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Abstract

Coarse-graining techniques play a central role in reducing the complexity of stochastic models, and
are typically characterised by a mapping which projects the full state of the system onto a smaller set
of variables which captures the essential features of the system. Starting with a continuous-time Markov
chain, in this work we propose and analyse an effective dynamics, which approximates the dynamical in-
formation in the coarse-grained chain. Without assuming explicit scale-separation, we provide sufficient
conditions under which this effective dynamics stays close to the original system and provide quanti-
tative bounds on the approximation error. We also compare the effective dynamics and corresponding
error bounds to the averaging literature on Markov chains which involve explicit scale-separation. We
demonstrate our findings on an illustrative test example.
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1 Introduction

Modelling of complex systems often leads to stochastic models with a wide range of spatial and/or temporal
scales. Examples include molecular dynamics [AT17], chemical kinetics of biophysical systems [Kit01] and
climate modelling [Arn01], just to name a few. Coarse-graining is an umbrella term for techniques used to
approximate such large and complex systems by simpler and lower dimensional ones. Such an approximation
has obvious utility from a computational perspective since a simulation of the full system is often infeasible
due to the presence of multiple scales. These techniques are also important from a modelling and analytical
viewpoint, since quantities of interest are often described by a small class of variables in the system. In
most situations, the quantities of interest are the slow degrees of freedom that contain information about
the long-term dynamics, while the fast-scales are considered irrelevant when analysing long-term behaviour.

Various relevant phenomenon, such as Markov state models [HP18] in molecular dynamics, stochastic
chemical kinetics [Gil07] for a chemical-reaction system and agent-based models [CFLO09] in social dynamics,
are modelled by jump processes. Coarse-graining of such models has received considerable attention from
practioners in recent years — for instance to perform a data-driven identification of the transition-rate matrix
for a reduced set of stable configurations in a molecular system [KW07, STSP*15] or to deduce subnetwork
dynamics from large-scale biochemical systems [BS17]. From a mathematical perspective, coarse-graining of
jump processes is limited to systems with explicit scale-separation, i.e. presence of fast and slow scales. In
this setup, as the ratio of fast to slow increases (typically characterised by a small parameter), the fast scales
equilibrate with respect to the slow ones and consequently some form of averaging allows one to obtain a
closed coarse-grained model for the slow variables [PS08, LL13, Zhal6, HPST20, MS20, PR21].
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As evidenced by the references above, while coarse-graining of jump processes is extremely relevant from
a practical viewpoint, its mathematical analysis has been limited to systems with explicit scale-separation.
Inspired by the related ideas of conditional-expectation closures by Legoll and Lelievre [LL10] for diffusion
processes in molecular dynamics and optimal-prediction closures by Chorin [Cho03], in this work we propose
a natural approximation for a coarse-grained jump process, called the effective dynamics (following the work
of [LL10]). The main aim of this work is to understand if and when this effective dynamics is indeed a
good lower-dimensional approximation of the full stochastic jump process. As a first systematic study of
effective dynamics for jump processes, in this article we will restrict ourselves to coarse-graining of linear
Markov jump processes on a finite state-space. Using entropy techniques and functional inequalities, in the
first part of the article we present quantitative error estimates on the coarse-graining error in the absence
of explicit scale-separation. In the second part of the article we analyse these estimates in the presence of
explicit scale-separation and provide illustrative numerical experiments.

1.1 Coarse-graining and effective dynamics

In this work we will focus on Markov jump processes with linear jump rates on a finite state space X with an
irreducible generator L € RI¥I*I¥l. The law of this process ¢t — p; € P(X) solves the forward Kolmogorov
equation

815/“” = LT,LL7

:u|t:O = Ho,

(1)

with initial data po € P(X). Here P(X) is the space of probability measures on X. Since L is a generator,
it satisfies L(z,2") > 0 for all x # 2’ in X, with ), , L(x,2) = 0 for any x € X'. Since L is irreducible,
the evolution (1) admits a positive stationary measure p € P, (X), i.e. LTp = 0. Here P, (X) is the space
of positive probability measure (i.e. with positive coordinates) on X. Throughout this article we will take
the time-marginal viewpoint by studying the forward Kolmogorov equations rather than working with the
underlying jump processes.

As stated above, this work is inspired by molecular dynamics and chemical kinetics, where the states in X
correspond to the stable configurations of a molecular system and species concentration respectively. In both
these settings it is often crucial to derive lower-dimensional approximations of the reference dynamics (1) so
as to either reduce the computational complexity of the system under consideration or to focus on certain
key features of the system, for instance the transition between two stable states [STSPT15] or a particular
subnetwork of reactions [BS17].

Such a lower-dimensional approximation is typically made possible by means of a so called coarse-graining
map

E:X =Y, z=&(x)=uy,

which characterises a projection onto a smaller subset of states, i.e. Y C X with || < |X|. Although often
there is no explicit scale-separation present, the reduced set of states encoded in y € Y typically characterise
the ‘slow’ behaviour of the system. The central aim of this work is to propose and study a Markovian
&-projection of the dynamics (1). In the rest of the article we will use notation consistent with earlier works
on coarse-graining of Markov chains [HPST20] and diffusion processes [LL10]. One could also make use of
matrix notations (see Remark 2.3 for details), but we avoid it in this article.

Using the notation A, = { € X' : {(z) = y} for the level-sets of £, in what comes later (see Section 2.2),
we will show that the £-projection of (1), i.e. the evolution of ji; :== {xpe € P(Y) (push-forward of y; under
§) is given by R

Oufie = LT i, (2)

with a time-dependent generator ¢ — Ly € RIVIXYI

Li(yi,ys) = DY Lz, wo)p(ilyn),

T1E€ANy, ,T2E€ENy,



where 4(-|y) € P(Ay) is the conditional measure corresponding to i, (see (8) for precise definition). In what
follows, we will refer to (2) as the coarse-grained dynamics, as it exactly characterises the time-marginal
dynamics of the projected jump process. Intuitively, the generator Ly is an average of the original generator
L over the level-sets of the coarse-graining map £ with respect to the reference dynamics u;. Note that
the generator Ly is time-dependent and requires information about u; (in the definition of the generator).
Therefore, even though (2) correctly captures the statistics of the projected process, it is as analytically and
computationally intractable as the original system (1). It should also be noted that while (2) is the evolution
of the time-marginals for the projected jump process, the projected process itself will not be Markovian.

Inspired by recent developments [LL10] in coarse-graining of diffusion processes in the context of molecular
dynamics, we propose the following linear effective dynamics

om = NTn, (3)

with a time-independent generator N € RIVIXIYI

N(yiye) = DY Llxy,z)p(@i|yr), (4)

T1E€Ay, ,22€ENy,

where p(-|ly) € P(A,) is the conditional (stationary) measure corresponding to the stationary measure p for
the full dynamics (2). The intuition behind the construction of the effective dynamics is that in practice the
coarse-grained variables encode the slow features of the system and therefore it is natural to expect that the
dynamics on the level-sets (characterised by conditional dynamics p:(+|y)) will equilibrate considerably faster
than the full dynamics. Consequently, the level-set average with respect to u:(-|y) in the generator for the
coarse-grained dynamics can be approximated by an average with respect to the the stationary conditional
measure p(-|y). A crucial advantage of using the effective dynamics (3) over the coarse-grained dynamics (2)
is that the generator for the former is time-independent and therefore can be computed offline.

However, by construction the effective dynamics is only an approximation of the coarse-grained dynamics.
This leads to the natural question that will be discussed in this article:

Is the effective dynamics (3) a good approzimation of the coarse-grained dynamics (2), and if so can the
error between the two be quantified?

1.2 Main results, novelty and outline of the article

The answer to the question stated above is indeed affirmative, in that we provide sufficient conditions under
which the effective dynamics stays close to the coarse-grained dynamics. We now briefly discuss these result.
Our first main result is Theorem 3.1, where for any ¢ > 0 we prove an error bound of the form (also

see (22))
H(fune) < A (fwolno) + C, (5)

where 72 (fit|n:) is the relative entropy (see (9) for definition) of the coarse-grained dynamics with respect
to the effective dynamics at time ¢ and C' > 0 is a constant independent of ¢. Note that by the Csiszar-
Kullback-Pinsker (CKP) inequality (see (10)), this also translates into a bound in total-variation distance.
The key assumption to prove this error bound is that the conditional stationary measure p(-ly) € P(Ay)
which appears in the generator N (4) for the effective dynamics satisfies a logarithmic-Sobolev inequality
(shortened to log-Sobolev here onwards). Intuitively, this assumption encodes the underlying idea that the
coarse-grained variables are the slow ones, and therefore the dynamics on the level sets of the coarse-graining
map will equilibrate quickly to the conditional stationary measure p(-|y) (see Remark 2.2, 3.5 for details). The
constant appearing in this log-Sobolev inequality is a key component in the error estimate and it turns out
that the size of the constant reflects how well the chosen coarse-graining map captures the scale-separation
in the problem. Therefore, our result also gives a tool to measure the quality of a chosen coarse-graining
map £. We refer to Section 4.4 for an example on how different choices of £ effect the log-Sobolev constant.



While (5) is a uniform (stability) bound that holds under fairly weak conditions and states that the
effective dynamics can at most be a constant distance (in total-variation metric) away from the coarse-
grained dynamics, it is completely unclear if it is a sharp bound. To analyse this, in Section 4 we look at
averaging problems for Markov chains which introduce an explicit scale-separation via a small parameter
€ > 0. The slow variable is the natural choice for the coarse-graining map in this setting. One key observation
is that, in general, the resulting effective dynamics depends on € and is different from the classical averaged
dynamics which corresponds to the limit ¢ — 0. As a consequence, the classical averaging literature and
related techniques do not apply to the effective dynamics. In Theorem 4.4 we show that the e-dependent
effective dynamics 7§ does converge to the averaged dynamics. The main result here is an e-version of the
bound (5), which for a fixed € > 0 and with same initial data 4§ = n§ reads (see Theorem 4.5)

sup J(f;|ng) < C(T)e, (6)
t€[0,T)

where the finite constant C is independent of €. The bound (6) is indeed good in that the error vanishes as
€ — 0, and is expected to be sharp as the suggested linear decay is in line with the numerical experiments
(see Section 5). Note that, as compared to the general estimate (5), in the multiscale setting the estimate
has poor long-time scaling due to the presence of T' in the right-hand side of (6).

Novelty. A systematic analysis of coarse-graining and Markovian approximations in the absence of scale-
separation has been limited to diffusion processes [LL10, ZHS16, LLO17, LLS19, DLP"18, LZ19, LLS19,
HNS20]. This work provides first quantitative results on coarse-graining of jump processes in the absence
of scale-separation. To the best of our knowledge, effective dynamics of the type presented in this article
have not been considered for Markov chains and our quantitative results clearly indicate their efficacy in
approximating the coarse-grained variables. Ideas related to coarse-graining of Markov jump processes have
been studied under the term lumpability (see for instance [Buc94]). However, these results mainly try
to extract information on the full Markov chain from the reduced Markov chain without error and seem
unrelated to our results.

While averaging techniques for handling multiscale problems in Markov chains are well understood [PS08,
LL13, Zhal6, HPST20, MS20, PR21], their connection to coarse-graining and effective dynamics is completely
new. In this article we explore these connections in detail and provide new insights into and error bounds
for averaging problems. Furthermore, our analysis predominantly exploits entropy techniques and func-
tional inequalities, which are traditionally used to study long-time behaviour of jump processes and not for
multiscale problems. A key outcome of our results in the multiscale setting is that the effective dynamics
converges to the averaged dynamics in a fairly general setting — such results only hold in a limited setting
for diffusions [HNS20].

Outline of the article. The remainder of this article is organised as follows. In Section 2 we introduce
notations, preliminaries and setup the main evolutions. Section 3 deals with general coarse-graining error
estimates and Section 4 with error estimates in the presence of explicit scale-separation in the system. In
Section 5 we illustrate our theoretical findings with numerical examples. We conclude with discussions on
various related issues in Section 6. Appendix A collects some crucial results on irreducible generators which
will be used throughout this article.

2 Setup and preliminaries
In Section 2.1 below we present some preliminaries and notations. In Section 2.2 we introduce the two main

equations that will be studied throughout the article, the coarse-grained and the effective dynamics, and
present some of their useful properties.



2.1 Preliminaries and notation

We consider a continuous-time Markov chain on a finite state space X’ with irreducible generator L € RI*IX|¥X]

and corresponding forward Kolmogorov equation
at/’(‘ = LT/'L7
_ (7)
Hli=0 = Ho,

where pg € P(X). We will use p to denote the time slice of p at time ¢t. Since L is irreducible and X
is finite (which implies that L is positive recurrent), (7) admits a unique and positive stationary measure
p € Pi(X), i.e. LTp =0 (see for instance [Nor98, Theorem 3.5.2]).
We define the coarse-graining map
E X =),

where Y is a finite set with || < |X|. For any y € ) we use

Ay ={r e X : () =y},

for the y-level set of £&. Any v € P(X), can be decomposed into the corresponding marginal measure (or
marginal probability distribution) £xv € P(Y) and for any y € Y the family of conditional measures (or
conditional probability distributions) v(-|y) € P(A,) defined as

v(x)
Euv(y)’

Vyed: Eav(y) = Z v(z), Yeely: vizly) =
TEA,

(8)

where the conditional measure v(-|y) is defined £xr-almost everywhere. In all the applications of this
decomposition in this article {4 will be a positive probability measure and so the conditional measure will
be defined everywhere. Consequently, for any = € A, we can write v(z) = v(z|y)xv(y).

