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Abstract

This thesis deals with the study of stochastic processes and their ergodicity properties. The
variety of problems encountered calls for a set of different approaches, ranging from classical to
modern ones: a special place is held by probabilistic methods based on couplings, by functional
inequalities, and by the theory of gradient flows in the space of measures.

The material is organized as follows. Chapter 1 contains the introduction to this thesis, starting
with a general presentation of some of the relevant topics. Section 1.1} is dedicated to the
theory of gradient flows in metric spaces, and introduces the first contribution of this thesis
[DSMP24], which is presented in detail in Chapter 2. Section (1.2 moves to the topic of
curvature of Markov chains, concluding with a brief description of our second contribution
[Ped23], which is included in Chapter 3. Section (1.3 discusses applications of stochastic
processes to the theory of sampling, in particular the recent framework of score-based diffusion
models, and our contribution [PMM24], which is contained in Chapter 4. Section 1.4/ discusses
some related problems, concerning the regularization properties of the heat flow. It serves
as a motivation for the work [BP24], which we report in Chapter 5. Finally, Section 1.5
discusses the last contribution of this thesis, which can be found in Chapter 6. It deals with
the convergence to equilibrium of a particular stochastic model from quantitative genetics:
this is established via some functional inequalities, which we prove with probabilistic arguments
based on couplings.
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CHAPTER

Introduction

A general motivation for this thesis is the study of convergence properties of stochastic
processes. Needless to say, this is a vast topic with applications in several fields: a few notable
examples, relevant to this thesis, include Markov chains, diffusion processes on R¢, algorithms
for sampling, and evolutionary models from quantitative genetics. This variety of settings is
reflected in a broad range of approaches to tackle the problem, which often draw inspiration
from different areas of mathematics, creating deep and fruitful connections.

A first example of this, and a recurrent theme in this thesis, is given by the topic of functional
inequalities. It turns out that some functional inequalities play a fundamental role in the
study of convergence to equilibrium of Markov processes, by governing the rate at which
an appropriate distance to equilibrium decays to 0 with time. On the other hand, such
inequalities often describe also interesting properties of the equilibrium measure of the stochastic
process, typically related to the concentration of measure phenomenon. Roughly speaking,
this expression indicates the remarkable observation that, for many probability distributions
naturally arising in high-dimensional spaces, most of the mass lives close to each other. In
other words, there are relatively small regions that capture almost all the mass of these
probability distributions. Perhaps the most fundamental example is given by the standard
Gaussian distribution, which satisfies many functional inequalities of this type [BGL14].

Not surprisingly, by involving notions of closeness/distance, the concentration of measure
phenomenon is also intimately connected to geometric properties of the space; in particular,
a key role is played by the concept of (positive) curvature. Seminal results in this direction
are due to Lévy [L51], who proved the concentration of measure phenomenon for the unit
sphere in R¢, and to Gromov [MS86], who extended this observation to Riemannian manifolds
having positive Ricci curvature, in such a way that the more the space is curved, the stronger
the implied concentration phenomenon is. In these examples, the reference measure and
distance are naturally taken to be the uniform one and the geodesic one, respectively. The
celebrated work by Bakry and Emery further generalized these results, as we now recall. In the
setting of Riemannian manifolds, denote by Ric the Ricci curvature, and consider a diffusion
process (X;); with generator L = A — VV -V, for a smooth potential V. The corresponding
semigroup P, admits a reversible measure 7 oc e~V d\, where \ denotes the uniform measure.
It was proved in [BE8D] that, if V2V + Ric > 0, then 7 satisfies a log-Sobolev inequality.
This fundamental inequality is a prominent member of the aforementioned family of functional
inequalities, as it implies both strong concentration properties for the measure m, and fast
convergence in law of the diffusion process to 7 itself. Notice that by choosing V' = 0 one
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recovers the Gromov—Lévy theorem, and by choosing V() = |z|*/2 in the Euclidean space one
recovers the Gaussian log-Sobolev inequality. This result, however, extends the concentration
properties to a much larger class of measures defined on Riemannian manifolds, elucidating
the favourable effect of positive curvature. At the same time, this suggests also a change of
perspective, that is, to treat the quantity V2V +Ric as an “effective” curvature of the random
process (X,;);. The development by Bakry—Emery of this idea gave rise to a powerful theory
of curvature for Markov processes, based on an abstract set of rules known as I'-calculus and
the corresponding curvature-dimension condition CD(K, d) [BGL14].

