; Pt - (38)
I
2
Before we proceed with writing the time-marginal estimates in this setup, we briefly recall the dynamics
of (34) in the limit of € — 0 (see [60, Theorem 4] for proof).

Theorem 3.1 (Classical averaging). Assume that for any fized x € R™, the fast dynamics admits an
invariant measure p € P(R™), i.e.

Vy - o, )pd ]+ Vi [ra(w,)ud] = 0.

Then law((X5 )o<t<T) 29, law((X?")o<t<r) weakly in C([0,T],R™), where X?' is the unique solution in

law of

AXP = F™(XI)dt + /2 (X )dWh, (39)
where Wy is a Brownian motion in R"=. The coefficients F*¥ : R" — R™ qgnd o® : R" — R"=X"= gre
given by

PY@) = [ A 2@ = [ i),

In what follows, we refer to the limit dynamics (39) as the averaged dynamics.

3.1 Error estimates for fixed € > 0

In the next three propositions, we recast the relative entropy entropy result in Theorem 2.4, the Wasserstein
result in Theorem 2.7 and the path-space result in Theorem 2.9 into the current setting for a fixed value of
e > 0.
Proposition 3.2 (Relative entropy). Fiz e > 0 and and in addition to Assumption 2.1 assume that

1. The conditional invariant measure [i5, satisfies the Talagrand and the Log-Sobolev inequality uniformly

in x € R™ with constant oy and of g respectively.

2. There exists k3, > 0 such that

Fe — Fe(y o N
K, = sup  sup 77 w) it )/|(r) V(@) < o0
zER™e y,y ER™MY ly =yl
where F¢ : R™ — R™ s defined as F¢ := f1 — V-7 — (1 — %)V, log u°.
3. There exists A5, > 0 such that 5, == || [(T%)71/2(y1 — T9)| HLOQ(R,L) < 0.
Then for any t >0

(A5)? (r5,)?
Amin (1) Q71,51 Amin (72)

H(EInE) < Hjolno) + ( ) H(polu®) — H(pE )], (10)

where Amin(B) is the smallest eigenvalue of matriz B.
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The proof follows on the lines of Theorem 2.4 upto (71), which gives

T T

/ / |h§|§rz),1dﬁ§dtg(AW(HT)/ / Cappan ()T <1+ )/ /
" TI LSI "

57 1+r// o ( n)’ <1+ )//

)\mm (71) n 5105 g1 Amin (72) n

Here h$ :== (F€ +V,-T°) — (F° 4+ V, f‘s) + (I° —T%)V, log . The final result then follows by choosing
£ \2
7= —205) Amin(n) ;‘"““(_’“) , using (38), and substituting the bound back into (66).
ATy s A% Amin (72)

p 05
Vﬂog Vy log—t dpidt

2
dpi dt.

Va log

Vy log

Remark 3.3. In the case when the diffusion coefficient of the slow variable X; only depends on the slow
variable, i.e. o1 = o1(x), it follows that I'® = ; and therefore A\yy = 0 and F = f — V,, - 71 is independent
of €. Thus, we arrive at the sharper estimate

(Fn)?

H(p;|m;) < H(polmo) + ¢
L 710 51 Amin (72

] [(H(polp®) — H(pi )]

where k4 is the Lipschitz constant of f — V, - v1. O

Proposition 3.4 (Wasserstein distance). Fiz e > 0 and and in addition to Assumption 2.1 assume that

1. The conditional invariant measure [i5, satisfies the Talagrand and the Log-Sobolev inequality uniformly
in x € R™ with constant oy and of g respectively.

2. The coefficients of the slow variable £(Z5) = X§ are Lipschitz with constants 0 < kyy, Ay < 00, i.e.

ww = Vil oy dw o= [ IVovile] oo

where the second norm above is the operator norm for the three tensor in R™= "Xy,
Then for any t € [0,T]

2 I€2
Ay T F ﬂHMWﬂ—HWMW> (41)

WA(E.) < e (WG, ) + e
TIYLSI/'min

where C5y, := 1+ max{2|||VE\/FE|F||2W(Rn), |IVeFe|||Lorn)} and Amin(71) is defined in (11).

The proof of this result follows as in the proof of Theorem 2.7 upto (75), which in this context gives

AE £ € A )\2 + K pi m(y) 2 —& AE
W3 (57, nf) < e“w! <W22(p0’770) + ( o af W)/ /R </R Vy <1°g s (y) ) dps., | (y)dps(z)ds
TIYLSI nx ™y x

et [ y2(a Ay tsly “W s _ ~
< e"wWh | Wi (po,mo) + € log = dps,z (y)dpS(x)ds
T10F g1 Amin (72) Rna R™ e s
2

. Ay
<eQWM§@mmo+e( +“W )/1/ (mg ) dpds
IaLSI min ’72 n 75
. A2, 2
SethWS(ﬁo,noHe( +"W ) / / (log ) dpsds.
Q71O 51 Amin (72) n ~E

Here the second inequality follows since V,p5(z) = V,i°(xz) = 0, the third inequality follows from the
disintegration theorem, and the final inequality follows by adding |V, log(pS/u°)[2,
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Remark 3.5 (Behaviour of Cf,,). By definition, to estimate Cf,, we need to show that the effective coefficients
Fe,T¢ are Lipschitz, which in turn implies that V,F¢, V,v/T¢ € L>(R") (since I'* is bounded away from
zero). In Lemma C.1 we show that this is indeed the case, when fi1,v; are Lipschitz and the invariant
measure V3, log u° € L>°(R™), and we have

1
IV F ey < Vel + 2=Vl 1172, og sy

A similar estimate holds for I'*. Therefore to estimate Cy,, we need uniform in € bounds on Viy log pu®, which
holds in the settings of (nonlinear) reversible and the linear non-reversible diffusions as we shall discuss in
the coming sections. Note that the estimates on V,F¢ V,I' in Lemma C.1 imply the well-posedness of the
effective dynamics as well (following the arguments in [21, Section 2.4]). O

Proposition 3.6 (Error in path space). Fize > 0, T > 0 and in addition to Assumption 2.1 assume that
1. The diffusion of the slow variable X; is independent of the fast variable Yi, i.e. 1 = y1(x).