We now introduce some notation for vectors and matrix norms that will be used throughout this article.
We write ||p||giz| for the standard Euclidean norm of a vector p in RIZ!. For a probability measure p € P(Z),
the total-variation norm is ||p[|Tv = >z |p(2)|. For a matrix A € RIZI¥IZ1 " we will use the Frobenius and
supremum norm respectively defined as (with n = | Z])

n

2 . 2 .

HAHR\Z\x\z\ = 123‘}<(n|Aij| v Ao = 121%}(”; ‘Aij‘-
=

Next we introduce the relative entropy and Fisher information. For v,{ € P(X) we define the relative
entropy of v with respect to ( as

dv
v(z)log f(x), f=—,
HW[C) = ZX dc 9)
400, otherwise.

The Csiszar-Kullback-Pinsker (CKP) inequality connects the total-variation norm on P(X) to the relative

entropy via
Y, €P(X): v —(llvv < V22(v[Q). (10)

For v,¢ € P(X) and generator M € RI¥I*I¥l we define the M-Fisher information of v with respect to ¢ as

Frr(v0) = ;{[—(Mlog )+ ﬁg;(M’g)w)}u(x) (11)

= - x ZL'/ (0] V(m/) €T l'/ M v\x).
;;;{ Mz, )lg(C(w’)>+M( ’ )(y(x)g(x/)” (=)

The following lemma states that the Fisher information is non-negative.



Lemma 2.1. For any generator M € RIXIXIXI gnd v, ¢ € P (X), the M-Fisher information of v with
respect to ¢ is non-negative, i.e. Zar(v|¢) > 0.

Proof. Note that for any v, € P4 (X) the Fisher information is a well-defined object. Since M is a generator
it satisfies ., M(x,2) = 0, and therefore we can rewrite the Fisher information as

Q) = S5 Mz, )C()0(w) [‘;((j)) . 1og(i((§/)) ) =% (12)
z,x'eX

The result then follows since for a € (0,00], @ — a — 1 —log « is a non-negative function. O

A straightforward calculations shows that 0p. 5 (ut|p) = —Zr(ut]p) (see [BT06, Lemma 2.3]), where p;
solves (7) and p is the corresponding stationary measure, and therefore for any ¢ > 0 we have

T
H(ilp) + / 1 (ulp)dt = A (uolp), (13)

i.e. the relative entropy with respect to the stationary measure is a Lyapunov function for (7) since the Fisher
information is non-negative.

Next we introduce the log-Sobolev inequality which will play a key role in our main results. A probability
measure ¢ € P(X) and a matrix M € RI¥I¥I* satisfy the log-Sobolev inequality with constant apsr > 0 if

e PX): AW < ——B(V]0). (14)

QLSI

Note, that in particular if |[X'| = 1 then (14) is trivially satisfied for all argr > 0.

Remark 2.2. We point out that (14) is also referred to as modified log-Sobolev inequality in the literature,
see e.g. [BT06, EM12, Zhal6]. However, the log-Sobolev inequality defined in [BT06, Zhal6] implies (14)
and therefore, assuming (14) is a weaker assumption. In particular, both versions have been considered in
the reversible and non-reversible setting and both quantify the convergence to equilibrium, see e.g. [BTO0G,
Theorem 2.4]. It should be noted that the log-Sobolev inequality holds for any irreducible Markov chain
(and its invariant measure) on a finite state space without assuming reversibility [SC97, Theorem 2.2.3]. In
this article we use (14) since it fits naturally in our setting.

In fact, assuming that the measure ¢ € P(X) and generator M, with M7 ¢ = 0, satisfy the log-Sobolev
inequality (14) is equivalent to assuming that any solution to the forward Kolmogorov equation d;v = MTv
converges exponentially to ¢ in the following sense. Repeating the calculations above, we find 0,52 (1|¢) =
—Zn (1]€) and therefore (14) implies the exponential convergence

Yt >0: H(r|¢) < e B (1)C).

Conversely, if this convergence holds for any initial data vy € P(X) we can write

Vit >0:

| =

e—aLstt _ 1 )

[74]¢) = # wol)] < (mo]O)

Consequently, passing to the limit ¢ — 0 and using 0;.72 (14() |t:0: —%(vo|n), we arrive at the log-Sobolev
inequality (14). O

The preliminaries presented above (and the definitions for the coarse-grained and effective dynamics in
the next section) can also be written in matrix form since we are dealing with finite state space X. In the
following remark we briefly summarise these ideas (see [MS20] for details).

Remark 2.3. Given any probability measure v € P(X) = {v € RI*l:1; > 0,3, v; = 1} and coarse-graining
map £ : X — ), the marginal measure satisfies

UV=_E8uv <= U =Mv



where 7 € P(Y) = {¢ € RV : ¢; >0, >;¢G =1} and M € RIYIXI* s a matrix with M;; € {0,1} and
ZLZ'1 Mj; = 1. The level sets A, are sometimes referred to as clusters. The conditional measure v(-|-) can
be expressed using the so-called reconstruction operator R* € RI¥IXIVI| defined as

Vi

= i),

with the relation v(.|j) = RY;. O

2.2 Coarse-grained and effective dynamics

In this section we define the central dynamics studied in this article and state certain useful properties. The
following lemma characterises the evolution of {4 on Y, which we call the coarse-grained dynamics.

Lemma 2.4. Let p € C*([0,T; P(X)) be a solution of (7). Then i € C*([0,T); P(Y)) defined via fir = Exput
evolves according to
Onfie = L i
A e t Hts (15)
fili=0 = &xpto,

where L : [0,T] — RV s given by

Lilyr,ys) = DY Lz, s)pe(aily). (16)

T1E€Ny, ,T2ENy,

Furthermore for any t, Ly is a generator, i.e. ﬁt(yl, y2) > 0 for any y1 # y2 and Zy2 ﬁt(yl, y2) = 0.
Proof. For any y; € Y we find

Oufie(yr) = Y Opma(wr) = DY Llwa,w)melwa) = Y Y Llwa,x1)jie(§(w2))pe(w2]€(22))
3’,‘1€Ay1 xleAyl,acgeX xleAyl,ZEQEX
= > iuly) DY Llws,w)m(alys) = Y Li(ya, y1)fulys),
Y2 €Y T1E€ENy,2EN, Y2 €Y

where we use the explicit expression (8) for the marginal and conditional measure. By construction, for any
t >0 and y1 # ya, Li(y1,y2) > 0. Furthermore for any y; € ),

S by = > (XX Lene)mln) = Y (X L) )ulalp) =0,
y2€Y T2€Ny; Y2EY,T2ENy, zp€ENy, T2EX
where the final equality follows since L is a generator. O
We will make use of the so-called effective dynamics, which describes the evolution of n € C1([0,T]; P()))
o = NTp,
1] 1 (17)
77|t:0 = To,

where N € RIVIXIYI ig defined as

N(yiye) = D Y Llwy,z2)p(@i|yr). (18)

21E€Ay, ,x2ENy,

Recall that p € P(X) is the stationary measure for the original dynamics (7) and for any y € Y, p(+|y) is the
corresponding conditional stationary measure. Note that the effective dynamics is linear.

The following result states that the effective generator IV is irreducible. Consequently, using standard
results (see for instance [HPST20, Appendix C]) the effective dynamics is a positive probability measure, i.e.
N € P4(Y) for any ¢ > 0.



Lemma 2.5. The effective generator N defined in (16) is irreducible. Furthermore, for any t > 0, the
solutions to (15), (17) are strictly positive, i.e. fiz,n: € P+ (V).

Proof. The positivity of the solution u; to the coarse-grained dynamics is guaranteed by the positivity of
(since L is irreducible), the definition of the push-forward measure (8) and since A, is non-empty for every
ye ).

We will now show that the effective generator N is irreducible, which by standard results (see for in-
stance [HPST20, Appendix C]) ensures that 1, € P, () for any ¢t > 0. Fix y;,y2 € Y. Since L is irreducible,
for any z1 € Ay,,x2 € A,, there exists a finite sequence (Z4)a=o,...n € X with g = x1,Z, = 2 such
that L(Za,Za+1) > 0 for any a € {0,...,n — 1} (see [Nor98, Theorem 3.2.1]). Consider the sequence
(Ja)a=0,....m € Y defined via o = £(Z4) such that any doubled points are removed and therefore m < n.
Clearly gp = y1 and @, = ya. Therefore using the definition of N and « € {0,...,m — 1} we find

N(orfor1) = DY L(d1,82)p(#1fa) > L(Za, Fat1)p(Falfa) > 0,
T1€EAG, T2 eA@n_*_1
where T, € Ay, ,Tay1 € Ay, by construction of (3,) and L(Za,Za41) > 0 since T # Ta41. Furthermore
we have used p(z|y) > 0 for any (y,z) € (¥,Ay), which follows since p > 0 (since L is irerducible) and
using the decomposition (8). Since y1,y2 € ) are arbitrary, it follows that the effective generator N is
irreducible. O

Note that a similar proof as above can be used to show that the coarse-grained generator Ly is irreducible
for any ¢t > 0. However this need not imply the positivity of fi; since the generator depends on time.

Since the effective generator N is irreducible and ) is finite (which implies that N is positive recurrent),
the effective dynamics admits a stationary measure. The following result states that the stationary measure
for the effective dynamics is €xp, where p € P(X) is the stationary measure of the original dynamics (7).
Furthermore, the coarse-grained dynamics and the effective dynamics coincide in the long-time limit, i.e. as
t — oo, which is to be expected by the construction of these systems.

Proposition 2.6. Let i n; solve (15),(17) respectively. The effective dynamics (17) admits Exp € P(Y) as
a stationary measure. Furthermore,

e — nellrv = 0.

Proof. Using the definition of N and the definition of the conditional, marginal stationary measure (8), for
any y € Y we find

(NTegp)(w2) = 3 Nmw)n)w) = > (30D Liwsw2)p(elyn) (o) (1)

y1€Y Y1€Y T1€Ay ,T2EA,

> (Z L(xl"r2)p(l'1)) -0,

mQGAyQ r1EX

where the final equality follows since (LT p)(x) = 0 for any x € X. Since iy = 4y and py — p as t — oo it
follows that

it~ Egpllry = 5 S linly) — Expl)] < 5 3 3 Imla) — pla)] =50,

yey yeY xEA,

where the equality is a standard property of the total-variation metric, the inequality follows from the
definition of the marginal measure and the limit follows since X', ) are finite. The final result then follows
by using the triangle inequality. O



3 General error estimates

We now state our main result, which provides error estimates comparing the coarse-grained dynamics (15)
and the effective dynamics (17) in relative entropy. By using the CKP inequality (10), this result also
provides estimates in the total-variation distance.

Theorem 3.1. For any y € Y, let LY € RIMIXIMI pe the restriction of L to Ay x Ay, Let fi,n €
CL([0,00); P(Y)) be the solutions to the coarse-grained dynamics (15) and the effective dynamics (17) re-
spectively. Assume that the conditional stationary measure p(-ly) and LY satisfies the log-Sobolev inequality
uniformly in y € Y with constant argy (recall (14)), i.e.

1
Jorst >0, Vy e Y, Yw e P(A,) : A (v|p(-ly)) < ﬁ%m (vIp(ly)), (19)
where Zrv(-|-) is the LY-Fisher information (see (11)).
Then, for any t > 0 the estimate
N R C 1
H (fuelne) < A (jrolno) + ——= [ (1olp) — 7 (nelp)] *, (20)

vV OLST

holds, where C' = C(L, N, p) is independent of t > 0. o
Additionally, for any fited T < oo there exists a constant C = C(L,|X|,T) independent of the effective
generator N and the coarse-graining map £, such that the estimate
A (fuelne) < A (fio|mo) + o [ (nolp) — H (pulp)]? (21)
VQLSI

W=

holds for any t € [0, T).