The established connections between curvature and powerful functional inequalities motivated
the effort to extend these definitions and implications to even more general settings. It is
not surprising that the theory of optimal transport, lying at the intersection of probability
theory and geometry, turned out to be a key tool in this respect. It is building on this theory
that Sturm [Stu06] and Lott and Villani [LV09] independently developed a notion of curvature
lower bound for a large class of geodesic metric measure spaces (X, d, m) (here X is a set, d
a distance and m a measure). The curvature of the space is characterized in terms of geodesic
convexity properties of the relative entropy functional (with respect to the reference measure
m), in the 2-Wasserstein space, i.e. the space of probability measures with finite second
moment equipped with the 2-Wasserstein distance from optimal transport. Remarkably, this
definition is consistent with the classical notion of Ricci curvature for Riemannian manifolds,
and even in this very abstract setting positive curvature is shown to imply many functional
inequalities.

Optimal transport gives also new insights into the role played by functional inequalities both in
the concentration of measure phenomenon and in the speed of convergence of some stochastic
processes to equilibrium, and into the connections with the geometry of the space (the
curvature in particular). The key observation, starting with the seminal work [JKO98], is that
the evolution of some random processes (interpreted as curves in the space of probability
measures), can be interpreted as a deterministic gradient flow for an appropriate functional in
the 2-Wasserstein space. An important example comes from considering the relative entropy
as the driving functional, for which the associated stochastic process is the Langevin dynamics.
Recalling that in the Lott—Sturm—Villani theory positive curvature is defined in terms of
convexity of this functional, it appears now rather intuitive that this implies fast convergence
of the Langevin dynamics to equilibrium, based on the common knowledge that gradient
flows for convex functionals exhibit favourable properties. This variational perspective turns
out to be very useful for the convergence analysis of these random processes: indeed, by
transforming the original problem into the study of the convergence of a gradient flow, one
can draw inspiration from the field of optimization to come up with new results or new proofs
and interpretations of existing ones. Because of the great influence of this point of view on
this thesis, the next subsection is devoted to the theory of gradient flows in metric spaces and
their convergence properties.

1.1 Gradient flows in metric spaces

For a smooth function F': R? — R, a gradient flow (started at a point o € R?) is a solution
(y¢)t = (Yt)t>0 to the Cauchy problem

Yo = o,

yi = —=VF(y). (L11)
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There are many different possible ways of extending this definition to the setting of abstract
metric spaces (lacking, in general, a differential structure), which differ, e.g., in the level
of generality, or in the conditions for existence and uniqueness, and that are inspired by
corresponding properties holding in the smooth Euclidean case. The reader is referred to
[AGS08] for a comprehensive study, and to [San17] for a concise overview. In this introduction,
for the sake of exposition, we restrict our attention to complete metric spaces (X, d) and
to non-negative proper lower semicontinuous functionals F': X — Rsq U {4+00}. These
assumptions are not everywhere necessary in what follows, but are anyway satisfied for the
main examples considered. We briefly describe below two possible ways of defining gradient
flows for the functional F'.

Curve of maximal slope. To motivate the first definition, consider the following simple
observation in Euclidean spaces. Let F': RY — R and (y;); be respectively a smooth function
and a smooth curve in R?. Then, by the Cauchy-Schwarz and Young's inequality,

SR () = (VP f) < L IVEP + 2 il
Moreover, equality holds if and only if y; = —V F(y,) for all ¢; therefore, one could take the
converse inequality
d 1 2 1 112

g Fw) 2 SIVE@)™ + Syl
as a definition of gradient flow. To make sense of this in the abstract setting of lower
semicontinuous functionals on (X, d), we need to define the analogue of the quantities |V F|
and |y;|. For the first one, we consider the notion of descending slope

ID™F|(z) = lirélj;lp [F(y()i(;];)(x)]

(1.1.2)

For the second, suppose that (1), € AC;..(Rs; X), i.e. the curve (1), is locally absolutely
continuous. Then, we can naturally consider its metric speed, defined by

With these choices, we arrive at the following first definition of gradient flow for F'in (X, d),
which is known in the literature as the definition of curve of maximal slope (cf. [MS20,
Dfn. 4.1] and Chapter 2 for more details). Recall that for a function F': X — RU {+o0} we
define dom(F) = {z € X | F(x) # 400} and we say that F' is proper if dom(F') # {).

Definition 1.1.1. Let F': X — R, U {+o0} be proper and lower semicontinuous. We say
that (y.), is a curve of maximal slope for F' started at y, € dom(F) if

» (y1), € AC%OC(RN); X) and limy 0 y; = vo;
" (F<yt))t < ACIIOC(RZO;R);
= the following Energy Dissipation Inequality holds:

d L. Lo
—&F(yt) > —|ge|® + §|D F|(y;)* for a.e. t.

3
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Evolution variational inequality To motivate the second definition, suppose again to
start with that F': R — R is smooth, and assume in addition that £ is A\-convex for some
)\ € R. This means that we have the uniform lower bound V2F = \I; for the Hessian of F,
or equivalently, that for all z,y € R?and 0 <t < 1

tH1—t)

Ftr + (1 —t)y) <tF(x) + (1 —t)F(y) — A |z —y|*. (1.1.3)

Then, the vector VF(z) can be characterized as the unique v € R? such that
A
F(y) > F(z) + (v,y — z) +§|x—y|2 for all y € R%.