2. The first component of the drift f1 is Lipschitz in y with constant kyy uniformly in x. Furthermore,
;.. has finite second moments uniformly in x € R"=, t € [0,T7, i.e.,

sup  sup / 2455 . (y) < oo
te[0,T) z€Rme JR™y
This implies that
2
Var(fy) == sup sup / (ﬁ(ay)— / f1(ff:7y’)dp§,z(y’)> 4% . (y) < oo.

te[0,T] xeR"=

3. f1 — F*© satisfies the Novikov’s condition, i.e. E[exp(fOT |f1 — F€|i,1ds)] < 0.
1

Then B )
Var'(f) Kyy
2Amin ('71) 4046T105i31)\min (’71))‘min (’72)

H(p"P) < H(polvo) + T H(polp®)- (42)

The proof is the same as before, with Apin(72) being replaced by Amin(72)/e.

3.2 Reversible diffusions

In this section we consider the case of reversible diffusions with diagonal diffusion matrix. As mentioned
in the introduction, this subclass has two distinct features. Firstly, the fact that the invariant measure,
and hence the corresponding LSI constant, are independent of e, which makes the asymptotic analysis
considerably simpler. Secondly, in our setting, the dynamics derived via averaging (see Theorem 3.1) and
the conditional expectation approach (see (23)) agree since the conditional invariant measure [i, is the same
as p2v for any x € R™ (recall Theorem 3.1). Therefore the conditional expectation estimates offer a new
insight into proving error estimates for averaging problems. It should be noted that this agreement between
the two dynamics is particular to the reversible setting and fails in the non-reversible setting as we shall
discuss in the next section.

To the best of our knowledge, the time-marginal estimates presented below (see (44), (45)) based on
earlier sections, are the first quantitative results for averaging in the general setting when the slow diffusion
coefficient depends on the full state space. However this analysis is limited to reversible SDEs.

Consider the SDE
dX7 = [~(mVaV)(XF,YE) + Vo - (X5, Y0 dt + V201 (X7, YE) AW, Xi—g = Xo,

1 (43)

2
dY; = — [=(72Vy V(X7 Y) + Vy - 72 (X7, Y9 + \/zaz(vaYf) AW, Yi—o = Yo,
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where V : R® = R, v; = 0,0] and the rest of the coefficients are as defined earlier. Under fairly general
growth conditions on V and using this compact form, it is easy to see that (43) admits the Boltzmann-Gibbs
measure

du(z,y) = Z e VEY g dy,

as an invariant measure, where Z = fR" e~V (*)dz is the normalisation constant. The projected dynamics
pr = law(X) evolves according to (36) with the coefficients given by

Fs(t7$) = /R" [’ylvxv_vz 71] (mvy) dﬁi,x(y% Fs(t,l‘) = /R'" 71(9579) dﬁi,x(y)

Since the invariant measure p, and therefore the conditional invariant measure fi;, are independent of €, the
same holds for the effective dynamics given by,

O =Vy-(Fn)+ V3 :Tn,

with coefficients

Fa)= [ VeV = Vel @ din@). T = [ () dis).

ny
Note that in this case fi, = p2¥ for any z € R"», where p2" is defined in Theorem 3.1.

The relative entropy result (40) in this setting is

H(piIme) < H(polno) + (Cr +eDay) Hpolp), (44)

where we have used H(p¢|p) < H(po|p) (which is a consequence of the entropy-dissipation result (38)), and
the e-independent constants are given by

_ 2 2
C - |||vy [F 1/2(71 _F)] |F||Loo(Rn) and Dy — H|F1/2va|||LOO(Rn)
" Amin(71) " T1OLST Amin (72)
The Wasserstein result (41) in this setting is
W3 (77, m) < e“ W (po, o) + eDwe™ H(pol ), (45)

where the e-independent constants are given by
Cw =14 max{2|||VaVT|r||7 0 mny; I Ve Flll Lo re)
2 2
. |||Vy [_’Ylvxv + V- ’Yl] |||Loe(Rn) + |||vy\/ 71|F||L°<>(R")

W=
QTIOLSTI Amin (V1)

The relative entropy estimate (44) is sharp only if Cy = 0 which corresponds to the case 71 (x,y) = T'(z), i.e.
the diffusion matrix of the slow variable is only a function of the slow variable y; = 71 (z) (recall Remark 3.3).
This issue does not appear in the Wasserstein estimate (45), which is sharp in the limit of ¢ — 0. However
the relative entropy estimate has a better behaviour in time since the relative entropy estimate applies for
any t > 0, while the Wasserstein estimate holds for ¢ € [0,T] (for any fixed T' > 0) due to the exponential
pre-factor.

3.3 Non-reversible linear diffusions
The introductory example in Section 1.1 already demonstrated that the coarse-graining method of averaging

(see Theorem 3.1) and the effective dynamics derived by conditional expectations (see (23)) can give different
results for finite €. In this section we state sufficient conditions under which the conditional measure g
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converges to the averaging measure p® in the setting of linear diffusions (see Proposition 3.9), which leads
to the convergence of the corresponding dynamics (see Remark 3.11 below). The conditions allow for a
degenerate diffusion matrix which has been excluded in all the preceding results. Before we state these
conditions, in the following remark we present a simple example where the dynamics derived from averaging
and conditional expectation do not agree even in the limit ¢ — 0.

Remark 3.7. Consider the following two-dimensional example

dXt = (*Xt+}/t)dta XO =20,
€
NG

The invariant measure of the fast process (which is independent of X;) is pu® = N (0, %) , and thus the
averaging principle yields

(46)

1
dY; = —Yidt + dW?2, Yo=vyo.

AXP = X2 dt, X2 = xq.

The process (X¢, Y:)¢>0 admits the unique invariant measure p® = N (0, K¢), where the covariance is

K¢ = 2(1;—5) 2(11-&-8) )
2(1+e¢) 2

Hence, the conditional invariant measure reads pS = N (J;, % — ﬁ) , and the effective dynamics are

given by _ _

dXtZOdt, X():l‘o.
This simple example shows that the two approaches of averaging and conditional expectation need not agree
even in the limit when dealing with non-reversible diffusions. O

In this section we consider linear diffusions which in matrix form can be written as

dX;\ _( Bu B2\ (X An 0 dw}
() = (1) ) (5 JeAn) \awz): ()
=:B*¢ =:A¢

where the constant matrices By; € R"%*" By € R%*™ By € R™wX"= By, € R"w*" A;; € R"=XN"a
Age € RwX™w and W}, W7 are standard Brownian motions in R™ and R™v respectively. The construction
of the effective dynamics requires the existence of an invariant measure for (47), which is ensured by the
following assumptions (note that A° need not be positive definite).