Remark 3.2. Under the additional assumption of strictly positive initial datum, i.e. there exists a constant
¢p > 0 such that fig(y),n0(y) > ¢o for all y € Y, the scaling of the error estimate (21) in ag,gr can be improved
to arrive at

X R c
sup J(fig|ne) < 27 (fio|no) + —— [P (olp) — 7 (prlp)] s
te[0,T) Q181

where the constant C' now additionally depends on ¢y. For details we refer to Theorem 4.5 and its proof, in
particular estimates (52) and (54), as well as Remark 4.6. However it is unclear if such an improvement can
also be made in the case T' = oo. O

We point out that since the constant C' in (21) is independent of the effective generator N and the coarse-
graining map £, the only part of the constant in the error estimate (21) that is dependent on the choice of £
is the log-Sobolev constant ag,s;. Theorem 3.1 thereby lends itself to two important observations. First, the
quality of the coarse-graining map is characterised via the log-Sobolev constant. Second, while we have a
general error estimate for any coarse-graining map, the effective dynamics will be closer to the coarse-grained
dynamics for the choices of maps for which the log-Sobolev constant is large. This is clearly seen in the
simple toy-problem setting discussed in Section 4.4 where certain choices are clearly more reasonable than
others. Note that the constant C depends on T and cannot be extended to T' = oo with the current tools as
discussed in Remark 3.9.

Remark 3.3. Since the Fisher information #rv does not depend on the diagonal elements of LY (see (12))
we may modify the diagonal elements of LY such that the rows of LY sum up to zero thereby making it a
generator. O

Remark 3.4. To obtain a uniform argr in (19) it is sufficient to establish a log-Sobolev estimate

HWl) < s B WiCl). v € PA,)
arsi(y)



for every fixed y with a y-dependent constant ar,gr(y). Then (19) is obtained by taking arsr := infycy arsi(y).
Here the infinimum is always positive since ) is a finite state-space.

As pointed out below (14) if |A,| = 1 for some y € Y the inequality holds for all argi(y). Therefore, it
is reasonable to take the infimum above only over y such that the corresponding level set A, contains more
than one element, i.e.

apst = inf{agsi(y) : y € Y, |Ay| > 1}

Note that we may always assume that there exists at least one A, with more than one element since the
only case where all level sets only have one element is the case X = ). In this case the effective dynamics
and coarse-grained dynamics are the same and thus (20) holds trivially since the relative entropy J¢ (u:|vy)
decays in time if the curves p and v are produced by the same generator, see [HPST20, Equation (4)]. O

Using (13) which implies that the relative entropy with respect to p is a Lyapunov function along the
solution of (7), and assuming that fig = 70, the relative-entropy estimate (20) can be simplified to

W=

H(fus|ne) < (%(ﬂom)) ) (22)

C
V OLSI
which is a uniform time estimate since C' does not depend on t.

Remark 3.5. The main assumption in Theorem 3.1 is that the conditional stationary measure satisfies the log-
Sobolev inequality. This assumption has a clear interpretation in the reversible setting where (L¥)T p(-|y) = 0
(see Section 4.3 with £ = 1) — following Remark 2.2 any dynamics driven by LY converges exponentially fast
to the conditional stationary measure p(-]y). In this sense, the log-Sobolev constant corresponds to the
speed of equilibration on the level sets A,, that is the larger argr the faster the conditional measure pu(-|y)
converges to the conditional stationary measure p(-|y) as t — oo.

However, this interpretation is restricted to the reversible setting, since in general the conditional sta-
tionary measure need not be the stationary measure for LY, i.e. (L¥)T p(:ly) # 0. Therefore, the log-Sobolev
inequality is a technical assumption in the non-reversible setting. Similar issues and observations pertaining
to assuming that the conditional stationary measure satisfies the log-Sobolev inequality also arise in the
context of diffusion processes [HNS20, Remark 2.5]. For additional discussion see Section 6. O

While we expect that the error between coarse-grained and effective dynamics should vanish as t — oo
(recall Proposition 2.6), Theorem 3.1 and (22) only provide a uniform-in-time upper bound for the error in
relative entropy. Using the exponential convergence of the full dynamics (7) to the stationary measure we
can improve the long-time behaviour of the error estimate.

Corollary 3.6. Under the assumptions in Theorem 3.1, for any t > 0 we have
It = nellrv < min{Cy(t), Cae™ "'},

where D,Cy > 0 are independent of t and for a constant C > 0 independent of t

N|=

C1(0) = (28 ol + = [# o)~ # sl ?)

Proof. Using Theorem 3.1 and the CKP inequality it follows that

e = nellrv < Ca(t). (23)

Since the original and effective generators are irreducible (recall Proposition 2.5), by Proposition A.2 there
exist constants C(uo), C(no), Dy, Dy > 0 independent of time such that

e = Egpllry < llie = pllrv < Cluo)e™ P, |Ine — Expllrv < Clno)e™ .
Therefore using the triangle inequality we find
e = 1ell7v < max{C(uo), Cugo) ye~ ™ PmPt = Coe= P, (24)
The final result then follows by combining (23) and (24). O
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Although the exponential bound Coe™P* in Corollary 3.6 provides a decaying estimate in time, it should
be smaller than Cy(t) only at extremely long-times. This follows since Coe™P* encodes the convergence of
the full system (including the ‘slow’ coarse-grained variable) while C; only encodes the behaviour of the
‘fast’ level-set dynamics characterised by the log-Sobolev constant.

To prove Theorem 3.1 we will make use of the following result which provides an explicit characterisation
of the error between fis,7; in relative entropy.

Lemma 3.7. The solutions fi,n € C([0,00); P(Y)) to (15), (17) satisfy

Hful) — # oln) + / R islns) ds = / 21 (el )atus NTi)(y)ds,  (25)

for any t > 0. Furthermore, for any t > 0 the term on the right hand side of (25) satisfies the upper bound

3 b ( ) Oufin = Njie) (v) < 20 3 lluC1y) = pCl)llv fn(y), (26)
yeY
where || - ||rv is the total-variation norm and g : R>g — R is given by
— — fie(§(21)) _ e (§(22))
gt = igg‘ft(x)’ ft(xl) T wz;XL(xlax2) {log(nt(f(xl))> log(nt(f(x2>)):| (27)

Proof. Differentiating 2 (fiz|n:) in time we find

O A (fie|me)dt = Z [@ﬂt(y) 10g<ﬂt(y)) _ uly) O (y) — 3tﬂt(y)]

vey Ut(y) nt(y)
(11 () X X i (y) i (y) X
=3 log (B9 (9 — NT ) (9) = Y dee(y) — log (N7 ) (y)
= <m(y) >( ) yey[m(y) (nt(y)) }

= Z 10g('ut(y)) (atﬂt - NTﬂt) (y) - %’N(ﬂtlm),
yeyY nt(y
where we have used }°, Ofit(y) = 0 since iz € P(Y) to arrive at the second equality, and the definition of
the Fisher information (11) to arrive at the final equality. Equation (25) then follows by integrating this
equality in time over [0, ¢].
Using the evolution of the coarse-grained dynamics (15) we find

> 10g<:“t Y1) ) Oy — = (Lulyr,92) = N(y1, 12)) log(ﬁzgj)))ﬂt(yl)
ney y1,Y2€Y
= ;};} t(y1,92) (yl,y2)) [log('zz((z;;) - log(lzjgzll;)}ﬂt(yl)

=33 D> L(wy, @) (el ln) — plaalyn) [log(ﬂt(yz)) _ IOg(ﬂt(yl)ﬂﬂt(yl)

Y1,92€Y 1EAy, ,x2ENy, 77t(y2) 77t(y1)

< g Z f(y1) Z | (1 lyr) = p(@1lyn)| = 294 Z (e (L) — P('|y1)HTVﬂt(l/1)7
y1EY T1E€Ay, y1€Y

where g; is defined in (27). Here the second equality follows since ), Li(yr,y2) = > ys N(y1,y2) = 0, the
third equality follows from (16), (18). This concludes the proof of (26). O

The following result provides an upper bound on the time integral of the error term g¢; derived in the
result above.
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Lemma 3.8. For anyt >0, t — g; defined in (27) satisfies ||g||12(0,) < C, where C' is independent of t.

Additionally, for any T < oo ezists a C, which is independent of N and &, such that llgllz2(0,1) < C for all
te0,T].

Proof. We have the bound
9t < 2|| Lo sug|logﬂt(§(l’)) —logn(&(x))] (28)
x€

In what follows we prove the claimed result by providing upper bounds on foé g2ds and J ; g2ds separately,
for some fixed § € (0,1). We use this splitting since we estimate the short and long-time behaviour of g¢;
using different approaches.

We first estimate foé g2ds. Using (28) we find

5 5 5
| dzds < izl suw[ [ og e ds+ [ ogn.(eCan) P as]. (29)
0 zex Lo 0
Since n; € P(Y) solves (17) with irreducible generator N, by Proposition A.1 there exists ¢; > 0 and nq € N
independent of x € X such that
Vs € [0,0], Vo € X : ns(&(x)) > c1s™

We can also obtain modified constants ¢;,7; independent of N by applying Proposition A.3 instead of
Proposition A.1. Since 75(£(z)) < 1 and 6 — |log6| is increasing as § — 0, using the lower bound above it
follows that

[log ns(&())| < [log e1] + na|log ],

and therefore we have the estimate
/ |log ns(&(x))|* ds < 6] log ey |? —l—nl/ |log s|*ds = 6| log c1|*> +nid[(log §)* — 21log d + 2].

Since p solves (7) with irreducible generator L, again by using Proposition A.1, there exists ¢co > 0 and
no € N independent of z € X’ such that
Vs €[0,0], Ve € X ¢ pg(x) > cas™

and therefore for any x € X and we have

aE@) = 3 m@) > polal) > eos™

z'€Ag ()

Repeating the same arguments as above we arrive at the bound
/ |log fis(£(2))]* ds < 6]log ca|* + N36[(log §)* — 21og § + 2].

Substituting these bounds back into (29) we find foé g2ds < C(c1,c2,n1,n2,6). Similarly, using the modified
constants ¢ and 7; we obtain a constant C, which is independent of IV, such that foé g2ds < C.

Next we estimate f5 g2ds. Once more using (28) we find

/ g2 ds < S|L|1% sup| / [log i (£ (x)) — log Exp(€(2))[2 ds + / [ logns(€() — log Exp(&()) ds] - (30)
) zeX tJ§ o

We first provide an estimate for the first term in the right hand side of (30). Since p € P4 (X) and X is
finite, using ¢, = mingex p(x) € (0,1) we find

Vee Xt EpE@) = Y o) 2 Aewle, > ¢

T€A¢(2)

12



Since L is an irreducible generator, using Proposition A.2, there exists 7 > § such that for any s > 7 we
have [|ps — pllTv < 3¢,, and consequently for any x € X, s > 7 and * € X we have the lower bound

[t

pale) 2 56, = ulE@) 2 50

Finally, using Proposition A.1 there exists d > 0 such that fi;(£(x)) > d for any s € [4, 7]. In summary, for any
z € X and s € [§,00), there exists ¢ € (0,1) defined as ¢ := min(c,, ¢,/2,d) such that fi5(£(2)),Exp(E(x)) €
[¢,1]. Since 6 + log# is Lipschitz continuous on [¢, 1] with constant ¢!, for any z € X and s € [§,00) we
find

|log (2 (&())) — log (Exp(€(x)))| < ¢!

fs(€(2) = ExpE(@))]| < 67" D0 |usla) — p(a)]

2€h¢(a)
<287 us — pllrv < 2Ce™,

for some C, A\ > 0, where we use Proposition A.2 to arrive at the final inequality. Therefore, the first term
in the right hand side of (30) admits the upper bound

t [ee]
sup /6 | log fis (€(2)) — log E4p(¢())? ds < 4C? /5 e g5 < O,

reX

where the constant on the right hand side of the final inequality is independent of ¢ > 0. Since the the effective
dynamics 7, admits £4p as a stationary measure (see Proposition 2.6) and its generator is irreducible (see
Lemma 2.5), we can repeat the same arguments as above to arrive at a time-independent upper bound for
the second integral on the right-hand side of (30), i.e.

sup /5 | logna(€(x)) — log xp(E(x))|? ds < C.

zeX

Substituting these upper bounds back into (30) we arrive at the claimed result.

To obtain a constant independent of N and £ we fix T < oco. Then Proposition A.3 gives a constant
d(3,T) such that 7,(£(x)) > d. In particular, d is independent of N and €. Additionally, since &xp(&(x)) >
mingey p(z) > 0 we can bound

sup /5 llog(n.(€(x)) — log €4 p(€(@))[? ds < sup /5 g, (€(a)) [ ds + sup /5 | log €4p(E()) ? ds

zeX zEX
< (Ioe(@ P + magog(p(o) ) (7~ )

for all ¢ € [§,T]. The final bound is independent of N and &, which together with the modified short-time
bound proves the second part of the lemma. O

Using the previous two auxiliary results we can now prove Theorem 3.1.