For any point = € R?, an easy computation using the above shows that a classical gradient
flow (1.1.1) satisfies the inequality
3l = el < (@) = Fly) — Sy — ol

The idea is then to require the above to hold for every = as an alternative definition of gradient
flow. Before stating the corresponding definition for our functional F': X — R U {400}, let
us discuss how to extend the notion of A-convexity. Notice that (1.1.3) considers a linear
interpolation t — tx + (1 — t)y between the points = and y in the left-hand side, i.e. it
connects the points x and y with a straight line. This does not make sense in a general
metric space (X, d), but a natural way to mimic this construction is to make the additional
assumptions that the space (X, d) is geodesic. Recall that a curve (7¢)scpo,1 in X is a constant
speed geodesic if and only if

d(vs, ) = |t — s|d(v0,71) for all s,t € [0,1].

The space (X, d) is said to be geodesic if for every points x,y € X there exists a constant
speed geodesic (7y;)ic[o,1] connecting x and y, i.e. such that 7o = x,71 = y. The following
definition is then natural.

Definition 1.1.2. Let (X,d) be a geodesic space. A functional F: X — Rx>oU {+00} is
A-geodesically convex if and only if for all x,y € X there exists a constant speed geodesic
(V¢)tepo,1] between x and y such that for all t € [0, 1]

F() < tF(2) + (1~ 1)F(y) — 21(01— )d(z,)".

We can now move to the definition of gradient flow for a A\-geodesically convex functional.
Actually, in the next definition, it is not strictly necessary to assume that F' is A-geodesically
convex, but doing so is helpful to prove existence of a solution (in fact, it is also essentially
necessary to have existence from every starting point yy € dom(F’), as shown in [DS08]).

Definition 1.1.3. Let F': X — R, U {+0o0} be proper and lower semicontinuous. We say
that a curve (y,), is an EVIy-gradient flow started at y, € dom(F") if

L) (yt)t € AC]QOC(R>0; X) and hmt_m Yt = Yo,

= the following evolution variational inequality holds for all x € dom(F'):

——dQ(yt,x)Q < F(x) — F(y) — ;\d2(yt,t) for a.e. t.
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It was proved by Savaré that, under our assumptions, a solution in the above sense is also a
curve of maximal slope (see also [San17, [AG13]) while the converse is false [San17]. However,
EVI,-gradient flows enjoy many useful properties, e.g. in terms of uniqueness and stability of
the solutions (see [AGS08]| for a detailed study).

Gradient flows in the space of probability measures

As anticipated, the relevance to this thesis of the topic of gradient flows in metric spaces
mainly concerns the case where X is (a subset of) the space of probability measures P(2)
on a set 2. Indeed, given a stochastic process (X;); on Q and denoting by p; = law(X}) its
marginal law, it turns out that in some cases we can equip P(£2) with an appropriate distance
d and consider a functional F': P(€2) — Rx( such that (u;); becomes a gradient flow for F’
in the metric space (P(£2),d). This point of view provides useful insights for the study of the
properties of the stochastic process (X;);: in particular, the convergence to equilibrium in law
can be interpreted as the convergence of a gradient flow to the unique minimizer of its driving
functional F'.

Langevin dynamics

The first remarkable example that we consider is given by the Langevin dynamics. Consider a po-
tential V: R? — R, and let us assume that it is smooth and such that VV is globally Lipschitz
and [exp(—V(x))dz < co. We can consider a probability density 7 o< exp(—V) associated
with this potential, where the proportionality symbol oc means that 7 = %exp(—V) € P(RY)
for a normalizing constant Z > 0 (with abuse of notation, we often identify (probability)
densities with the corresponding (probability) measures). The Langevin dynamics is the
stochastic process obtained as a solution of the following stochastic differential equation

Xo~ o,  dX, = —VV(X,)dt +V2dB;, (1.1.4)

where (B;); denotes the standard Brownian motion and p is a regular enough probability
measure. Existence and uniqueness of the solution hold under our assumptions by the standard
theory of stochastic differential equations [KS91]. Correspondingly, we have that p; = law(X;)
solves the Fokker—Planck equation

From substituting 1y = m, it can be checked that 7 is stationary, and in fact X; converges
weakly to 7 under mild assumptions. A remarkable variational structure for the Langevin
dynamics was observed in [JKO98]. Denote by P ,c (Rd> the space of probability densities in

R¢ with finite second moment, and by W, the 2-Wasserstein distance, which is defined for
p,v € P(R?) by

Wa(p,v) = inf E[|IX — Y],

where the infimum runs over all R%valued random vectors X and Y defined on the same
probability space (€2, F,P) with law(X) = u and law(Y) = v. Finally, we consider the
relative entropy functional (with respect to ), which is given by