Assumption 3.8. Throughout this section we assume that for any e > 0

1. The matriz B € R™ ™ is Hurwitz, i.e. its spectrum lies in the open left-plane.

2. The pair (B%, A®) is controllable, i.e. rank(A®, BEA®, (B®)2A%, ..., (B5)""1A%) =n.

Then for any ¢ > 0 the SDE (47) admits a unique invariant measure given by a Gaussian u® € P(R™)
(see [5, Theorem 3.1])
ps ~ N(0, K°).

The covariance K¢ is the unique positive definite solution of the Lyapunov equation
BEKE® +K6(BE)T _ _AE(AE)T_

As before, the CG map £ : R® — R™ is the coordinate projection onto the slow variable X;, and the
conditional invariant measure for any x € R"= is also a normal distribution given by (see e.g. [24])

fig ~ N (mi(e), K°(e)),  mg(e) = K5, (K§y) ™ lwr, K9(e) = K5, — K5, (K5,) 7 K. (48)
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The coefficients of the projected dynamics pi = law(X7) (see (36)) and the effective dynamics n; (see (37)),
in this setting are I'* =1 = A11A1T1 and

Fe(t,x) = / [Buiiz + Bizyl dpy . (y), F(x) = / [Bi1z + Bioy] djis,(y) = (Bi1 + Bi2K5,(K5)) ™).
R"™y R™y

The relative entropy estimate (40) and the Wasserstein estimate (41), which hold under the additional
assumption that A® is positive definite, lead to

|(A11 A7) V2 By ?

Dy,
H(pglng) < H(p +e—"H °), with Dy = ' 9
(A5 Im5) (Polmo) At g (poli”) " Amin(A2247) .
A, g A D i -
WE (55, m7) < et <w§<po,no) + EO;;\;H(POWE)) with G5y = |Bu + BoK5,(KL) 7, (50)
TIVLSI
| Bao|?
Dy = N A AT\
w /\min(A22A52)
and the estimate for the law of paths for fixed T' > 0, with p° = law((X®)gc,<q), ¥ = law((X®) ., 1) 18
B Dep _ Varze (Bi2y)
(D) < H TC; —H *), with Czp = —=—, ol
(p°12) < H(polvo) + TCLp +€046T104i31 (polp”), with Crp 2Amin(A11 AT)) o1
| Bia|?

Dep =

Amin (A11AT)) Amin (A22A%,)

It may happen that u® becomes singular as € — 0, for example, in the system considered in Remark 3.7. In
this case the initial datum py should be adapted such that H(po|u®) < C, where C is independent of . This
can be achieved, for instance, by requiring that the initial datum pg(z,y) = p5(2)p5 o(v), depends on ¢ in
such a way that p5=°(z) = do, i.e. the initial condition for X has to be chosen as X = 0.

We now discuss the asymptotic behaviour of the right hand side of these estimates. First we give a
formal asymptotic proof for the ¢ — 0 limit of the conditional invariant measure zf,. This will be useful in
determining the limit of the effective dynamics.

Proposition 3.9. In addition to Assumption 3.8, assume that

1. The matriz Bay € R™v*™ js Hurwitz, i.e. its spectrum lies in the open left-plane.
2. The pair (Bag, Agg) is controllable, i.e. rank(Agg, BagAge, B3y Aga, . .. ,B;j’_lAgg) =ny.
3. Bi1 — 31232_21321 18 Hurwitz and the pair ((BH — 31232_21321) ,A11) is controllable.

Then for any x € R™ the conditional invariant measure [, it ./\/(732_21321%2), where the limiting
covariance is the unique positive-definite solution to the Lyapunov equation

Boy¥ + Bl = — A5 AL (52)

Remark 3.10. The final assumption guarantees that Kﬁ)) > 0 (see equation (57) and (59) below). The

first and second assumption guarantees that Kég) — KQ((P(KS))*K 8) > 0. Hence, together they guarantee
K= 111% K*© > 0.
E—

Note that the example presented in Remark 3.7 violates the assumptions above since Bs; = 0 and
A1 = 0. In particular by (56) and (55) it follows that K{?) = ng) = 0 which leads to a non-trivial change

-1
of the conditional mean m(e) = ( 2(1) (Kﬁ)) + O(E))x due to the order € terms in the covariance. [
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Proof of Proposition 8.9. Writing out the equation for K¢ in its different components yields the following
three equations

B K¢, 4+ BiyK5, + K$ Bl + K5,BL, = A1 AL, (53)

1
B11 K7y + B1a K55 + z (KlelBgl + Kf2B2T2) =0 (54)
Bo1K§y + By K5y + K5,Bj, + K5yByy = —AxnAl,. (55)

Due to the structure of these equations, we consider the following asymptotic expansion of K¢,
Ke=K©9 4 e KM 4 0(2).
Collecting the 1/ power terms in (54) we find that

0 0 _
K1(2) = _K£1)351322T : (56)

Case 1 By # 0: Plugging (56) into (53) and collecting the order 1 terms we find that
_ _ T
(B — BisBy'Ba) K + K\ (Bi1 — BiaBay'Ba1)' = —AnAf (57)

This, together with the assumption that ((311 — BlgBQ_legl) , A1) is controllable and (311 — BlgBQ_legl)

being Hurwitz, implies that K S) is invertible (cf. [69, Theorem 1.2]). Thus

(K1) ™ = (K3 + 2K+ 0() 7 = (50)) 7 = e(B)) Q) (KY) T+ O3, (58)
As a result, combining (56)-(58), we find for the conditional mean
mg(e) = K5 (Kf))™'e = (= By By + 0(e)) 2,

and therefore it follows that mS(g) — — By, Boix as € — 0. By (58) the conditional variance can be written

as
K°(e) = Ky — Ky (KWD) 'K + Oe).

At the same time, using (56), the order 1 term equation of (55) reads
0 0 0)y—1 7-(0 0 0 0)y—1 7-(0
322(K§2) - K2(1)(K£1)) 1K§2)) + (Kéz) - K2(1)(K£1)) 1K£2))B§2 = *A22A%127

ie., K°(e) — ¥ which solves (52).