Proof of Theorem 3.1. Using Lemma 3.7, 3.8, applying Cauchy-Schwarz inequality in time and Jensen’s
inequality on Y we find

A ile) < 8 Golm) + 2920, (| 3 ) = ol el ds) (31)

yey

where we have dropped the Fisher information term in (25) as it is non-negative (see Lemma 2.1).
Using the CKP inequality (10) and the log-Sobolev inequality (14), the term inside the summation on
the right hand side can be bounded by
2
Q1,s1

e C-ly) = pCl) Iy < 222 (e (-y) | p(y)) < ——Zrw (e 1y) | p(:1y))
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and therefore we arrive at the bound

> lweCly) = oGl v (y Z o (- 19)| (1Y) e (y)

yey ey

_ 2 ZZ LY(x1, 22) pe (1 |y) {M _1_ log(wﬂﬂt@)

arst  So pla2ly)pe(e1ly) pla2ly)pe(z1ly)

_ 2 > Ly(xl,zg)“t(xl)[w_1_10g(w)}

avst Sl p(@2)pe(z1) p(@2)pe(z1)

2
< —Zr(utlp)-

QLS
Here the first equality follows by using the alternate formulation (12) of the Fisher information and the
second equality follows since for any y € Y and x € A, we have p(x) = p(z|y)éxp(y), we(x) = pe(xly) it (y).
The final inequality follows since LY is the restriction of L to A, by definition and 6 — 6 — 1 — log# is
non-negative for any 6 > 0.
Substituting back into (31) and using (13) we find

A (fule) s%(ﬂo|no>+2||g||p(o,mn/ / B(uslp) d

< A (jwolno) + 2||9||L2(0,oo)\/ KSI[ (polp) — (Mt\ﬂ)]

M\»—A

m\»a

which is the required result.
Finally, for a fixed T' < co we can replace (31) by

H (fuelme) < 7 (frolno) + 291l 20,1 / > sl = (-Iy)H%vﬂs(z,/)dS)E

yey

and then use the alternative upper bound on the L?-norm of g provided by Lemma 3.8, which provides an
upper bound independent of N and £. Proceeding then as above yields the alternative error estimate (21)
for t € [0, 7. O

Remark 3.9. We finally outline the challenges in extending the estimate (21) to the case T' = co. The key
part is to further improve the bound on ||g[/z2(o,7). To do this we require a bound on the the decay rate of
lme — &4 pl| v, which does not depend on the effective generator N and the coarse-graining map §. Revisiting
the proof of Proposition A.2 this could for example be achieved by bounding the spectral gap of N from
below by a constant only depending on the full generator L. However, this remains an open question. O

4 Estimates with explicit scale-separation

In the last section we considered error estimates comparing the coarse-grained and effective dynamics for
a given coarse-graining map. In this section we discuss the asymptotic behaviour of these estimates in the
presence of explicit scale-separation. Specifically, we will focus on averaging problems for Markov chains
(see for instance [PS08, LL13, HPST20]). In Section 4.1 we introduce these averaging problems and discuss
the behaviour of the effective dynamics in the limit of infinite scale-separation. In Section 4.2 we present
quantitative error estimates between the coarse-grained and effective dynamics and in Section 4.3 we focus
on the specific setting of reversible Markov chains. Finally, in Section 4.4 we discuss the scaling of the
log-Sobolev constant argr with respect to e for different choices of € in a simple example.

14
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Figure 1: Energy landscape with two macro-states.

4.1 Averaging problems for Markov chains and effective dynamics

Although multiscale Markov chains are fairly classical and arise in various contexts, we briefly motivate them
from the perspective of kinetic Monte-Carlo methods in molecular dynamics. Consider a particle moving
in a potential-energy landscape, which consists of small and large barriers as described in Figure 1. The
large energy barriers introduce a natural scale-separation since it is harder for the particle to jump across
them compared to the smaller barriers. More precisely we can model the behaviour of such a particle as
a Markov jump process on X = ) x Z where ) corresponds to the states separated by the large energy
barriers while Z is the part of the state space separated by small energy barriers. For simplicity, we assume
that there is only one large barrier, i.e. Y = {0,1} and finitely many small barriers corresponding to each of
these large barriers, i.e. Z = {0,...,n — 1}. This intuitively means that the state space is divided up into

two macro-states, each of which contain n € N easily accessible micro-states.
To make these ideas concrete, consider a family of forward Kolmogorov equations parameterised by € > 0
£ _ YA
{331 = (L) w5, (32)

Hi=o = Ho,

on X =YxZwith) ={0,1} and Z = {0,...,n—1}, generated by the family of generators (Q;, D;, Gi 1—; €
RIZIXIZ] for § = 0,1)

1 1 /(Qo 0 Dy Goa
LfF =~ G:=- ’ 33
€Q+ E(O Q1)+(G1,o Dy ) (33)
i.e. with
Gyy(z,2) ity #y
Qy(z,7) ity =y s :
Q((y7 z)? (y/7 Z/)) = y( ) ) G((y, Z)7 (y/7 Z/)) = Dy(z) if y =yand 2’ =z,
0 otherwise :
0 otherwise
for z = (y,2), ' = (¢, 2') € X satisfying
Vo e X : Z Q(z,2")=0= G(z, '), (34)
r'eX r'eX
and diagonal matrix Dy, y € Y, which satisfies
Vz€ Z: Dy(z) =— Z Gyi—y(z,2"). (35)
z'eZ
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We assume that L® is irreducible, and therefore (32) admits a stationary solution p® € P4 (X). Additionally
we assume that Qg and @ are irreducible generators as well. Consequently, the dynamics driven by @; for
i = 0,1 admits a stationary measure p; € Py (Z).

Now let us take a closer look at each of these components. The small parameter £ > 0 models the scale-
separation arising due to the difference in the heights of the barriers. The matrix @, € R"*" encodes the
jumps between micro-states within the y-th macro-state. The matrix G, 1_, € R™*™ encodes the transition
from the y-th macro-state to (1 — y)-th macro-state. The summability condition (34) ensures that L¢ is a
generator.

This setting is of coarse-graining type, in that, for 0 < € < 1 the dynamics in the macro-state equilibrates
and the limit is a jump process on ). Consequently, the natural coarse-graining map in this setting is the
projection onto the slow-variable, i.e.

E:X =Y with &(x) =y, for any z = (y,2) € X.

Remark 4.1. Since X = Y x Z and £ is the projection onto the slow-variable, we simplify our notation by
identifying the conditional measures on the level sets A, with probability measures on Z. In a slight abuse
of notation, we will often denote both measures by the same symbol whenever the meaning is clear from the
context. For instance, we write p°(z|y) instead of p°(z|y) where x = (y, 2). O

With the generator L® and the coarse-graining map £, we can construct the corresponding coarse-grained
and the effective dynamics. For € > 0, the coarse-grained dynamics t — fi; € P()) solves

~e 2T A . e € £
oni; = (L5) ju,  with Li(yr,ye) = DY Lf(w1,0)pi (21 |y), (36)

T1€Ay, ,x2ENy,

and the effective dynamics ¢ — n; € P()) solves

oy = (NE)T% with N°(yr,p2) = > Lf(x1,22)p" (21|01), (37)

T1 €Ny, ,T2EAy,

where 15 (-|y), p°(-ly) € P(A,) are the conditional measures corresponding to uf, p° respectively (see (8) for
definition) and A, = {y} x Z is the y-level set of &.

In what follows we will make use of the the limiting dynamics of (32) as e — 0. Specifically, it can be
shown (see [HPST20, Section 3| for a proof) that the coarse-grained dynamics converges to the so-called
averaged dynamics.

Theorem 4.2 (Classical averaging). Define the limiting generator L* € RIVIXIVI g5

av =A A
L™ = ( /\10 _)\01>7 Ay = ZZ Py (21)Gy1—y(21, 22), (38)

21,22€2

where p, s the stationary solution corresponding to @Q,. The solution to the coarse-grained dynamics i° €
CL([0,T]; P(Y)) (see (36)) converges with respect to the uniform topology in time and strong topology on
P(Y) to p® € CH([0,T); P(YV)) which solves the averaged dynamics

o = (L) . (39)

While here we have phrased the averaging result in terms of the forward Kolmogorov equations to
be consistent with rest of the article, these convergence results can be considerably generalised (see for
instance [PS08, Chapter 16] for pathwise convergence).

Note that in general, the effective dynamics (37) is different from the averaged dynamics, which is easily
seen for instance since the effective dynamics explicitly depends on e, while the averaged dynamics does
not. This is due to a fundamental difference between the two approaches — classical averaging requires
that the fast dynamics characterised by @, (32) has an stationary measure (for a fixed value of the slow
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variables), whereas the effective dynamics relies on the existence of an stationary measure for the full system
characterised by L (which depends on ¢). However, in the restrictive setting of reversible Markov chains
the two dynamics coincide (see Section 4.3).

A natural question is to understand the behaviour of the effective dynamics as € — 0 and how it compares
to the averaged dynamics. In Theorem 4.4 below we provide a quantitative error estimate between these
two. To prove this error estimate we will need the following result which characterises the behaviour of the
stationary measure p° in the limit & — 0 (see [HPST20, Lemma 3.3] for proof).

Lemma 4.3. Let p° € P (X) be a sequence of stationary measures corresponding to the generator L¢ (33),

e. (L5)Tp* = 0. Then there exists a positive probability measure p € Py (X) such that p° — p as e — 0.
Furthermore, the conditional stationary measures satisfies p(-|y) — py(-) ase — 0, where p, € P(Z) satisfies
Qz;py = 0. Consequently, the marginal stationary measures converge to the limiting marginal stationary
measure, i.e. Eup® — Eup ase — 0.

Theorem 4.4. For any T < co and € € (0,eq) there exists a constant C < oo independent of € > 0 such
that

sup |Iny — p¥llrv < C(llng — 15" llTv +¢€)
t€[0,T)

In particular, if n§ — g in P(Y) as € = 0, then n° — p®¥ in C([0,T]; P(Y)) as € — 0.

Proof. Using the equivalence of the total-variation norm and the Euclidean norm on a finite state space, we
have the estimate

I7° = 1™ lleqomipe) = up g — 12 |lvy = sup ([N ps_y — et pav ‘
telo,T Ny tei(iﬂ;] » v (40)
< CLES%pT H t(N et )nfonRM + tES%pT H T (g — iy O)HRM]
We now estimate both terms on the right-hand side separately. For the second term we find
sup [ g = )|, < ((sup 1 o ) lInizo = iolle < Cllnizo = piZollzy (41)

t€[0,7] t€[0,7]

with a constant C' = C(L*,T') independent of £. For the first term we make use of the following matrix
inequality for My, M, € RIYI*IYI

leMHMe — Mgy iy < (| Mo |gvisip el Ml el el
Choosing My = t(L™)T and My = t((N°)T — (L*)T) yields

DTt < [t] H(NE)T - (Lav>THRly\x\y\ el M) g it PHIND T = (™) g vl (42)

RIVIXIY]

In what follows we will show that there exists a constant C' independent of ¢ such that
”(NE)T - (Lav)TH]RW\xm < Ce. (43)

Applying this bound to (42) and substituting along with (41) back into (40) we arrive at the required
quantitative result. Furthermore, if the initial data converges, the upper bound vanishes as ¢ — 0, which
proves the remaining part of the proposition.

In the remainder of this proof we show (43). Using A, = {y} x Z, for any yi1,y> € J we can rewrite the
effective generator N¢ as

Ne(y1,92) ZZQ y1,21); (Y2, 22))p" (21 lyn) + YD G((y1,21), (92, 22))0" (21]y1)

21,2263 21,22€2Z
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Note that the first sum vanishes if y; # yo since Q((y1,21), (y2,22)) =0, and if y; = yo = y we have

S5 QU 2, ) () = X ) 3 QU 21, (s 22) = 0. (44)

21,20€Z z1E€EZ 22€Z

Here we have used > . -Q((y,21),(y,22)) = > ,,cx Q((y,21),72) = 0, which follows again since
Q((y1,21), (y2,22)) = 0 for y1 # ya. Therefore for y € Y we find

(y,1—y ZZP (21]y) Gy 1—y(21, 22),

21,20€Z

i.e. the explicit scale-separation parameter drops out from the effective generator due to the definition of &.
Note that the diagonal terms N°(y,y) have a similar form as above due to the definition (35) of D,. Using
the definition of the limiting generator L*' we obtain the estimate

(V)T = (L) gy i<yt < VIZNGlrizixiz) Slelg 1o (-ly) — py ()[Iri=1 (45)
Yy

and therefore we need to estimate ||p°(:|y) — py(:)||rizI as € = 0 uniformly in y € Y.
Fix y € ). Since p° is the stationary measure of (L)7, for any z € Z we find

0= (L)) (y,2) = > L(w2, (y,2))p"(22)

ro€X

= é Z Qy(227z %22 Z G- Y,y 227 ((1 *yaZQ - Z G%l_y(Z,ZQ),DE((y,Z)), (46)

Z22€Z Z2o€Z 20€Z

where the final negative term arises due to D, (35) By Proposition 2.6, the stationary measure of the
effective dynamics (37) is given by £4p°. Lemma 4.3 states that p°(-|y) — py(-) as € — 0 where p, is a
positive measure due to the irreducibility of Q. Therefore, we can divide (46) by {4p°(y) and obtain

0= Z éQy(Z% Zg|y Z Gl Y.y 22,2; M Z Gyl y Z 22 ((y7 ))

22€Z 22€Z 5#0 #2€2 § " ( )
= QI C)(E) + T (z3),

where we use the definition of the conditional measure (8). We point out that since {xp® converges to a
positive measure, Z¢(z;y) can be bounded independently of €,y,z. Multiplying the equation above by &
yields
Qyp°(ly) = —eI°(:y)- (47)

Note that 0 is an eigenvalue for @, (as it admits p, as a stationary measure) and the real parts of all the
eigenvalues of @, lie in [—2ry, 0] due to the Gerschgorin’s circle theorem. Next, we define the non-negative
irreducible matrix P, := Q, + (max.cz |Q, (2, 2)|)I, where I is the identity matrix on RIZIXIZI. Clearly r,, is
an eigenvalue of P, and the real parts of all the eigenvalues of @, lie in [—r,, ,]. Thus r; is the spectral radius
of P, and by the Perron-Frobenius theorem r, is a simple eigenvalue of P, (with algebraic and geometric
multiplicity one), and therefore 0 is a simple eigenvalue for @, i.e. the eigenspace corresponding to 0 is
one-dimensional and spanned by p,.