Pr(v || 1) = /delogpdﬂ if1/<<7rwithp::g—7”r7 (11.6)

400 otherwise.
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Notice that this functional is non-negative and it is equal to 0 if and only if v = 7, so that
it can be interpreted as a measure of distance of v from 7. A fundamental contribution of
the work [JKO98|] was observing that the evolution (1;); corresponds to the gradient flow
of the relative entropy functional Dky(- || w) in the Wasserstein space (PQ,aC (]Rd), WQ) (ina
sense to be made precise, which depends on the properties of the potential V'). Additionally,
Otto [Ott01] derived also a formalism known as Otto’s calculus, which allows to formally
interpret the 2-Wasserstein space as a Riemannian manifold, correspondingly yielding yet
another description of the gradient flows in this space and of the quantities involved. Let us
also mention that, besides the Fokker—Planck equation (1.1.5), many other evolution PDEs
fall into the framework of Wasserstein gradient flows of appropriate functionals [AGSO08].

Reversible Markov chains

Inspired by the theory of Wasserstein gradient flows, one is motivated to find analogous
description of other stochastic processes. The work of Maas [Maall] constitutes an important
contribution in this direction, in a discrete setting. More precisely, let €2 be a finite space,
P an irreducible stochastic matrix on Q2 and m € P(£2) a probability measure satisfying the
detailed balanced conditions m(z)P(x,y) = m(y)P(y,x) for all x,y € Q. We can consider
the associated continuous time Markov chain with generator L = P — [ and semigroup
P, = exp(tL), which is reversible (and ergodic) with respect to m. A major contribution of
[Maall] was the construction of a metric # on P(£2) which plays the role of the Wasserstein
distance W,. More precisely, this metric is geodesic on P(£2), Riemannian on the subspace
P.(Q) of probability measures with full support, and, most importantly, such that the evolution

(pe)e == (pP;), becomes the gradient flow for the relative entropy functional Dy (- || ) in the
space (P(Q2), #).

Convergence of gradient flows

As discussed in the previous subsection, both the Langevin dynamics and the evolution of
a reversible Markov chain can be interpreted as gradient flows in the space of probability
measures, equipped with an appropriate distance. In both cases, the driving functional is the
relative entropy Dy, (- || 7) with respect to a reference measure 7, which constitutes the unique
minimizer of this functional. Therefore, the ergodicity of these processes to 7 is reinterpreted
as the convergence of a gradient flow to the unique minimizer of its functional. Motivated
by this observation, one is naturally led to the study of sufficient conditions for convergence
of gradient flows in metric spaces, ideally also with quantitative estimates on the speed of
convergence. This strategy turns out to be particularly effective: studying the convergence of
a deterministic curve can indeed be easier, and many existing arguments from the theory of
optimization can be often adapted to this very abstract setting. In what follows, we briefly
and informally discuss three conditions of this type.

Geodesic convexity

As usual, let us start with the smooth Eucliden setting. It is then well known that one of
the best assumptions to prove convergence of a solution of (1.1.1) to a minimizer of F'is
the (strong) convexity of F'. Indeed, suppose for example that V2F 3= A\, for some A\ > 0.
Then, this automatically guarantees that F' admits a unique minimizer z*. Moreover, for two
gradient flows ()¢, (7:) with different initialization, an easy computation shows that |y; — 7|

6
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decays exponentially fast with time, which in turns implies fast convergence of any gradient
flow to =* in a rather strong sense.

Remarkably, similar conclusions hold in abstract geodesics spaces, when the functional F is
A-geodesically convex for positive A and the gradient flows are intended in the EVI, sense of
Definition 1.1.3. Because of these strong consequences, it is then natural to investigate when
geodesic convexity of the relative entropy holds for the examples discussed before.

For the Langevin dynamics, there is a simple characterization due to McCann [McC97]: the
relative entropy functional Dk (- || ) with respect to a probability density m o< exp(—V') is
A-geodesically convex in Py (Rd, WQ) if and only if the potential V' is A-convex (in this case,
we also say that 7 is A-log-concave). This result combined with the current line of reasoning
allows to elegantly establish several important consequences of the strong convexity of V', such
as the exponential decay of the relative entropy Dki,(p || 7) along the Langevin dynamics, or
functional inequalities for the invariant measure 7.

For Markov chains, the situation is more complicated. The geodesic convexity of the relative
entropy in (P (), #) was studied in [EM12] (see also [Miel3]): inspired by the Lott—Sturm-—
Villani theory, Erbar and Maas defined the (entropic) Ricci curvature of a reversible Markov
chain in terms of the geodesic convexity of this functional. Moreover, they showed that under
A-geodesic convexity the evolution (u;); of the Markov chain is an EVI,-gradient flow for
the relative entropy, and that, when X is positive, many powerful inequalities hold in analogy
with the Langevin diffusion. Equivalent characterizations of the \-geodesic convexity are also
provided, but a simple criterion in the spirit of the log-concavity of 7 is missing, and in practice
computing the entropic Ricci curvature of a Markov chain can be quite challenging.