Case 2 By; =0: By (56) By = 0 implies ng) = 0. Collecting the order 1 terms of (53) thus yields
B11K§?) + Kﬁ))Bﬂ = —An A7 (59)

which implies by our assumptions that K ﬁ)) is invertible and we get the same representation for its inverse

as in (58). Hence the conditional mean reads
¢ e (e \— D ()
m(e) = K51 (Kfy) o=« <K2(1) (K&)) +0(e) | =,

which goes to 0 as ¢ — 0 and thus agrees with the postulated mean. For the covariance we have that
K¢(e) = KQ(g) + O(e) and collecting the order one 1 terms of (55) we find

By K3y + K3y BE, = — A AL,

i.e., also the claim for the limit of the covariance holds true. O]
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In the following two remarks we summarise the ¢ — 0 behaviour of the objects studied in this section.

Remark 3.11 (Effective dynamics converges to averaged dynamics). The assumption that Bag is Hurwitz
and the pair (Baz, Agg) is controllable in Proposition 3.9) implies that the fast variable Y is ergodic for a
fixed value of the slow variable X; = x, and therefore using [5, Theorem 3.1] it follows that

,Ufiv ~ N(*BQ_;Blev 2),

where p2¥ € P(R™) appears in the classical averaging result (see Theorem 3.1). Therefore as a result of

Proposition 3.9, it follows that [, o0, uv for every x € R™, and consequently the effective dynamics
converges to the averaged dynamics and the result of Theorem 3.1 also applies to the effective dynamics
X;. O

Remark 3.12 (¢ — 0 behaviour of estimates (49)-(51)). Since the limiting covariance for the u¢ satisfies
lim._,o K¢ > 0 (recall Remark 3.10), it follows that the covariance for g is also uniformly bounded away
from zero (see (26)). Therefore by the Bakry-Emery criterion af g — « as ¢ — 0. for some constant o > 0
independent of . Since 0 < afg; < afy, we have agf < aj4; — a. This concludes the ¢ — 0 behaviour of
the time-marginal relative entropy estimate (49). For the Wasserstein estimate (50), we note that C5,, stays
bounded as € — 0 by using Remark 3.5 and noting that in this case \ng log pf| € L*(R™) (again using the
bounds on the covariance). For the law of path estimates we need to bound C%p. Since Bis is a constant
matrix, we only need to consider Varp: (y) = tr(Kf(e)) where Kf(e) = (Kf)a2 — (K§ )21 ((Kf)11) (K§)12,
which is well-defined since the time-dependent covariance for pi is well-defined. The latter follows because
of the bounds on the limiting covariance (see [53, Ex. 2.14] for an explicit formula of the time-dependent
covariance for pf). O

An interesting property of linear diffusions is that the LSI constant can directly be connected to the
coefficients of the system, a feature that we discuss below. While this bound is new, it does not offer any
additional control in the presence of scale separation, and therefore we present the result in the absence of
scale separation.

Proposition 3.13. Consider the linear SDE

where Zy = (X4, Y;) with Xy € R™, Y, € R™, n = ng +n,, and Wy is a m-dimensional Brownian motion.
Assume that the matrix B € R™ " 4s Hurwitz and and the pair (B, A) is controllable with A € R"™™.
Furthermore the eigenvector v associated to the largest eigenvalue Amax(K) satisfies v ¢ ker(AAT). Then

)\min(B + BT)
> — .
Q181 =2 Amax(AAT)

Note that while this bound directly connects the Log-Sobolev constant to the eigenvalues of the coefficients
of the full dynamics, it need not be sharp since in general Ay, (B + BT) need not be positive.

Proof. Following the assumptions on the coefficients, (60) admits an invariant measure p ~ N'(0, K) where

K solves the Lyapunov equation
BK + KBT = —AA”.

As in the rest of this section we assume £(z,y) = . Our aim here is to connect the Log-Sobolev constant
apgst for the conditional invariant measure fi, € P(R™) to the eigenvalues of the coefficients B, A of the full
dynamics. We will use o := Apin (K1) = 1/Amax (K).

The conditional invariant measure is explicitly given by fi, ~ N (KQI(K11)_1£E, Kc), where K¢ = Koy —
Kgl(Ku)*lKlg and we write K = (%1 %;) in the block-matrix form. Since [i, is a normal distribution,
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we have apgr = )\min(K;,}ld). Using the same idea as in (26), it follows that arsr > «. Multiplying the
Lyapunov equation from the left by v7 and the right by v we find

1
vIBKv +vTKBTv = —vTAATy <= —oT(B+ BT)v =v"AA v,
o

where we use that K ~'v = av < Kv = o~ 'v. This relation implies the required bound

vI(B+ BT)v _ Auin(B + BT)
>
vTAATY = Apax(AAT)

arsr > o =

O

In the following remark we briefly discuss a different scaling and present the corresponding error estimates.
We will use these results and this scaling to explain why the averaging and the effective dynamics do not
always agree (recall Remark 3.7) using the notion of degree of irreversibility in Section 5.

Remark 3.14 (Different e-scaling). Consider the multiscale problem

AXP\ _ (Bu B (XF) ., (VA 0 AW} (61)
avyg ) %BQI %Bn YF 0 ﬁAm dwg )’
—_——
=:B¢ —: Ac

and note that p = 0 corresponds to the usual averaging problem. The results of Proposition 3.9 as well as
the averaging result (see Theorem 3.1) still hold as long as p < 1. The relative entropy estimate (40) and
the Wasserstein estimate (41), which hold under the assumption A¢(A%)T > 0, now give

Cn : ‘(AllA{1)71/2312|2
SR 3 (polue), with Oy = ,
AT s (polp) " Amin(A22AL)

. c . D . _
W3 (p5,m5) < e“w! (sz(po,no) e OV; H(POWE)) , with Cyy = || B + B1a K5, (K5) 7Y,
TI“LSI

H(pElE) < H(polno) +&' 77

B 2
Dy = _ Buff —
Amin(A22A22)

It is interesting to note that the estimate in relative entropy is affected by the change in the e-scaling (visible
in e17P) as opposed to the Wasserstein estimate which scales linearly in ¢ as in the p = 0 setting. O

In this section we have focussed our attention to the setting of linear diffusions since it allows us to derive
precise conditions under which the averaging dynamic and the effective dynamics agree. In Section 5 we
conjecture that this agreement also applies in the general setting under related conditions.