We define the spectral projection P : RIZI — RIZ! onto the non-zero eigenspaces of QZ. Applying the
projection to (47) and using IP’#)Qg = Qgﬂ”#o we find

QyP20p" (ly) = —eP20Z* (5 y).
Since QZ is invertible on Ran(Pwg), the range of Pg, we find

IP0p”(19)lriz1 < ell(Qy) ™ Pusollpizix iz [|T° (5 9)|lpiz) < Cé,
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for some constant C' independent of ¢,y, 2, where we have used a uniform lower bound on £4p° due to
Lemma 4.3. Next, exploiting that Ran(/ — P.o) = Span(p,) we write

P°Cly) = py(-) = (I = Pr0)p®(-ly) — py +Prop®(-ly) =: (v(e,y) — 1)py + Prop®(-y),

with v(e,y) € R. Summing over all elements in Z, using »_.-[p°(:|y) — py(-)] = 0 and p, € P(Z) then
yields

w(ery) = 11 = |3 BaopCly)| < ClIE2op Cly) iz < Ce.
z€Z

This proves (using norm equivalence on RIZ1) that ||p°(-|y) — py||Tv < Ce with a constant C' > 0 independent
of ¢ and substituting into (45) we arrive at the required bound (43). O

4.2 Error estimates for fixed € > 0

In this section we provide quantitative error estimates comparing the coarse-grained (36) and effective dy-
namics (37) in the e-dependent setting which mirrors the general result in Theorem 3.1. As in the general
setting, we assume a log-Sobolev inequality on the level sets of £. More precisely, we will assume that there
exists a €9 > 0 and a constant argr > 0 such that for any € € (0,¢¢), y € YV and v € P(Z) we have the
estimate

1
QLS

HWIp*(ly)) < —Zq, w]p*(|v))- (LSL)

We note that the uniformity of agg; with respect to € is essentially an assumption that the constant does
not blow up as ¢ — 0. However, since p°(-|y) converges to p, (stationary measure of @Q,) as ¢ — 0 (see
Lemma 4.3) and both relative entropy and relative Fisher information are continuous in the finite setting,
the estimate (LSI.) reduces to the logarithmic Sobolev inequality as discussed for example in [BT06, Zhal6)
and the references therein. See Section 4.4 for a detailed discussion on the log-Sobolev assumption in the
case of a reversible toy-problem.

We now state the main error estimate in the presence of explicit scale-separation.

Theorem 4.5. Let ji°,n° € CH([0,T]; P(Y)) be the solutions to coarse-grained dynamics (36) and the effec-
tive dynamics (37) with initial data 1§ and 0§ respectively. Assume that

(A1) The initial data for coarse-grained and effective dynamics is positive, i.e. there exists co > 0 independent
of € such that i5(y),n5(y) > co for any y € Y. Furthermore, the initial data u§ converges in P(X)
and [i§,m§ converge in P(Y) as e — 0.

(A2) There exists g > 0 and arsr > 0 such that (LSI.) holds.

Then there exists C' > 0 such that for any e € (0,¢0)

~AE £ ~AE £ ET > £ > £
sup H(fiz|ng) < 2 (jiglng) + C—— [ (u5lp®) — 2 (17 1p7)] - (48)
te[0,T] QLST

If additionally there exists Cy < oo independent of € such that for any e € (0,e9) we have
A5 InG) < Coe, (49)

then there exists a constant D = D(T) > 0 independent of € and apgy such that

~NE £ D
sup (g5 |n) < <QCO + )5. (50)

te[0,T) QrsI

In particular, the estimate (50) holds when fi§ = nj.
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Proof. Repeating the arguments as in the proof of Lemma 3.7 and using the positivity of the Fisher infor-
mation (see Lemma 2.1) we arrive at

G ) — A (i) < 2 / 95 [ I Cly) = o2 Clallay )] ds

yeY

< 29l 20,1 / S IECly) = 2 Cla) v ) ds ) (51)

yey

where g5 is defined in (27) (now with the explicit dependence on ) and the second inequality follows by
applying the Cauchy-Schwarz inequality in time.
We first prove that there exists an e-independent constant C' > 0 such that

9!l z20,r) < CVT sup |5 =75 v (52)
te(0,T]

Using £((y, #)) = y and the decomposition (33) of the generator, f; defined in (27) can be rewritten as

) 6 i () i (12)
ft((zl,yl))—(zzygejzxyL ((zl,yl),(zQ,yQ))[mg(n (Zl)) —1og<nt€( ))}

= Z Gy, - y1(zl,z2)[10g(l7;t((y1§) —lo ( 1:Zi )]

29€EZ

Therefore, gr = sup(, .)eyx z fi((y, 2)) satisties
g0 < 2(5up Gy -yl ) 50 flog 55 () — log  (v)] (53)
yeY yey

By Theorem 4.2, 4.4 and since [i§, n§ have a limit in P(Y) as € — 0, both i and n® converge uniformly in
time to solutions of the averaged dynamics (39) with positive initial data. Repeating the proof of Lemma 2.5
along with the positivity of p, for every y € Y (since @, is irreducible), it follows that the generator
L3 of the averaged dynamics is irreducible. Therefore we can apply Proposition A.1 to obtain a uniform
and positive lower bound on any solution of (39) with positive initial data. Since the coarse-grained and
effective dynamics converge to the averaged dynamics, there exists a constant ¢y > 0, which is independent
of € € (0,¢9) such that

inf € > , and lnf 5 > cn.
e ey’ (y) = co G~ i(y) = co

Since the logarithm is uniformly Lipschitz continuous on [cg, 1] with constant ¢, ! we arrive at

sup llog /15 (y) —log n; (y)| < ¢g *lliag — g [|v-
ye

Inserting this into (53) and integrating over [0,¢] (with ¢ € [0,T]) leads to

t 2
[ ot < a(sup1Guaallo) 7T s 55—l
0 yey s€,T
This proves (52).
Now we provide an estimate for the integral term in the right hand side of (51). Using (LSI.) and the
linearity of Zy; in M we find

1 Cly) — o L2y < 208 (1) o (1)) < ——a, (1 (1) |0 (1)) = —— s, (155 (1) |0 (11)).

18I ALSI
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Since (L)Y = 7@, is the restriction of L¢ to the level set A, = {y} x Z, repeating the arguments as in
the proof of Theorem 3.1 we arrive at

/0 > lusCly) = o Cly)ivias(y) ds < %SSI/O R (p5lp°) = 275[%”(#8\05) — (1 1p7)]

[e%
yey LSI

Substituting this bound along with (52) back into (51) we arrive at

N

~E £ ~AE 1= ET ~AE £ £ £ £ £
A (g |ng) — A (g lmg) < C4f s a5 —nillev [ (ol p®) — 2 (i %))

LSI t€[0,T]

(54)
Using h(t) = sup,e(o,r) /€ (1 |n;) along with the CKP inequality (10) in (54) we then find
g NE (> 2€T € g
(1) < A3 Ing) + O\ VI A 055|0) = A 15 10°)
2

~AE £ C T £ £ £ = 1 £
< A (figlng) + Sy [ (151p7) — 7 (17| )] + Fhe (@)
LSI

The first inequality follows since 2 (p$|p°) is monotonically decreasing (recall (13)) and thus the supremum
of the entropy difference is attained at ¢ = 7. The second inequality then follows by applying the Young’s
inequality. This proves (48).

Finally, to obtain the improved error estimate (50) we plug the assumption (49) on the initial datum into
(48). The required estimate (50) then follows as J#(u5|p°) is bounded. This bound holds as 7 (ug|p°) —
A (po|p) when e — 0 since p° — p (see Lemma 4.3) and the initial data uf for the full system is assumed
to converge in P(X). O

Remark 4.6. When comparing the main error estimate in the general case (20) provided in Theorem 3.1 to
the error estimate obtained (48) in Theorem 4.5 in the case of explicit scale separation, one notices that the
scaling in arg; is different. While the general estimate (20) scales with \/@_1, the estimate (48) scales
with aiél. In particular, we also obtain a linear scaling in ¢ instead of a square root scaling which might be
expected from the general estimate.

The reason for this improvement lies in the different treatment of g in the proofs. In fact, this is the
main difference between the proofs of Theorem 3.1 and 4.5. In the general case we provide a non-specific
upper bound on the L?-norm of g in Lemma 3.8. In contrast, in the proof of Theorem 4.5, we show that
the L2-norm of g can be bounded from above by the TV-norm of i — 7, see (52). This improved control
then allows for an error estimate with better scaling in argr (and €). However, to obtain (52) we use the
Lipschitz continuity of the logarithm away from zero and thus, the estimate is tied to the Assumption (A1)
of uniformly positive initial data.

We point out that it is still possible to obtain estimates of the form in Theorem 3.1 from (54) by
using that ||4§ — 7§ ||y is uniformly bounded in ¢ since i, S converge as € — 0 (recall Theorem 4.2 and
Theorem 4.4). O

Theorem 4.5 requires that the initial data is positive. This restriction can be removed if the time interval
[0, T is replaced by [d, T'] for some § > 0 (see (63) in Appendix A for a similar discussion). In this setting, the
irreducibility of N¢ and L¢ implies that the solutions to the coarse-grained equation (36) and the effective
equation (37) are instantly positive independent of the initial conditions (see Lemma 2.5). Together with
H(p5)p°) < A(plp°) for ¢ > 0 (see (13)) this leads to the following quantitative result.

Proposition 4.7. Let if,n° € C1([0,T); P(Y)) be the solutions to coarse-grained dynamics (36) and the
effective dynamics (37) with initial data if and n§ respectively. Assume that (A2) in Theorem 4.5 holds and
that the initial data (15,15 converge in P(Y) as € — 0. Then for any 6 > 0 there exists a constant C > 0
independent of € such that for any t € [§, T we have

2eT
QrsI

H () < 2 (i5ln5) + C

[ (u5lp") = A (il p”)] -
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Note that the improved error estimate (50) in Theorem 4.5 cannot be applied straightforwardly on the
interval [d, T since this would require 7 (4§|n5) < Coe. In general this cannot be guaranteed by the control
on the initial data alone.

Remark 4.8. We point out that the general error estimate derived in Theorem 3.1 does not require positivity
of the initial data, which is one of the main assumptions in Theorem 4.5. The assumption of positive initial
data is required to obtain an e-independent bound (52) on g; in the proof of Theorem 4.5. Specifically, we
need to control the decay of fif to zero as ¢ — 0 independently of ¢ to obtain an e-independent bound on
foé g# dt, i.e. we require an estimate of the form /5 (y) > ¢tV for ¢ > 0 and N € N independent of €. In the
proof of Theorem 3.1 this estimate is derived by applying Proposition A.1 to the full solution p; and then
using fiy = {xpe. However, proceeding like this in the e-dependent case leads to a constant ¢ ~ e~ 1/¢ since
max,ex —Lf(z,2) ~e L ase — 0.
Alternatively, we might use the fact that the solution to (36) can be written as

t
{1 = exp (/ L ds) G-
0

Using the definition of LS and the definition of L¢ (33) we obtain

</ L ds) =9 = ¥ Gyl | e (e ly) ds

21,22€Z

and thus it is sufficient to control the decay of fg us(z|y) ds as t — 0 for small € > 0. We point out, that by
using [HPST20, Lemma 3.2 & Lemma 3.4] it follows that pf(-|y) converges narrowly to p, in the space of

measures on [0,7] x Z, that is fOT feul (z|y) dt — foT fipy(2)dt for all f € C([0,T);R) as ¢ — 0. However,

this type of convergence seems to be insufficient to control fg 1us(z|y) ds well enough for our purposes.
Nevertheless, this hints that the restriction to positive initial data in Theorem 4.5 is purely technical. The
technical nature of this restriction is further fostered by the numerical experiments in Section 5, where
choosing non-negative initial data does not affect the convergence rate. O

4.3 Error estimate for reversible processes

So far we have worked with general continuous-time Markov chains without making any assumption regarding
the reversibility of the underlying stochastic process. In this section, we work with reversible Markov chains,
i.e. chains that satisfy the detailed balance condition

p(w1)L(z1,72) = p(x2) L(T2, 71), (55)

for any x1,z5 € X, where L is an irreducible generator and p is the corresponding stationary measure.
The log-Sobolev inequality has been a central ingredient in our analysis so far, and it turns out that there
are natural sufficient conditions for this inequality to hold in the reversible setting (see for instance [FM16,
EF18]). In particular we can guarantee that this inequality holds for the reversible generator used in the
numerical experiments discussed in Section 5.