Polyak—tojasiewicz condition

Next, we consider a simple but important criterion from optimization, known as the Polyak—
tojasiewicz condition (PL) [Pol63]. For smooth F': R? — Ry, it takes the form of a gradient
domination inequality

\VF|* > 2KF (1.1.7)

for some K > 0. It can be checked that this is weaker than the convexity lower bound
V2F = K1, but still yields powerful consequences. For example, since along a solution of
(1.1.1) we have L F(y,) = —|VF(y)|* < —2KF(y;), by Gronwall's lemma it follows that
F(y:) < exp(—2KT)F(yo); hence, F(y;) converges to the minimum value of F' exponentially
fast (recall that F' is non-negative). In addition, the minimum of F' is attained at some point

2F
x* such that |y, — z*| < #

The PL condition makes perfect sense also for curves of maximal slope as in Definition 1.1.1,
simply replacing the norm of the gradient with the descending slope (1.1.2), and it still implies
exponential convergence to a minimizer. For the Langevin dynamics and the case of reversible
Markov chains, the condition (1.1.7) corresponds to an important functional inequality, which
yields the exponential decay of the relative entropy along the corresponding evolution ().
In the continuous setting, this is the celebrate log-Sobolev inequality [BGL14]|

2K Dy(- || 7) < To(- || 7)., (1.1.8)

where the right hand side is the relative Fisher information, defined for an absolutely continuous
(with respect to ) probability measure du = pdm by

Lo m) = [ |V 1og pl’dp

7
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For reversible Markov chains, the inequality is called modified log-Sobolev inequality [BT06]
(to distinguish it from similar versions that are not equivalent in discrete spaces): it is defined
analogously to (1.1.8), with the difference that the Fisher information is now given by

Ly(p | m) = ; > w(x)P(x,y)(p(x) — p(y))(log p(x) — log p(y)).

T

Coherently with the smooth Euclidean case, the (modified) log Sobolev inequality is implied
by the strong geodesic convexity of the relative entropy. This fact specialized to the Langevin
dynamics (where the geodesic convexity is equivalent to the log-concavity of m) recovers
in particular the celebrated result by Bakry and Emery [BE85], which also gains a new
interpretation.

Local conditions

Finally, we consider a third condition. This constitutes the first contribution of this thesis,
which is based on joint work with Lorenzo Dello Schiavo and Jan Maas [DSMP24], and is
presented in full detail in Chapter 2.

The general motivation was to find weaker conditions that imply convergence of gradient
flows to minimizers with quantitative rates. In fact, while the (PL) condition is weaker than
strong convexity, it is still quite demanding, by requiring an inequality to hold globally, i.e. for
all points in the space. A remarkable local condition was recently introduced by Chatterjee
[Cha22] and Oymak and Soltanolkotabi [OS19], for a solution to the Cauchy problem (1.1.1)
and a smooth non-negative functional F'. The main assumptions of these works is still a
gradient domination condition as in (1.1.7), but which is required to hold only on a big enough
ball around the starting point xy:

\VF(z)| > 2K F(x) for all z € B, (). (1.1.9)
Remarkably, these authors showed that provided that 72 > % we automatically get the

main conclusions of the global (PL) inequality: there exists a minimizer z* € B, (x() such
that F(z*) = 0 and £y, — 2*> < F(y,) < exp(—2Kt)F ().

Inspired by this result, the work [DSMP24] deals with generalization of the above criterion.
Our main theorem in continuous time does so by (i) dealing with curves of maximal slope in
complete metric spaces and (ii) providing more general local Kurdyka—tojasiewicz inequalities,
which include the (PL) inequality as a particular case. We state below one instance of the
results of [DSMP24].

Theorem 1.1.4. Let (X, d) be a complete metric space and F': RY — RoU {+00} be lower
semicontinuous. Let also 0: R>q — R>( be continuous, continuously differentiable on R+
and such that 0(0) = 0, 0'(t) > 0 for t > 0. Finally, suppose that for some xy € dom(F’) the
following holds:

(0o f)(z)- D™ fllx) >1 forall x€ Bgor)(ze)(To)- (1.1.10)

Then, there exists at least one minimizer x* € B gor)(z0)(T0) Such that F(xz*) = 0. Moreover,

every curve of maximal slope (y;), started at x converges to a minimizer of ' in B(gop)(zy)(Z0)
with explicit rates.