4 Numerical comparision

In this section we numerically probe the sharpness of the time-marginal relative entropy bound (49) and
the path measure bound (51). Furthermore, we compare averaging to effective dynamics for finite values of
€ > 0, by computing relative entropy error for the time-t marginals and the law of paths. To this end, we
consider the following two-dimensional Ornstein-Uhlenbeck process (higher-dimensional averaging examples
yield similar behaviour and so, to keep the presentation simple, we only focus on this 2d example)

(ZQ B (1_/?1@ 5//@5)) (5) i+ ((1) 1/(1@) (%) : (62)
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2(6+7¢)  2(1+3¢)
The process (X§,Y;®) admits the unique invariant measure y = N (O, ( Sihe) atirrian )), whose condi-
33(1+e) 99(1+¢)

1+3e . 2(9+e(19+9¢))
6+7¢? 9(14¢€)(6+7¢)

The effective dynamics is given by

_ 3 3 /1+43)) <
Xe= (-S4 (22 ) Xear 1
IX; < 2+4<6+7€)) <t awl

tional for every x € R is given by uS = N (

9(1+¢)(6+7¢)
2(9+4e(19+9¢))

)7 with the Log-Sobolev constant afgq; =

with time marginal n; = law(X§). For given X{ = z, the invariant measure of Y is p2 = N (3, 1) and
the averaged dynamics read

4
dXPY =~ X dt + AW},

with time marginal " = law(X}V). Throughout we choose the initial condition (X§,Ys) = (0,0).

Error of the time marginals in relative entropy and comparison to averaging. We first illustrate
the time-marginal error bound (49) in relative entropy. For example (62), we find Dy = 9/16. We compute
max H(p|ng) for e € {100, 10~1,1072,1073, 10_4} and depict it in the left panel of Figure 1 on a doubly-

logarithmic scale (in red) together with the right hand side of (49) (in blue) and the error max H(pg|n2) of

the averaged dynamics (in green). We find that the error indeed scales linearly in € as given in the estimate
(49). There is a small difference between the effective and averaged dynamics for ¢ = 1, with the effective
dynamics slightly outperforming the averaged dynamics. Note, however, that for a different example or even
different initial conditions, averaging can also outperform the effective dynamics for ¢ = 1. Thus, a clear
judgement regarding which of the methods in general yields better results is not possible.

In order to clarify that this overlapping behaviour of averaging and conditional expectation is not due
to the particular choice of relative entropy as a measure of error, in the middle panel of Figure 1, we also
present the pathwise error E(sup,c( o) | X5 — X7|) (in red) and E(sup;c(o o [Xf — X2|) (in green). We have
used standard Monte-Carlo techniques to compute these pathwise results. Note that the for small £, this
error scales like 1/ which is reminiscent of pathwise averaging results (see for instance [46, Equation (61)]).

Being interested also in the time dependence of H(55|75), in the right panel of Figure 1 we plot H(p5|n5)
against ¢ for € € {100, 1071,1072,1073, 10’4} and observe that, at first it increases, but afterwards mono-
tonically relaxes to zero. This also clarifies that studying max H(p5|n5) as above is indeed reasonable.

0
10 0.03 —
1 —e=0.1
2 10 —¢=0.01
10 0.02 €=0.001
—¢ =0.0001
-4
10 0.01
1072
1076 0
1074 102 10° 1074 102 100 0 0.5 1 15 2
£ € t

Figure 1: Left: Plot of max H(p5|n5) (in red), max H(p5|n?) (in green) against &, and the right hand side

of estimate (49) (in blue). Middle: Plot of E(sup,c(o o) [ X — X£|) (in red) and E(supsepo o) [ X7 — X)) (in
green). Right: Plot of H(p§|nf) as a function of time for e € {10°,1071,1072,1073,107}.

Error in path space. Next we numerically illustrate the path-space estimate (51) for a fixed ¢ = 0.05.
We make use of H(p|v) being explicitly computable when p and v are path-measures of Ornstein-Uhlenbeck
processes (see Appendix C for details). Recall that, for T' > 0 fixed — we make the dependence on T explicit
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Figure 2: Plot of H(po,71|V0,77) (in red) and the upper bound in (42) (in blue) against 7', where pjo.77, V[, 7]
are the path-measures of (62) and (63) respectively.

now — ppo.r) is the path measure of (X7,Y)o<t<7 as given in (62) and vjo.7) is the path measure of (with
the choice £ = 0.05) B B

dX§ = —1.3642 XF dt + dW}!,
1
v/0.05
Figure 2 shows the explicit error H(pjo.7]|Vjo,7]) of the path-measures in relative entropy (in red) as a function
of T. The upper bound as given by the right hand side of (42) is presented in blue.

(63)

dY; = 10 X, — 30Y; dt + dW? .

Note that H(p|v) is an upper bound for the error of the marginals in X, i.e. H(p|v) > H(p|P) hence the
red line itself is an upper bound for the actual error of interest.

5 Discussion

Since the seminal work of Legoll & Leliévre in [45], mathematical coarse-graining and the notion of effective
dynamics has received considerable attention. In this article we generalise these ideas to the setting of non-
reversible SDEs and nonlinear CG maps and provide several time-marginal and law of path error estimates.
Furthermore, this work presents first results comparing effective dynamics derived via conditional expectation
to the averaging literature.

We now comment on some related issues and conjectures.

Congjecture on agreement of averaging and conditional expectations. In Proposition 3.9 we have presented
conditions under which g — p©3¥ as € — 0, which in turn implies the convergence of the corresponding
dynamics (recall Remark 3.11), in the setting of linear diffusions. We now discuss the condition under which
similar limit behaviour can be expected in the general setting as well. To this end consider the system (34)
with invariant measure u, whose associated generator £ can be decomposed into a slow and a fast component,

1 .
L= Low + g‘cfast with Lgowf = f1 - Ve +71: vi, Least = fo - vy + 72 vi

Recall that the measure p3" satisfies L£f, 15" = 0. We assume that the marginal and conditional invariant
measures admit formal asymptotic expansions of the form

po= 0’ +ep' +0(?) and fip = fiy + efi, + O(e®)

for sufficiently well behaved i°, at, a2, k.

We conjecture that if
Vo € R™ : (% (z) > 0, (64)

27



ie gl = ;1_I>r(1) [f has full support, then 5, — p3¥ as ¢ — 0 for any x € R"». Formally this follows since we
can write

p = i’ + e (g’ + pop') + 0(e?) .
Rewriting £*p® = 0 using this ansatz, the leading order, i.e. O(1/e), term is £, (i4a") = 0. Since L},
contains differential operators only in the y variable, it does not act on i° which depends only on z. Therefore

‘C:Fast(ﬂgﬂo) =0 < ﬂoﬁ?ast(ﬁg) =0.