The reversible setting has two distinct features in the context of effective dynamics. First, the conditional
stationary measure is independent of € (see Lemma 4.9 below) which makes the quantitative result consid-
erably simpler as the log-Sobolev inequality does not depend on €. Second, the e-independent conditional
stationary measure p(-|y) (recall Theorem 4.2 for definition) is the same as p, () and therefore the averaged
and effective dynamics are the same (see Corollary 4.10). Consequently our techniques provide new error
estimates and insights into averaging problems.

Lemma 4.9. Let p, € P(Z) be the stationary measure of Q, fory € Y. If L is reversible for any € > 0, the
conditional stationary measure satisfies p°(-|y) = py(-) for any € > 0. Furthermore, the marginal stationary
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measure Exp® =7 for any € > 0, where m € P(Y) solves
T , _ (=2 Ao .
N m=0 with N:= Al 7)\1 s Ay = ZZ py(zl)Gy,lfy(zla 22)7 (56)
21,20€Z

i.e. T is the stationary measure corresponding to N. Consequently, the stationary measure corresponding to
L? is e-independent, i.e. (L¥)Tp =10 for any e > 0 where p((y,2)) = mypy(2).

Proof. Fix € > 0 and let p° be the stationary measure of L. Since L® satisfies the detailed balance condition,
it is a self-adjoint operator in L2(X, p%), i.e. for any fi, fo € L*(X, p°) we have

DN fi@) L (@, mo) fawa)p®(w1) = DY filw) Lo (wa, 1) fa(ws)pf (w2).

T1,T2€X r1,x2€X

Choosing fy = d(y, 2,y and f1 = Xy, 1xz for any (y1,21) € &', where 0, is the Dirac delta located at z € X
and x 4 is the characteristic function of A C X, we arrive at

D L (1) (w1, 22))0 (w1, 21)) = > L((y1, 22), (11, 21))p% (1, 22))

22€Z 20€Z
= Y Qu(21,2)E0 (W) (21lyn) = Y Q. (22, 20)€x0% (11)p" (22l1),
22€Z 20€Z

where the D, terms cancel from both sides. Since > @y, (21,22) = 0, the left-hand side of the second
equality above is zero. As p® is a positive probability measure (it is the stationary measure of an irreducible
generator), £xp%(y1) > 0 for every y; € Y, and therefore Qz;l p°(-ly1) = 0. Consequently p°(-|y) = py(-) for
any y € Y since the irreducibility of @, implies that it has a unique stationary measure.

Repeating the calculations as in (46) and p°(-|ly) = py(-) it follows that for any z = (y, z) € X’ we find

0= ((L9)79°) (@) = —Ay&ap™(y) + Ma—ygp™ (1 = ) = 0 = (‘AAOO j;l) (5#P5<0>) _o,

Exp°(1)
where )\, for y € Y = {0,1} are defined in (56), i.e. NT¢yp® = 0 for every € > 0. Since N is e-independent
and admits a unique stationary measure, it follows that £4p° = 7 € P()) where N Tr=o0. O

A straightforward implication of Lemma 4.9 is that the effective and averaged dynamics are the same in
this setting.

Corollary 4.10. Assume that the original generator L¢ is reversible for every € > 0. Then the effective
dynamics t — 1, € P(Y) evolves according to the e-independent generator N € RVl defined in (56), i.e.

Oy = Ny (57)
In particular, the effective and averaged dynamics (38) have the same evolution.

The proof follows by explicitly rewriting the effective generator (37) as in the proof of Lemma 4.9.
Since the conditional stationary measure is e-independent by Lemma 4.9, the log-Sobolev inequality
(LSI.) in the reversible setting is e-independent and reads

b

(v <
W) < ——

R, (VIpy). (58)

for v € P(Z). We now state the analogue of Theorem 4.5 in the reversible setting.

Proposition 4.11. Let L¢ be a reversible, irreducible generator of the form (33), and ji€,n € C1([0,T]; P(Y))
be the solutions to corresponding coarse-grained dynamics (36) and the effective dynamics (57) with initial
data fi§ and ny respectively. Assume that
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(B1) The initial data for coarse-grained and effective dynamics is positive, i.e. there exists co > 0 independent
of € such that fi§(y),no(y) > co for any y € Y. Furthermore the initial data uf, fi converge in
P(X), P(Y) respectively as e — 0.

(B2) For anyy €Y and v € P(Z2), the family of conditional stationary measures p, € P(Y) satisfies (58).
Then there exists C > 0 such that for any t € [0,T] and € € (0,¢)

~E ~E eT
sup A (fi|me) < 2 (figlno) + C——
t€[0,T] QLS]

[ (51p°) — 7 (u7|p®)] -

If additionally there exists Cy < oo independent of € such that for any € € (0,&9) we have J€([15]|no) < Coe,
then there exists a constant D = D(T) independent of € and arsi such that

sup S (fig|ne) < (200 + D)E-
te[0,T] QLSI

Note that in the estimates above both the effective dynamics and stationary measure are e-independent.

In the remainder of this section we discuss sufficient conditions on the fast-generator @, € RIZI*I1Z| such
that the conditional stationary measure p, satisfies the log-Sobolev inequality (58). First of all, note that
the reversibility of L® implies the reversibility of @, for all y € Y since choosing z1 = (y, 21) and z2 = (y, 22)
in the detailed-balance condition (55) for L¢, using the form (33) of L and writing the stationary measure
as p((y,2)) = Exp(y)p°(z]y) (recall Lemma 4.9) yields

Eup(W)py(211y)Qy (21, 22) = E40°(y) % (22y) Qy (22, 21)-

Note that £4p(y) > 0 for all y € ) as p is a positive probability measure and since 21, 2z € Z are arbitrary it
follows that @, is in detailed balance. Therefore we can apply the framework of [EM12, FM16, EF18], where
the validity of the estimate (58) is related to the entropic Ricci curvature of the triplet (Z, @y, py) denoted
by Ric(Z, Qy, py) (see [EM12, Definition 1] and [EF18, Definition 2.1] for precise definition). In particular,
the following result holds.

Lemma 4.12. Let Q, be reversible and assume that Ric(Z,Qy, py) > 0 for all y € Y, then there exists an
arst > 0 such that the log-Sobolev inequality (58) holds.

Proof. We aim to apply [EF18, Theorem 6.1], which guarantees the existence of an ar,g1 > 0if Ric(Z, Qy, py) >
0 and the diameter of (X, dyy) is bounded. Here, dyy is a distance on X defined in [EF18, Section 2.4] and
is bounded from above by dg,, up to a constant, with

n—1
1
dQ, (21,22) = inf = —— — — s
! ; \/mm(Qy(% Zit1)s Qy(2i+1; Zi))
where the infimum is taken over all sequences Z; = 21, 22, . .., Z, = 22 such that Q,(Z;, Zi41) > 0 (see [EF18,

Lemma 2.3]). Note that this also implies Qy(Zi+1,Z;) > 0 by reversibility and since @, is irreducible such
a sequence exists for all 21,29 € Z. Thus, the distance is well-defined. In particular, since Z is finite the
distance is also bounded, which proves the lemma. O

We now apply the above theory to the examples studied in the numerical experiments Section 5. With
Z={0,...,n—1}, we set

d r— 0 - 0 7r_
r— d ry 0
o L P o
0 r— d ri
ry 0 0 r— d



for y € ¥ = {0,1} with r4,7— > 0 and d = —(r; + r_). Following [EM12, Example 5.6], we obtain a
mapping representation (G,7) of @, (see [EM12, Definition 5.2] for a definition) by defining G = {+, -}
with

+(2) = z + 1l modn,

—(2) =z—1modn

and 7(z,+) = r4 and 7(z, —) = r_. This satisfies [EM12, Proposition 5.4], which yields that Ric(Z, Qy, py) >
0 and thus, Lemma 4.12 and in particular Theorem 4.5 apply. For an explicit expression of the log-Sobolev
constant see [EF18, Theorem 6.1].

Remark 4.13. The example (59) is rather specific as it models a birth-death process with periodic boundary
conditions (i.e. the first and last states are connected) and constant birth- and death-rates. However, Lemma
4.12 also holds for a far more general class of classical birth-death processes without periodic boundary
conditions which have state-dependent birth- and death-rates under mild assumptions on the rates. For the
corresponding result we refer to [Miel3, Theorem 5.1]. Note that the geodesic Ag-convexity provided in
[Miel3] implies a non-negative Ricci curvature bound if Ag > 0. Moreover, it turns out that the assumptions
of Lemma 4.12 are also satisfied for a large class of other examples [EM12, FM16], which includes a random
walk on the discrete hypercube and the full graph {0, 1}" as well as the birth-death processes on a countable
state space. O]

4.4 Different choices for coarse-graining maps

We conclude this section, by discussing how different choices of coarse-graining maps £ can lead to vastly
different scaling behavior of the corresponding log-Sobolev constant. In view of the error estimates provided
by our main Theorems 3.1 and 4.5 this shows that the choice of coarse-graining map has to reflect the
slow-fast structure of the problem in order to obtain a good error bound.

For £ > 0 we consider the process generated by

—e ! g1 0 0

e — et —(1+eY 1 0
| o 1 —(1+e71) et
0 0 g7t —e1

which models a process on a four-state state-space X = {0,1,2,3}, where only neighbouring states are
communicating and additionally, the jump rates alternate between 1 and e~!. The graph of the process and
the corresponding energy landscape are depicted in Figure 2. This generator is irreducible and reversible
with the corresponding stationary measure p(x) = 1/4 for € X (uniform measure) for every £ > 0.

Note that L° can be written as

1 1 0 0 0 0 0 0
11 -1 0 o0 0 -1 1 0
=219 o -1 1|%tlo 1 -1 0

0o 0 1 -1 0 0 0 0

and therefore is of the form (33) discussed in this multiscale section. Hence the first (and natural) choice for
¢ is to group the states {0,1} and {2, 3} together, which can for example be achieved by

s@) =5

where |-] denotes rounding down to the next integer. This choice corresponds to grouping together states
that can easily access each other. For this choice Y = {0,1} with Ag = {0,1} and A; = {2,3}. Using LY for
the restriction of L® to the level set A, x A,, we find

1/-1 1 1
o_ 71 _ = —
L=1'= <1 —1)5Q'

€
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Figure 2: Graph of a birth-death process on a state space X = {0,1,2,3} where the jump rates alternate
between e~ and 1. Above the graph is the plot of an energy landscape, which could generate such a process
(also see Figure 1). Since the birth-death process considered here is reversible, this relation can be made
precise [Berll, AMP"12]. In particular, the energy barrier between states 1 and 2 is much higher than the
barrier between 0 and 1, and 2 and 3 respectively. Note that a lower energy barrier corresponds to a faster

jump rate e~ 1.

Utilizing Remark 3.3 we have chosen the diagonal elements of LY such that the rows sum up to zero. Applying
Remark 4.13 to the generator ) and using the linearity of the Fisher information %), with respect to M
implies the existence of ay,gr > 0 which satisfies

HWIp(ly)) < —— Bearo(v|p(-]y)). (60)

Q1ST

Therefore the log-Sobolev constant scales like ¢!

€ in accordance to Theorem 4.5.
Alternatively, we can group the states together like {0}, {1,2} and {3}. This can for example be achieved
by the coarse-graining map

and consequently the error 2 (fi$|n;) decays at least like

T

s@) =[3],

where [-] denotes rounding up to the next integer. This choice yields Y = {0,1,2} and Ag = {0}, Ay = {1,2}
and Ay = {3}. Since A; is the only level set with more than one element, it is sufficient to obtain a log-Sobolev
inequality (recall Remark 3.4)

b

H(vlp(-1)) <
QLS

G (vlp(D), L' = ( ! _11) -

Again according to Remark 4.13 such an aggp exists. In fact, since L' = Q) we obtain the same agsy as in
(60). Applying Theorem 3.1 then gives an error estimate with a constant which is independent of ¢ and in
particular does not decay to zero as € — 0. Hence, although our theory gives an error estimate for this choice
of £ we obtain no decay for ¢ — 0, which reflects that £ does not properly account for the scale separation
present in the problem.

Finally, we may also choose & with level sets {0,2} and {1,3}. In this case we find that the restricted
generator is the zero matrix Q = 0 on both level sets. In particular, the restricted generator is not irreducible.
Using the definition of the Fisher information (11) we find that %4 (v1|v2) = 0. Since the relative entropy
A (v1|v2) is strictly positive if vy # vy the log-Sobolev inequality

1
QLSI

H(v]p(-ly)) < ZoWlp(ly) =0

cannot hold for any ay,s; > 0. Hence we obtain no error estimate from our theory.