For the proof and more general and precise results we refer the reader to Chapter 2| Let

us notice that the above Theorem includes the local (PL) condition as a particular case by

choosing 6(t) = /2.
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1.2 Curvature of Markov chains

The second contibution [Ped23] of this thesis deals with curvature of Markov chains, and is
treated in detail in Chapter 3. More precisely, we consider reversible Markov chains on a finite
space €2 with generator L, transition semigroup P, and invariant measure 7. For a measure
€ P(Q), we denote by p; = pP; the law of the Markov chain at time ¢ which is initially
distributed accorded to pi. We often think of L = A(P — I) for a stochastic matrix P and
some A\ > 0, so that there is also a naturally associated Markov chain in discrete time. We
also consider the graph distance d on 2 obtained by drawing an edge between two points
x # y if and only if L(z,y) > 0, in which case we write = ~ y.

Because of the success of the Bakry—Emery and Lott-Sturm—-Villani theories, considerable
effort has been put into developing a notion of Ricci curvature for discrete spaces. In spite of
its generality, the definition of synthetic Ricci curvature by Lott, Sturm and Villani does not
apply in this setting: in fact, as observed in [Maalll, [EM12|, for the 2-Wasserstein distance the
space P(£2) is not geodesic, and moreover the curve (1 ); does not correspond to a Wasserstein
gradient flow. As anticipated, a good candidate notion is the entropic Ricci curvature of
[EM12], obtained by replacing the 2-Wasserstein distance with the modified metric # of
[Maall] in the geodesic convexity requirement. This definition is a meaningful one: many
non-trivial Markov chains are positively curved, and at the same time positive curvature is
related to fast mixing of the Markov chain and good concentration properties of the invariant
measure 7. Unfortunately, in many situations it is not easy to provide good estimates for
the entropic curvature of a Markov chains. The geodesic convexity of the relative entropy in
(P(2),#), in fact, corresponds to a "“Riemannian Hessian lower bound"”, which requires to
establish an involved inequality uniformly over all pair (p, 1)) of densities and functions on {2
[EM12, Thm. 4.5].

Besides the entropic curvature, several other notions of discrete curvature have been introduced,
by adapting different equivalent characterizations valid for Riemannian manifolds. For Markov
chains, these definitions are typically not easily comparable, one notable obstacle being the
lack of a chain rule in discrete spaces. One of the most important notions is the coarse Ricci
curvature Ric. introduced by Ollivier [OII09], which involves the graph distance d on €2 and
the corresponding 1-Wasserstein metric on P(£2). The coarse Ricci curvature was initially
defined for discrete time Markov chains; for a stochastic matrix P, we say that the curvature
lower bound Ric. > K holds if and only if for every u,v € P(Rd) and integers n > 0 we

have the contraction
Wy (uP™ vP") < (1 — K)"Wi(u,v). (1.2.1)

In continuous time, we similarly require that for all times ¢t > 0
Wi(uPy, vP;) < exp(—Kt)Wy(p, v).

It is not difficult to see that, if K > 0, the above inequalities imply upper bounds on the
mixing time of the Markov chain; moreover, some functional inequalities for the invariance
measure also follow, e.g. Poincaré inequality. Unfortunately, this does not include the more
powerful modified log-Sobolev inequality, as Miinch recently showed [Miin23], disproving a
conjecture of Peres and Tetali. One reason for the popularity of this notion of curvature,
on the other hand, lies in its simplicity, which makes it easy to estimate it accurately. For
example, it suffices to check the condition (1.2.1) only for n =1 and z ~ y.

The requirement (1.2.1) also amounts to exhibiting a coupling between the laws of the Markov
chains with different starting points, which contracts the distance on average. The construction
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of couplings that are “contractive” in some sense has frequently appeared before and in different
forms in the study of mixing times of Markov chains; these methods are often referred to as
probabilistic approaches. Ollivier's positive curvature corresponds in particular to the Dobrushin
criterion [Dob70], IDS85]. Very recently, Conforti [Con22] introduced another variation of these
methods, based on contractive coupling rates. Remarkably, Conforti showed on several
examples that these coupling rates can be used to establish some functional inequalities for
the Markov chain (including the modified log-Sobolev inequality), thus providing an intriguing
connection between the probabilistic approach and more analytic methods based on functional
inequalities.

Since the modified log-Sobolev inequality is implied in particular by positive entropic curvature,
it is natural to wonder whether contractive coupling rates can also be used to establish such
curvature lower bounds. Moreover, because of the strict relationship between contractive
couplings and Ollivier's work, this would also extend the probabilistic-analytic connection at
the level of discrete curvature, suggesting possible links between the coarse and the entropic
notions.