Finally, observe that i°C}, 1% = 0, Vo € R™ implies that either £}, 1% = 0 or 4% = 0. If (64) holds, then
for any z € R™* we find

’C?ast(ﬂgﬂo) =0 & ‘C’?astﬂg = 0’
which is precisely the statement that the O(1) term of i agrees with p2v, i.e., is — p2v.

Degree of irreversibility. The difference between the examples given in (46) and (61) lies in the noise,
which is degenerate for the first example and non-degenerate for the second one. The parameter p in the
second example characterises how fast the noise becomes degenerate as € — 0, i.e. for larger p we will approach
the setting of the first example faster, whereas p = 0 will keep the noise non-degenerate. Remark 3.14 states
that for p < 1 the result of Proposition 3.9 still holds, i.e. averaging and conditional expectations give the
same result in the limit € — 0. Consider the following modification of (46) on the lines of (61),

dX; = (=X, +Y;) dt, +Ver dW},
1 1
dY, = ==Y, dt + — dW?2.
t et +ﬁ Wi

Using (48), the mean of the conditional invariant measure satisfies

(65)

z, p>1,

c _ X e—0 1 _
mx(g)_ 1_|_€p—1+5p §x7p_iv
, p<L

This means that for p < 1 we will find the same limit equations by averaging and conditional expectations,
whereas for p > 1 they differ.

This raises the question whether it is possible to link p to the degree of irreversibility of the dynamics, as
introducing irreversibility destroys the conformity of the two methods in the first place (see Section 3.2 for
a discussion of this). We now compute the degree of irreversibility for the modified system (65), and relate
it to the conformity of averaging and effective dynamics.

The degree of irreversibility can be measured by the entropy production rate given by the relative entropy
between the path-measure p[JB 7] of the forward process described by (65) and the path-measure of the

associated time-reversed process Plo, )" (For a definition of the time-reversed process see [32]; cf. [36].)

Computing the degree of irreversibility then gives

) 2 o0 >0
. 1 . B 2 e y P
Th—{réo T”H(p[o’TﬂP[o,T]) B eP(l1+e¢) 7 {27 p=0.

This indicates that the degree of irreversibility being infinite is necessary (but not sufficient) for the two
methods to differ, whereas a finite degree of irreversibility is a sufficient criterion for their conformity. This
insight regarding degree of irreversibility offers another viewpoint on the conformity of these techniques.

Estimates when the slow process is deterministic. A crucial assumption made throughout this work (and
most works on effective dynamics) is that the diffusion matrix is non-degenerate. In particular this means
that both the slow and fast part of the system are SDEs, thereby excluding the case when the fast variable is
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an ODE. However the averaging literature provides ample results for such systems. The question of proving
error estimates comparing the deterministic slow variable and the effective dynamics, however, is still open.
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Appendices

A Proofs for the linear CG map estimates

We first prove the relative entropy result for the coordinate projection CG map

Proof of Theorem 2.4. To prove this result we need to bound H(p;|n:), where p;, n: solve two different Fokker-
Planck equations. To achieve this we will make use of a recent result [14, Theorem 1.1], which gives

T
Hiprlnr) < Hgolno) + / / oy dpd, (66)
0 Rk
with R R .
hy=(F +Vy - T)=(F+V, -I')+ (I -T)V,log p;. (67)

Note that while here we only focus on the case of the projected and effective dynamics, this bound applies
in fair generality to any two Fokker-Planck equations and the integral term can be interpreted as a large-
deviation rate functional, [21, Theorem 2.18].

The proof is divided into three parts, first we rewrite h; in a more recognisable form, second we estimate
|h|2_, and finally we arrive at the claimed estimate. Using the explicit form (15) of the conditional measure,
we calculate

VvV, I'= /R" Vi 71(z,y) + 711(z,9) Ve log p(z, y) — y11(x, y)Vy log fi(x)] diiy (y)
=Epn, [Vo 711 +711Velogu — TV, log fi.

A similar calculation yields V.1l = Es.. [Va 711 + 711V log py -1V, log p;. Substituting these expressions
into (67) we find

hy = (F — ]3') + (Epz Ve 71 +71Valogpl —Es, , [Va 711 +711 Ve logpt]) +I'V, log (ﬁ;) . (68)

Using the explicit formulation (14) of the marginal measures, it follows that
'V, log (Zt) = / 'V, log pedpy - (y) — / 'V, log udfis (y),
t R™vy R™y

Substituting this back into (68) and adding and subtracting Ep, , (711 — I')V, log i) we arrive at

hy = / (fl — V711 — (’Yu - F)Vz logu) (dﬁt,z - dﬂx) - Ep‘t,z [(711 - P)Vm log (Z)} = I+IL (69)
Ry
Recall from (66) that we need to estimate 7|2, = [[~Y/2h,|? < 2|0~1/212 + 2)T~1/2I1|2. For any coupling
IT € P(R™*™) of py 5 and [i,, we can write

2
|1’\71/21|2 —

/ D= Y2 (f1 = Va1 — (111 — D)V, log i) (dpr.e — dfis)
R™y
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2

Lo T (Fla) = Flaa/ Nl <o [y Paly)
dﬁt,z(y)

_ 2 2 2
vV, log (@) dpraly) = — 2 / V, log (pt)
M aLsIaTI JRry 2
(70)

Here we have used F := f1 — V. - 711 — (711 — ')V log i, the first inequality follows from (R2) and the
second inequality follows by taking infimum over all admissible couplings II. The final inequality follows
from Assumption (R1) and the final equality follows since Vyp, = Vi = 0.

2
23120~ e
S K?—[W2 (pt,w7 /'[/:E) S /
QLsSIaTI JR™Y

Using Assumption (R3) and the Jensen’s inequality, for the second term on the right hand side of (69)

we find
2
V. log <pt>
1

Substituting the bounds (70), (71) into (66) and using the disintegration theorem we arrive at

T 2
H(pr|nT) S”H(Volno)Jr?)\%/ / V., log (pt> dp:(z)dt i / / Vv, log( )
0 2 OéLSIOéTI n

SH(VO|T]0)+%M (/\2 aLSIaTI)/O /n Vlog( t> ozt

= i) + s (Ve =) () — Mo

Here Apin(7) is defined in (11), and the final inequality follows from the entropy-dissipation identity (16). O

e <, [
R™Y

dpra(y)- (71)

dpe(z)dt

We now prove the Wasserstein result for the coordinate projection CG map.