Remark 4.14. (i) The last example seems to suggest that irreducibility of the restricted generator LY to the
level sets A, x Ay is a necessary assumption for our theory to work. We point out that all relevant objects,
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such as coarse-grained and effective dynamics, are properly defined even if LY is not irreducible. The only
requirement is the irreducibility of the full generator L to obtain the existence of a full stationary measure.
However, as the above example shows, the log-Sobolev inequality might fail without the irreducibility of LY.
Additionally, we remark that, although not strictly necessary, assuming the irreducibility of the LY in the
e-dependent setting of Section 4.1 leads to a more refined analysis.

(ii) Note that the list of coarse-graining maps discussed above is not exhaustive. However, a similar
analysis is possible for other possible £ and we expect that the presented cases are representative of the
entire class. In particular, it shows that there are ‘good’ and ‘bad’ choices for the coarse-graining map £ and
that their quality is reflected in our error estimates.

(iii) We restricted the example to a state space with four states for illustrative purposes. However, it is
straightforward to generalise the calculations to a birth-death process with alternating birth/death-rates on
a general finite state space. O

5 Numerical experiments

In this section we numerically investigate the optimality of the theoretical convergence rate established
in the previous sections (see Theorem 4.5, Proposition 4.11) on a simple illustrative example of a finite-
state space birth-death process. As opposed to the theoretical results, throughout this section we will work
with e-independent initial data for the full, coarse-grained and effective dynamics. Furthermore, we will
choose the same initial data for both the coarse-grained and effective dynamics since in practice the effective
dynamics is supposed to be an approximation for the coarse-grained dynamics. A simple consequence is
that J#(fig|no) = 0 and therefore the additional assumptions (49) on the initial data in Theorem 4.5 for the
convergence rate (50) is automatically satisfied.

We now describe our test example. Choose Y = {0,1} and Z = {0,...,n — 1} for some n € N and let L®
be an irreducible generator of the form (33) with Qo = Q1 given in (59) and

Goa(z1,72) = Grole1, ) = {1’ ) == L0 or () = (00 =),
0, otherwise.

In the context of Figure 1, this particular choice of G states that a particle can move to a different macro-
state only if it is located at the end of the current macro-state. The stationary measure corresponding to
L¢ is is the uniform distribution on X, i.e. p*(z) = p(z) = 5~ for all z € Y x Z, and the stationary measure
on the level sets p, € A, satisfies p,(z) = L for all z € A, = Z. Furthermore, it is easily checked that the
generator L€ is reversible and consequently the effective dynamics is independent of e (see Corollary 4.10).
Recall from the discussion at the end of the previous Section 4.3 that the conditional stationary measures
py satisfies the log-Sobolev inequality (58). Therefore assuming that the initial data is positive, Proposition
4.11 yields (we choose argr to be a part of the constant here)

sup A (ji§|n) < Ce.
t€[0,T]

Numerical implementation. We now provide details regarding the numerical implementation. Through-
out the experiments we fix an end-time T € (0, 00), a finite set £ of possible values for the scale-separation
parameter €, the number of micro-states in a macro-state n = |Z| and an initial probability measure
to € P(Y x Z) for the full dynamics (which need not be positive as will be discussed below).

To calculate the coarse-grained dynamics (36) numerically we first compute the solution to the full
system (32) and then extract the trajectory of the projected variable using the map £ : Y x £ — Y with
¢((y,2)) = y. To compute the effective dynamics (37) we first compute the effective generator N (56) and
then numerically solve the system (57) of ordinary differential equations. With these solutions (fi°).ce and
n we then can compute max;cjo, 7 (fif|n:) for all € € £.

In the following remarks we comment on two issues pertaining to the choice of initial data and the
measure used to quantify the error between the coarse-grained and effective dynamics.
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Remark 5.1 (Choice of initial data). We briefly discuss the choice of the initial measure ug for the full
dynamics. To remove the influence of the initial data from the results, it seems reasonable to generate a
large number of initial data randomly from the uniform distribution on (0, 1) (which is normalised to obtain
a probability measure), calculate the corresponding trajectories and then average the resulting convergence
rates. However, this leads to issues since the solutions to the coarse-grained and effective dynamics are fairly
close (see explanation below) and the resulting distance in relative entropy is quite small. Consequently, in
most instances, the system has already converged (up to numerical error) and it’s not possible to capture
the convergence profile. Furthermore, this issue becomes worse if the system-size increases, while we expect
that the opposite should be the case.

To give an explanation for this phenomenon, we recall that both the coarse-grained dynamics p* and
the effective dynamics 7° converge to the same stationary measure {4p (see Proposition 2.6). Furthermore,
Eup(y) = % for all ¥ € Y. In our numerical setting, the initial data for both the coarse-grained and effective
dynamics is £xpuo. However if n € N is sufficiently large (and thus the system-size is large) one expects that

Epro(®) = 3 ol(,2) ~

2
z€EZ

with high probability due to the law of large numbers. Hence the initial data is already close to the stationary
state of both dynamics and therefore the corresponding solutions stay close as well. This also explains why
the issue is more visible if the size of the system (i.e. |Z| = n) is increased .

To solve this issue, we choose initial data which has most of its mass at only a small number of states
(small in comparison to the system size). O

Remark 5.2 (Measuring pointwise or uniform decay in time). We point out that measuring the uniform
decay of the relative-entropy distance in time, i.e. max;e[o, 1) 2 (fi§|nf ), is crucial to obtain a result which is
comparable to the theoretical result. In particular, considering the pointwise decay in time, i.e. (45 |n5)
for a fixed T, we typically find a quadratic decay in ¢ as opposed to the theoretically predicted linear decay.
The reason behind this discrepancy is that the uniform decay is significantly slower than the pointwise decay
as the equilibration on the level sets speeds up as € — 0. In particular, this implies that the time at which
the maximum of ¢ — J2(ji§|nF) is attained decreases as € — 0 (see Figure 3), and consequently the pointwise
error decays considerably faster. O

Numerical results. We choose € = {10°,1071,1072,1073,107%}, T'= 20 and n = 10. We distinguish three
different scenarios based on different choices for the birth and death rates in the generator @, (recall (59))
and the initial data pg for the full dynamics:

: oy —1
(S1) Set rp =r_ =1in Qy and o = (B +2) ~ (60,0) + 550(1,0) + 15)-
-1
(S2) Set rp =landr_ =15 and o = (12 + %) (610,0) + 1591,0) + 15)-
(S-?)) Set Ty =Tr— = 1in Qy and Ho = % (5(0,0) + %5(1,0)).

Here §,,.y € P(Y x 2) is defined by 6, (9, 2) = 1if (y, 2) = (¢, Z) and zero otherwise. Both (S1)-(S2) have
positive initial data (although with different proportion of mass in the macro-states), with the key difference
being in the birth and death rates. Specifically, within a macro-state (S1) has an unbiased movement (i.e.
symmetric @), while in (S2) the movement is biased to the right. In (S3), we choose an initial data which is
concentrated only on two points in the entire state-space and therefore violates the the positivity assumption
on the initial data in our theoretical results (see Proposition 4.11).

Figure 3 plots the pointwise-error profile in scenario (S1) for varying € and clearly exhibits the behaviour
discussed in Remark 5.2, i.e. smaller values for € lead to increased mixing within the macro-states thereby
leading to faster convergence of the coarse-grained to the (e-independent) effective dynamics. Note that the
error profiles start at zero since the same initial-data is chosen for the coarse-grained and effective dynamics.
Similar behaviour is exhibited for the other scenarios as well.

Figure 4 plots maxcjo,r) # (f1f|n;) as a function of €. In all the three scenarios we observe that this
error decays to zero as € — 0, with a rate roughly equal to one. This is in line with our theoretical results
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Figure 3: Plot of ¢ — J#(jif|n;) in scenario (S1) for Figure 4: Log-log plot of max;ejo 1) 2 (fig|n:) for
e =10°10"1,1072. As e decreases the maximum of (S1)—(S3). The linear function e ~ ¢ is plotted for
A (i5|n;) as well the time at which this maximum is comparison.

attained decreases.

in Theorem 4.5 (in particular (50)), from which we expect a linear decay of error as ¢ — 0. Finally observe
that the convergence in scenario (S3), which does not satisfy the assumption of positive initial data in
Theorem 4.5, decays at the same rate as (S1)—(S2). This provides further credence to Remark 4.8, wherein
we state that the requirement of positive initial data is a purely technical assumption (in that we require it
for the proof of the estimate) and we expect that the theoretical result should hold without this requirement.

6 Conclusion and discussion

In this article we provide a systematic first study of coarse-graining for linear continuous-time Markov
chains on a finite state space. Inspired by related ideas for diffusions, we propose an effective dynamics
which approximates the coarse-grained dynamics. Using entropy techniques and functional inequalities we
provide a quantitative estimate on the coarse-graining error. We analyse the effective dynamics in the setup
of multiscale averaging problems and provide modified error estimates.

We now comment on some related issues.

Interpreting the log-Sobolev assumption. The assumption that the conditional stationary measure
p(-ly) € P(A,) satisfies the log-Sobolev inequality is the central ingredient used to prove the quantitative
estimates in this article. This assumption becomes especially explicit in the reversible setting (see Sec-
tion 4.3), where the conditional stationary measure is the stationary solution corresponding to the dynamics
within a macro-state, i.e. Qg p(-]y) = 0, and consequently any dynamics evolving according to the generator
@, converges exponentially fast to p(-|y) (recall Remark 2.2). Note that this exponential convergence does
not imply that the conditional measure corresponding to the reference dynamics p.(-|y) € P(A,) converges
exponentially fast to p(-]y) since dypue(-ly) # QF pe(-]y) even in the reversible setting. However, from the
very construction of effective dynamics we expect that the dynamics on the level-sets given by 1 (|y) should
converge considerably faster to p(-|y) as compared to the convergence of the full dynamics us to p (which
is also exponential in our finite state-space setting). Therefore, even though this log-Sobolev assumption
is crucial to proving the error estimates, it is completely unclear as to how it connects to the underlying
dynamics on the level-sets.

Comparison to diffusion processes. As discussed in the introduction, effective dynamics have
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been studied for diffusion processes. In this setting with affine ¢ and identity diffusion, where the coarse-
grained and effective dynamics fi;, n; solve Fokker-Planck equations, the quantitative estimates are of the
type (see [DLP 18, Theorem 2.15] for details)

Hulm) < o) + CESI [ (st0l) — A o)

Note that these estimates hold for £ > 0 and have better scaling in terms of the log-Sobolev constant. This
is due to the fact that in the diffusion setting, the log-Sobolev inequality implies the Talagrand inequality
which can be used to considerably improve the quantitative bounds. This also leads to a linear scaling in € in
the presence of scale-separation [HNS20, Section 3.2] (similar to linear scaling for well-prepared intial datum
in Theorem 4.5). However the Talagrand inequality fails in the setting of Markov jump processes (see [Hill7,
Lemma 8.1.7] for a detailed discussion) and therefore the techniques used in this work differ from the diffusion
setting. Another crucial difference is that, while the effective dynamics converges to the averaged dynamics
in fair generality for jump processes (recall Theorem 4.4), so far similar results for diffusions only hold in the
restrictive setting of linear diffusions where the explicit solution for the effective dynamics is known [HNS20,
Section 3.3].

Issues with relative entropy. Recall that one of the main difficulties in proving an error estimate is
to bound g¢; (see (27)) sufficiently well. In the general case without explicit scale separation we provide such
a bound in Lemma 3.8. However, in the e-dependent case we can only obtain a bound after assuming that
the initial data is positive (see (A1)). It is useful to point out that similar issues have also appeared in the
construction of the FIR inequality on discrete state spaces in [HPST20, Proposition 2.11]. In fact, it turns
out that the classical FIR inequality using the standard Fisher information (11) fails in the discrete setting if
the assumption of positive initial data is dropped. Although, as outlined in Remark 4.8, we expect that error
estimates can also be obtained without the restriction to positive initial data and that this assumption is
only necessary for technical reasons. However, this comparison indicates that there might be an underlying
common problem with using relative entropy and the classical Fisher information in the discrete setting since
this leads to a logarithmic structure, which cannot be removed as in the continuous setting due to the lack of
a chain rule. This logarithmic structure naturally creates issues when the measures tend to zero somewhere
in the domain.

General setting. We now discuss the various possible generalisations of the setting considered in this
article. In Section 4 we limited ourselves, for simplicity, to the case of two macro-states, i.e. |Y| = 2, each of
which had the same number of micro-states n = |Z|. Our multiscale results easily generalise to the case with
more than two macro-states, each with a different (but finite) number of macro-states, i.e. Y is an arbitrary
finite set and X = Uyey{y} x Z,.

Throughout this article we restrict ourselves to finite state-space X'. While the construction of the
coarse-grained and effective dynamics straightforwardly generalises to the setting of countable state-space,
the quantitative estimates do not since the various constants involved explicitly depend on the dimensions of
X, Y, Z. We expect quantitative estimates with appropriate modifications (which involve suitable norms) to
hold for countable state space, since similar results also exist for diffusion processes on unbounded state-space
R?. This is left to future work.