Our contribution [Ped23] is aimed at this. First, we develop a general strategy to estimate the
entropic curvature: coupling rates are used to provide an alternative expression and a simpler
lower bound for the Riemannian Hessian of the relative entropy functional; subsequently, it
is explained heuristically how contractions in the couplings further simplify this expression.
Then, we illustrate these ideas in most of the examples discussed in [Con22]: in particular, we
provide new estimates for the entropic curvature of the Ising, Curie-Weiss and the hardcore
models, and for an interactive random walk on the discrete grid N¢,

1.3 Score-based diffusion models

Stochastic processes are useful tools in applications to data science. For example, it is often
desirable to sample efficiently from a target distribution 7, i.e. to generate random points
(X;); that are (approximately) independently and identically distributed according to 7. The
third contribution of this thesis [PMM24] provides a theoretical analysis of an algorithm for
sampling which belongs to the recent framework of score-based generative modeling. This
work is in collaboration with Jan Maas and Marco Mondelli and it is included in Chapter 4

A popular way to sample from a distribution 7 is to design a stochastic process (X;); that can
be simulated efficiently and that converges in law to 7, so that by running it for a long enough
time T" the output Xt is approximately distributed according to the desired distribution. Of
course, to understand the performance of the algorithm, one is led to the study of the speed
of convergence to equilibrium of this process.

A fundamental choice in the theory of sampling is given by the Langevin diffusion (1.1.4).
One reason for its popularity lies in the fact that the dynamics (1.1.4) only requires knowledge
of the score function —VV = V log 7 of the data distribution. Modeling the score function is
typically easier than modeling a probability density 7 oc exp(—V'), because the latter typically
requires to estimate the normalizing constant [zsexp(—V'), a notoriously difficult task in
high-dimensional spaces. Unfortunately, for complex distributions 7, the Langevin dynamics
suffers from a few drawbacks. One of this is related to the speed of convergence to equilibrium,
which can be very slow in the absence of appropriate functional inequalities for = (which are
often not satisfied by the distributions encountered in practice).

10
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These observations about the Langevin dynamics have motivated the search for other algorithms
for sampling, which retain its advantages (i.e. being based on score functions) while solving
some of its problems, e.g. the reliance on strong functional inequalities for fast convergence.
In the last years, a remarkable success has been achieved by score-based diffusion models
[SE19, SDWMG15| HJA20, SGSE20], which we now introduce in a simplified particular form.

We are interested in the setting where the target distribution 7 is unknown, but we are given

a collection of samples (z;); e p independent and distributed according to 7. Let us start by
looking at the Ornstein—-Uhlenbeck (OU) flow, which is just the Langevin dynamics targeting
the standard Gaussian distribution -, initially distributed according to m:

Xo~m,  dX;=—X,dt +V2dB,. (1.3.1)

Since the standard Gaussian density v is 1-log-concave, this flow converges to v exponentially
fast in various metrics (e.g. relative entropy and Wasserstein distance). An interesting fact,
dating back to Anderson [And82], is that this flow can be reversed. Fix a time horizon 77 > 0
and a number M > 1, denote m; = law(X};) and consider the process

U() ~ Ty, dUt = Utdt + MV lOg WTl—t(Ut) dt + \/ 2(M — 1) dBt (132)

Classical choices are M = 2 or M =1, and for the latter the process (U,), is deterministic
(except for its initialization). A remarkable feature of this process is that Ur, ~ 7: therefore,
we could simulate it until time 7} to generate samples from 7. Two obstacles arise: first,
to initialize the process we need to sample from 77, which is unknown; as a solution, the
framework of score-based diffusion models suggests to take 77 big enough and sample from
v instead, the error being small because of the ergodicity of the Ornstein—Uhlenbeck flow.
Secondly, the reverse process (1.3.2) involves the vector field V log 77, s, which is also unknown:
however, since these are score functions, they can be efficiently estimated thanks to techniques
known as score-matching [SE19, [SE20], producing a good estimator sy(t,z) ~ V log m,(x) to
be plugged in (1.3.2). More precisely, common and realistic assumptions are a control on the
weighted L2-error of the score approximation, for example that the loss

E., [\Vlog T — So(t, ')ﬂ

is small for all ¢ € [0, Ty].

Because of the impressive empirical performance of this algorithm, several works were aimed at
providing theoretical guarantees for its success [Bor22, ICCL™23b, [CLL22] [CDS23, BDBDD23].
Denoting by my the output distribution of the algorithm, the goal is to provide an upper bound
on the error in the approximation m & 7y, which can be measured with different metrics e.g.
Wasserstein distance, relative entropy, total variation. Three sources of errors are given by: (i)
starting the reverse process (1.3.2) at the Gaussian distribution v instead of 7 ; (ii) using
an estimator sy(77 — t,-) for the score functions V log 7y, _; (iii) (possibly) considering a
numerical scheme to simulate the reverse process. Our paper [PMM24] belongs to this line of
work: a novelty in our approach lies in the study of a slightly modified algorithm, aimed at
addressing differently the error in the approximation 77, =~ 7, and which can be seen as an
instance of the popular predictor-corrector methods [SSDK™21]. In fact, reducing this source
of error normally requires to take T} larger and larger: this is undesirable, because it brings
the need to approximate the score function on a larger time interval [0, 7}] and potentially
increases the error propagation with the simulation of the reverse process. Instead, we consider
a two-stage algorithm: we first fix 77 large enough; then, we sample from 7, by running

11
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an approximate Langevin dynamics (1.3.3) for some time T > 0. Finally, we start the usual
approximate reverse process (1.3.4) from the output of the Langevin dynamics (instead than
from a Gaussian sample): the random point Y7, constitutes the output of the algorithm.