Proof of Theorem 2.7. The proof is based on using a standard synchronous coupling argument and the
Gronwall’s lemma (see for instance the proof of [21, Theorem 2.23]), and we only outline the main steps
here. We start with a coupling ©; € P(R?"=) of the projected dynamics p; (20) and the effective dynamics
7 (22), which solves

o v . [ 72)
F(z2) i) T@T YT (
Ol=0 = O,

where Oy is the optimal Wasserstein-2 coupling of the initial data for the projected and the effective dynamics.
As already mentioned, this coupling is the Fokker-Planck equation corresponding to the synchronous coupling
(see [16] for details) of the projected and effective SDEs.

Using the evolution (72) of ©; and integrating by parts we find (here onwards we use R?"* = R"= x R"=

to simplify notation)
\/ t CCl \/ 1‘2

d
- / (21 — a2) - [F(t,xl) — F(xz)] 4O, (z1, z2).
R2ne

% R2n$
Adding and subtracting \/T'(x1) and using the triangle inequality, the first term in the right hand side of (73)
can be estimated as

/R2"z

d@t (w1, x2)

|$1 —332| d@t(ﬂﬂlyl”z /
R2nx

(73)

t 1'1 \/ SEQ t 1’1 \/ xl

dpt z1)

d@t .’El,l'z <2/

Rna

30



+2|||VI\/f‘F||%oo(Rn)/ |331 —:L‘2|2d@t(.%'1,.’)’;2).

ng

Recall that |V, /T is the tensor norm induced from the Frobenius norm for matrices. Proceeding similarly
with the second term in the right hand side of (73) and substituting back we arrive at

d 1
T §|$1 — 22|2dOy (21, 32) < Oy |71 — 32|?dOy (71, 72)
R2na R2na
A 2 (4
+ 2/ VI(t,z1) — /T(z, ‘ dpe(z1) —|—/ F(t,x1) — F(x1)| dpe(z1),
Rnx Rnx

where Cyy := 1 + max{ZH|Vg5\/f|p||2o(,(Rn)7 ||V F|||Lern)}. For strictly positive definite matrices A, B,

by Lieb’s concavity theorem (see [13, Theorem IX.6.1]) the mapping (A4, B) — |V/A — V/B|% is convex.
Therefore, using the two-component Jensen’s inequality we find

Vi) - V@)

2
é/ tr [(\/711(56,1/1) - \/vll(x,yz)) ] Ay, y2) < A%/ dlyr — yo2dlI(y1, y2)
F R2™y 2R™Y

2 \N2(5 = 2)‘%/\; =5
wWWs (Pt,as i) < —H (Pt x|l )
aTI

where II is a coupling of p; , and fi,, and Ay is defined in Assumption (W3). Similarly, using the Jensen’s
inequality along with Assumption (W2), for the last term in (74) we find

- 2 2K%,
(Bt 1) = Flan)| < 0 H Pl ).

Substituting these bounds back into (74) and applying Gronwall-type estimate we arrive at

. . Ay + K s
wg(pt,m)<ethWS<po,no>+2(W) / [ Hpali)ip. () s

)\2 S,T
ccommtonm (B [ (][5 )
QTIOLSI R R™y Pz
A2 ?
S eCWtWQZ(ﬁO, ,,70) + eth ( + KW) / / (log ) dps(x)ds
QTIOLSI n

R )\2 + K2 2
< eYIW3(po,m0) + e ( W ) / / <log )
aTIaLSIAmln n

gl
where Cyy := 1+ max{2\||V$\/f|F||2m(Rn), ||VeF|||Loorn)} and Amin(7) is defined in (11). Here the second
inequality follows from Assumption (W1), and the third inequality follows by using the disintegration theorem
and Vyp, = Vo = 0. The required result then follows by using the entropy-dissipation identity (16). O

dp&x) dps (m)ec""(t_s)ds (75)

dps(z)ds,

B Proof of Theorem 2.11

The proof of Theorem 2.11 follows the same proof strategy as the linear counterpart. However due to the
non-affine nature of the CG map, the derivatives and certain bounds need to be handled differently. In the
proof below we outline these differences.

Proof of Theorem 2.11. As in the case of linear CG maps, we will make use of [14, Theorem 1.1]), which
gives

T
H(prnr) < H(volno) +/ / \he|3o1 dpy dt, (76)
o Jre
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with
hi =(F+Vy-T) = (F+V, -T)+ (I -T)V;log p:. (77)
As in the linear setting, we divide the proof we divide into three steps — in the first step we rewrite h;

in a more recognisable form, in the second step we estimate |h;|2_; and in the final step we arrive at the
claimed estimate.

Step 1. Using M := VEYVET and G = VEVET alongwith (33) we calculate

_ o dHATE / ( . [ )dyd—k
Vw~F=Vw-/ de:Vw-/ M — = V- | MGV
bR a s, fo& Jacg o, g/mf Jac¢

d—k
_ / (GTIVEV M+ MV (G1V€) + MG™'VEVlog i = MG VEVET (T log) 0€) - dﬁcf
p

= /2 (GT'VEV - M+ MV - (G'VE) + MG™'VEV log ) dfiy — </Z Mdﬁm> V. log fi

= / Np,,a:c —T'V, log ﬂ7
PRy

where N, := G7'VEV - M + MV - (G71VE) + MG~1VEV log . Here we have used the explicit form (32) of
the conditional measures. A similar calculation with N, := G™'VEV - M 4+ V - (G71VE) + MG~'VEV log p
yields

V, I'= / N,dp; o — 'V, log p;.
e

Substituting these expressions into (77) and adding and subtracting N, p; . we find

hy=(F - F) Jr/ Ny (dfiz — dpt,z) +/ (Nu = Np)dpta + TV log%
R s

).