This article is restricted to the setting of jump processes with linear jump rates. A crucial open ques-
tion deals with coarse-graining of jump processes with nonlinear jump rates, for instance chemical-reaction
networks which are important to model biochemical systems. The construction of effective dynamics as
proposed in this work does not straightforwardly generalise to this setting since there is no simple way to
build a natural closure for the projected process due to the state-dependent jump rates.

Discrete-time Markov chains. While in this article we have focussed on continuous-time Markov
chains, discrete-time Markov chains are often employed in practice. We conjecture that our results naturally
generalise to discrete-time Markov chains. Given a transition matrix P for a discrete-time Markov chain,
the evolution of the corresponding probability distribution is given by p,, = Pu,—1 for n > 1. Therefore,
n = P"pg, for a given initial distribution pg. Hence, if we replace the semigroup etL” in our theory with
P" we expect to obtain similar results. In particular, following the proof of Lemma 2.4, the coarse-grained
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variable satisfies fi,, = P(n — 1)fip—1 with

P)(yi,ya) = Y. Play,aa)un(@slys),

1 GAyl ,IQGAy2

for y1,y2 € Y. Similarly, we define the effective transition matrix by

Pai(yi,ya) = Dy Play,z2)p(@s|ys),

x1 GAy1 ,x2€Ay2

where y1,y2 € Y and p is the stationary measure. We point out that to guarantee the existence and
uniqueness of a stationary measure in the discrete-time setting it is necessary to additionally assume that
the Markov chain is aperiodic.
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A Properties of irreducible continuous-time Markov chains

In this section we state two general results for irreducible Markov jump processes. Throughout this section
M € RIZIXIZ] is an irreducible generator on a finite space Z and ¢y € P(Z). Let ¢ € C*([0,T]; P(Z)) be the
solution to the forward Kolmogorov equation

8¢ = M"¢,

C|t=0 = CO- (61)

Furthermore, let p € P, (X) be the stationary measure for (61), i.e. M7 p =0

The following result provides a lower bound for the solution of the forward Kolmogorov equation (61) for
short and intermediate times. For long times, i.e. for ¢ — 0o, we obtain a lower bound from the convergence
to the stationary measure in Proposition A.2 and since the stationary measure has full support.

Proposition A.1. The solution ¢ € C'([0,00); P(Z)) to the forward Kolmogorov equation (61) satisfies the
following bounds:

1. For any 6 € (0,1) and t € [0,0], there exists c = ¢(6) > 0 and N € N independent of z € Z such that

Vee Z: (z) > (). (62)

2. For any 0 <0 <7 < oo and t € |4, 7], there exists ¢ = ¢(6,7) > 0 independent of z € Z such that
Vze Z: ((z) > c(d,7). (63)
If ¢o(2z) > 0 for all z € Z, the estimate (63) also holds for § = 0.

Proof. Since M is a irreducible generator on a finite space Z, using v = sup,cz |M(z,2)| we can define
a P € RIZIXIZl with non-negative entries via M = P — vI, where I is the identity matrix. Furthermore

_ M7 dh tMT _ t(PT—vl) _ -t tPT _ —ut " (PO" g i ;
we have (; = """ (p, with e = et ) = e Vte =e ano ——— Since M is irreducible for

any z,2z € Z with 2z # 2/, there exists a finite sequence 2p,21...,2y € Z containing no doubled points
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with zo = 2/, 2y = z and M (2, 2n,+1) > 0. Since none of the points in the sequence repeat it follows that
P(zi,zi+1) = M(zi, 2z:41) > 0 and therefore we find

(PYN(z2)= Y. Pz a)P (a1,00)... PT(an_1,2)

at,..,aN—1€Z
> PT(Z’, ZN_l)PT(zN_l, ZN—2) .- PT(zl, 2)
= P(z,21)P(21,22) ... P(2n-1,2") > 0.

(64)

In the case z = 2’ we choose another Z € Z with Z # 2. Again since M is irreducible there exists a finite

sequence Zo, 21,...,%5 € Z containing no doubled points with 2y = z and Zy = Z and M(2,, Z,41) > 0.
Similarly there exists a finite sequence %, ..., Z5y € Z containing no doubled points with %) = 2 and Z5 = =
and M(Z,,2,41) > 0. Concatenating the two sequences yields a sequence zo,...,zy with no successive

double point such that zp = zy = z and M (z,, 2,11) > 0. Thus we can proceed as in the case z # 2’ and
obtain (PT)N(z,z) > 0. Consequently, since P has non-negative components, we find

" (PT(z, 2))" N (PT(z,2")Y
- N!

> 0.
n!
n>0

Since ¢y € P(Z), there exists y € Z with {y(y) > 1/|Z|, and for any z € Z we find

tM7T ’ / tM7T _ _—vt tPT /1 -
) = 3 M 0 2 M o) = )iz = (NPT G )Y ). (69

Note that in this bound N depends on the choice of z, i.e. N = N(z).
For 6 € (0,1] and ¢ € [0, ], (65) leads to the uniform bound

1

(&) 2 @M, e0) = N

. min, N(z) _,
min P7 (z,)™" Ve, (y).

which is the claimed estimate (62). For § € (0,1], § <7 < oo and ¢ € [4, 7], we have the bound

1

Gl2) 2 e0.7), e0.7) = o

(min PT(Z, y))minz N(Z)efu-ré-o(y)a(minz N(z))

and with 1 < § <7 < 00, t € [, 7] we have the bound

1

G(2) 2 e@:7), el0,7) = i

. min, N(z) _,+
min P (z,)) ™" N e G ).

This is the claimed estimate (63).
Finally, assume that (o(z) > 0 for all z € Z. Rewriting 9;¢ = MT( in time-integrated form, for any
t€10,7] and z € Z we find

G =) + [ MGds =G+ [ M =66 - 3 [ Meueds

2/ €Z,2'#2 0

> CO(Z) -t Z M(Z’ Z,) > CO(Z) - Eta (66)

2 €Z,2'#2

where the first inequality follows since M(z,z’) > 0 for z # 2/, the second equality follows by definition
of a generator, the second inequality follows since 0 < (s(z) < 1, and the final inequality follows by using
¢ = maxsez ), M(z,2') which is a positive constant as >, M(z,2") > 0 for any z € Z due to the
irreducibility of M. Consequently, there exists a small enough 6 > 0 such that for any t € [0, g] and z € Z
we have (o(z) > é. Using (66) it follows that ¢;(z) > ¢ for any ¢ € [0,4] and z € Z. Combining this with
(63) completes the proof of the proposition. O
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The following result discusses the exponential convergence to the stationary measure in total-variation
distance. Part of this argument is provided by Maksim Maydanskiy [May].

Proposition A.2. Let ¢ € C'([0,T];P(Z)) be the solution to the forward Kolmogorov equation (61) and
p € PL(Z2) the corresponding stationary measure. Then there exist constants C((y), D > 0 independent of
time, such that

166 = oy = CGo) e,

where || - ||rv is the total-variation norm.

Proof. Since M is a generator, using Gerschgorin’s circle theorem yields that the real part of its spectrum
is non-positive, i.e.

Re(o(M)) < 0.

Furthermore, applying the Perron-Frobenius theorem as in the proof of Theorem 4.4 yields that A = 0 is a
simple eigenvalue and all other eigenvalues have strictly negative real part. Therefore, M7T also has a simple
eigenvalue zero and the remaining eigenvalues have negative real part. Additionally, since p is the unique
stationary measure the eigenspace corresponding to the zero eigenvalue is spanned by p.

Using Py as the projection onto the zero eigenspace of LT we obtain

M= (1= Po) + PoJe!™ (I = Po) + Po) = (I = Po)e™" (I = Po) + Poe'™" P,

where we have used Py(I — Py) = (I — Py)Py = 0 and that the projections commute with the semigroup
™" | Furthermore, we note that Pyet™” Py = Py since MT Py = 0. Hence, using ¢; = et™" (y for initial
data (o € P(Z) we find

16 = pllpy < || = Po)e™ (I — PO)COHTV + | PoCo — pllpy - (67)

Since (I — Py) is a spectral projection onto the eigenspaces corresponding to the eigenvalues with strictly
negative real part there exists a D > 0 such that

(T = Po)e™ ™ (I = Py)Co|| s < C(Co)e Pt

v

Following [May], we now argue that Py(p = p for any (o € P(Z), which concludes the proof by substi-
tuting the inequality above into (67). Since M7 is a finite-dimensional matrix, we can write (o as a linear
combination of the (generalized) eigenvectors of M7, i.e.

|Z]-1

Go=cp+ Z CiPi (63)
=1

where coefficients ¢,¢; € R and p; (i € {1,...,|Z| — 1}) are the generalized eigenvectors corresponding to
the eigenvalues of M7 with strictly negative real part. Since M is a generator, the left eigenvector of M7
corresponding to the eigenvalue zero is given by 1 = (1,...,1). In particular, this yields 1p; = 0 since

0=10=1(MT =X\ D)"p; = (—=\;)"1p;,

where we used that p; is the generalized eigenvector corresponding to the eigenvalue \; # 0 and 1M7T = 0.
Since (o, p € P(Z), using (68) we obtain

|Z]-1

1=1¢ :]l(cp+ Z cl-pi) =clp=c.
i=1

This proves Py(y = cp = p. O
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We now discuss the constants in Propositions A.1 in more detail if M = N, where N is the generator
of the effective dynamics, see (17). It turns out that we can obtain constants, which do not depend on N,
but only on the full generator L. In particular, the constants are thus independent of the choice of the
coarse-graining map & : X — ).

Proposition A.3. Let N be the generator of the effective dynamics defined in (18) and letn € C*([0,00); P(Y))
be the solution of the corresponding forward Kolmogorov equation (17) with initial data ny € P(Y). Then
the following estimates hold:

1. For any 0 € (0,1) exists ¢ = ¢(d, L, |X|) > 0 independent of N such that

VYyeY andt € [0,0]: n(y) > ctl*. (69)

2. For any 0 <0 < 7 < oo exists ¢ = ¢(6, 7, L, |X|) > 0 independent of N such that
YyeY andt e [d,1]: n(y) > c. (70)
If no(y) > 0 for all y € Y, the estimate (70) also holds for § = 0.

Proof. We first prove the estimates (69) and (70) by adapting the proof of Proposition A.1. For that we
note that

UN = sup|N(y y)| = sup‘ ZZ (x1,22)p(x1|Y) ‘ Z |L(z, x)
yeY

T1,2€EN, zeX

where we used that p(x1|y) < 1. Moreover, let y; # ya such that N(y1,y2) > 0. Then it holds that

N(yi,y) = D> Ll@,z)p(xily) > inf  L(zy,za)p(wr) > 0.

s ep(L
T1E€ENy, ,T2ENy, (@1,22)€p(L)

where p(L) = {(z1,22) : L(z1,x2) > 0} is the positivity set of L. Here, we used that x; # 3 since y1 # yo
which gives L(x1,z2) > 0 and p(z1]y1) > p(x1) which follows by definition of the conditional measure, see
(8). Finally, we also used that p(L) N (A,, x A,,) # 0 since N(y1,y2) > 0.

Next, define P = N + #I. Since vy < 7 the matrix P € RVl has only non-negative entries. With
this we can write

T T . T . ik PT n
etN — 6t(P vl) _ e VtetP —e tv E ( )

|
=0 ™
The generator N is irreducible by Lemma 2.5 and hence, for any y,y’ € Y with y # ¢ exists a finite
sequence Yo, Y1, - - -, Ym € Y containing no doubled points with yo = y, ym = v" and N(yn, yn+1) > 0 for all
n=20,...m — 1. Then, we find using N (Yn, Yn+1) = P(Yn, Yn+1) since y, # yn11 that

(PTY™(y,y') = P(y,y1)P(y1,y2) -+ P(Ym—-1,9') > ( inf L(3317962)P($1)) >c
(z1,22)€pP(L)

with

X
i o) L@ e)pl@ ,ifinf o L(wy,@)p(an) <1
A <(“’$2)GP(L) (20! 1)) (o2 gy L TP

inf L(z1,x2)p(21), if inf Lz, x2)plz1) > 1,
(z1,z2)€p(L) ( ! Q)P( 1) (z1,2)€p(L) ( 1 2)p( 1)

Here, we use that 1 < m < |Y| < |X] for all y1,y2 € Y since the sequence contains no double points. For the
case z = z’ we note that one obtains a sequence with similar properties of length at most 2|)| by following
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the construction in the proof of Proposition A.1. Consequently, since P has only non-negative components,
we find

(P (y,y) _ e

tPT(
m! — |

e (y,y) =
Since 1o € P(Y) there exists at least one y' € Y such that no(y’) > 1/|Y| > 1/|X| and for any y € ) holds
that

< —Dttm.

nt(:‘/) > We

Note that the constant ¢ only depends on L and |X|. Following the proof of Proposition A.1 with this
improved estimate gives the desired result. O
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