Using the explicit definition of the marginal measure (31) alongwith (33) we calculate

der—k
Jac¢

>

(VEf+7: V2= N,) (dpro — dity) — / MG™'V¢ (v log ’;t) dptx + TV, log %. (78)
Er

x

Vai= [ (GVETIogpi+ V- (GVO)

Similarly calculating Vi and substituting into the final term in (78) we find

5 1 1
'V, log 2t =T (vzﬁt - uvmﬂ)

f pt 1

:/ T (G'VeViogu + V- (G7VE)) (dpre — djix) +/
paps

rG-'ve (v log pt) P10,
S H

where the final equality follows by adding and subtracting fz LG~IVE(Vlog p)pr .. With these calculations
we can rewrite h; as B

hy = / F(dpta — dfia) — / (M -T)G™'V¢ (V log if) APz, (79)
b b

with F := VEf +7: V2 — GIVEV - M — (M —T) [V - (G~1VE) + G1VEV log ]

Step 2. We now estimate |h|%_, = IT=1/2h,|2, by estimating each term in (79). Repeating the coupling
argument as in the proof of Theorem 2.4 along with (RN2) we find

2

2
< ' /
r—1  OTIOLST Jx,
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dﬁt,w-

P

Vs, log 2
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Using Assumption (RN3), for the second term we find

SA%/
p

Combining these bounds and using the Young’s inequality, for any 7 > 0 we find

2
]F—W [ wr-reve (v log N) e (VeveT)1/2ve (v log ’Z) 0o

x

x

2
(VEven)12ve <V log Zt> dpt.o

|help-r < A%(Hr)/

()]
QTIOLSI T T

Step 3. We now substitute |h|%_, back into (76) and complete the proof. Using (80) and the disintegra-
tion theorem it follows that

(80)

2
dpt,w~

Vs,

T T 2
/ / |he|Bo1 dpy dt < N3,(1 +7)/ / (veveT)=1/2ye (Vlog ”t) dp,dt
0 JRk n 12
(81)
+ (1 + )/ / dptdt
QTTIOLST n 7
By definition V = Vy, + VEGIVETV and since for any z € R®
IVETGTIVER? = 2TVETGTIVER = |(VEveT) T2V ez,
it follows that the integral terms in (81) satisfy
2 2 oo |?
/ (Vever)~2ve <v log ‘;Z) dpt.s +/ dpts = / Vlog ﬁt pr.

Therefore choosing 7 = the pre-factors in the two integrals in (81) become equal and we arrive at

arraLsiAy,’

T
h2_dAdt<<>\2+ >//
/0 /Rk| tlp-r dpedt < " QTIQLSI n M
1
<—— (M + >/ /
= Amin(7) ( aTlaLSI n

where Apin(7) is defined in (11). Using (16), for any ¢ > 0 we find

Vo pdt

Ptdt (82)

2

H(prinr) < H(volno) + ﬁn(v) ()\%{ + —H ) [H(polp) — H(pelp)]

QTIAOLSI

which is the required result. O

C Proof of auxiliary results

The following lemma summarises the assumptions under which the e-dependent effective dynamics (37)
has Lipschitz coefficients. Analogous estimates can also be derived similarly in the general (e-independent)
setting discussed in Section 2.1, 2.2.
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Lemma C.1. Assume that the coefficients |V f1|,|Vy1| € L (R™) and log of the invariant measure satisfies
V2, log | € L®(R™). Then we have the bounds

1
Ve Fe Lo rny < Ve filllLoermy + %|||vyfl|”L°°(R")”|viy log (1% |[| Lo (Rm).

1
V2T 2l < Ve lllzee ge) +

——[IVynlll=@e) 1VZ, log 41| L -
LSI

Proof. Using the explicit characterisation (15) of the conditional invariant measure, we find
VoF@) = [ (Vafilos) + ) Valog it e,) — fu(e. o)V log i (0)) i ()

= Va fi(z,y)di (y) + fi(@,y)Valog p* (, y)djiz (y) — F* (2)V, log i (z)

Ry Ry
= [ VehGadm o)+ [ (i) = F@) Vo (0 5) i 1)

= [ Vet + [ Ao - F@] (Valort @) — [V lon (e )dis () dis (o)

R’Vly R’Vlry
1/2
< IV filllze ey + (Vargs (1) Vargs (V. log 1))
1 2 7-¢ 1/2 1 € 2 7-¢ 1/2
<IVahillzegn + (o [ IVah@wPdEw) (= [ 19, logu(@,y)Pdis ()
OLs1 JR™ OLst JR™
1
< IVzfilllos rry + v 11V y f1lll oo Ry |V 2, 10g 1 || Loc (R
LSI

where the second equality follows since i = fi(z), and the third equality follows since

. 1 _

Valog i (z) = T/ Vo (z,y)dy :/ Vy log (2, y)dpg (y).
fi#(x) Jrny R™y

The first inequality follows from the Cauchy-Schwarz inequality and the second inequality follows by using the

Poincaré inequality with respect to the conditional invariant measure, which is implied by the Log-Sobolev

assumption with respective constants 0 < afq; < afy (see [57]). In conclusion

£ 1 1>
IIVaF Nz ey < WV fillloe@m) + 11V filll oo Ry [V 3, L0g 1% [| oo () -
LSI
A similar calculation yields the required estimate for I'c. O

Recall from page 13, that for path measures p, v we have the identity

Hlpl) = Himlo) + 5 [ €, (11120 = P20 ar (85)

The integral term above (and thereby the relative entropy) can be explicitly calculated in the case of Ornstein-
Uhlenbeck processes as we now show.

Lemma C.2. Let B, A € R™*", assume that B is Hurwitz and (B, A) is controllable. Consider the following
linear SDFEs in R™

dZ; = BZydt + AdB;, (Bn By,

Ba1 Ba2

611 0
B21 BZE ’

B
dZt:Btht+AdBt7 B
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where By = B11 + 3122212;11, Bo1 = By, Bogs = Bgy and X is the unique solution to

BY + ©BT = —AAT.

Then with v1 = A11 AT, we find

B (1f1(20) = F(Z)2 ) =tx(Var(Yy) Biyyi ' Biz) — 2tx(Cov(X,, Yy) Biyy ' S1 By

+tr(Var(Xy)S1y' B12 By ' Bra¥an ¥1y) + [E(Y) = B By (X)) 50 -

Proof. Note that f1(Z;) = B11X; + B12Y; and F(Z;) = (B11 + BlgEglEﬁl)Xt and thus

E,. (1f1(Z:) — F(Zt)|3;1) =E,, [|(B12Yt - 31222121_11)(0@;1]

= Ep. [|(0 = m¥ 4 m = S (X = mi 4w g ]
=E,, [(Y: —m{)" Bl 'Bia(Y: —m{)]
+Ep, [(Xe —mi) S0 S0 Bl BiaYar 1 (X — mi)]
—2E,, [(X: —m{) S S12Blyy; ' Bra(Ye — my)]
+ (m{ — L1 20 'm) T Blyyy ' Bia(mf — Sa1 21 'my)
= tr(Var(Y;) Blyy; ' Bio) — 2tr(Cov(Xy, Y;) Bl P B12Xo1X11)
+ tr(Var(X;) 211 Z12Bloy; ' BiaXo1 217) + [mY — Eglzﬁlmﬂ%?ﬂ

1 .
1 Biz
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