Zo~ry,  dZy = se(Ty, Z,)dt + 2 dBy, 0<t<Ty (13.3)
Yy = Zp,, dY; =Y,dt+ Msg(Ty —t,Y;)dt, +/2(M — 1)dB, 0<t<Ti. (13.4)

Figure [1.1 provides a schematic representation of the method.

Ornstein—Uhlenbeck (OU) flow

dX, = —X.dt +2dB, @

Reverse OU
dU, = U, dt + MVlognTl_t(Ut)dt +J2(M—-1)dB;

i

Approximate
Langevin

Approx. reverse OU dynamics

;

dZ, = sg(Ty, Z)dt +/2 dB,

dY, = Y,dt + Msy(T, — t,Y,)dt + /2(M — 1) dB,

Figure 1.1: A two-stage score-based method for sampling

The work [PMM24] contains some convergence results for this algorithm. These are in the
form of upper bounds for the error in the approximation m =~ 7y which become arbitrarily small
provided that T is fixed but big enough, 75 — oo and the error in the score approximation
and the step size in the discrete scheme vanish. We refer to Chapter 4 for details. Let
us just briefly mention two key ideas in deriving these results, regarding in particular the
initial step (1.3.3) of the algorithm. In fact, this involves a Langevin dynamics, which might
seem counterintuitive, given that one motivation for the design of the diffusion models was
to overcome its slow convergence. The crucial point here is that the Langevin dynamics is
targeting not the complex distribution 7, but its perturbed version 77, : the smoothing and
ergodicity properties of the Ornstein—-Uhlenbeck flow make 77, “more similar” to v, so that
it inherits some of its properties, including the log-Sobolev inequality, which in turns imply
the desired exponential convergence of (1.3.3). A second obstacle arises from the fact that
(1.3.3) is using an approximation of the score function V log 7r,, which we can assume to be
accurate only in L?-sense. Unfortunately, this is in general not enough to ensure that in the
limit where 75 — oo the random variable Zp, is approximately distributed according to 7.
To overcome this obstacle, we show how to convert control of the L?-error into control of
a stronger norm. This exploits again the ergodicity of the Ornstein—Uhlenbeck process, to
provide a priori estimate for the true score function V log 7w, in comparison to the limiting
score Vlogy(x) = —x. These estimates are crucially used to correct wrong predictions from
the estimator sy(77, -) that are very far from the correct value, allowing to improve its accuracy.

1.4 Log-concavity along the heat flow and Lipschitz
transport maps

In the previous section, the Ornstein—Uhlenbeck flow played a key role, both for its regularization
properties and for providing a natural interpolation between a measure 7 and the Gaussian

12
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distribution . Together with Giovanni Brigati, we investigated related questions in the work
[BP24], which can be found in Chapter 5.

Log-concavity along the heat flow. Consider again the Ornstein—Uhlenbeck process
(1.3.1)), and recall that we denote m; = law(X}). Crucial to the analysis of [PMM24] were the
observations that, after some big enough time 77, (i) the distribution 77, satisfies a log-Sobolev
inequality [CCNW21], and that (ii) the score function V log 77, is reasonably close to the one
of the Gaussian distribution «. It is natural to wonder, and useful for applications, whether
stronger conclusions holds, for example whether 7, eventually becomes strongly log-concave,
corresponding to a control on the log-Hessian VZlog ;. The first result of [BP24] shows
that, in general, this is not the case. More precisely, we construct a subgaussian distribution 7
(or with even thinner tails) such that the Hessian V?log 7, cannot be bounded from above
uniformly in space, for any time ¢ > 0.

This raises the question of identifying a class of distributions for which a positive answer holds.
In our second result, we consider log-Lipschitz perturbations of strongly log-concave measures,
i.e. probability measures of the form m = exp(—V — H) where V is strongly convex and H is
Lipschitz. For these measures, we provide bound on V2 log , for all times ¢ > 0, which show
in particular that for ¢ big enough the measure u; becomes strongly log-concave.

Lipschitz transport maps. The key idea of score-based diffusion models is to revert the
Ornstein—Uhlenbeck flow, so as to transform a sample from the Gaussian distribution into a
sample from a target distribution 7. A similar construction has appeared before also in [OV00],
and was then exploited in [KM12] with a completely different motivation. More precisely, the
aim of [KM12] was to identify a class of distributions 7 for which they can construct a map
T: R?Y — R? which is Lipschitz and such that T#~ = 7 (this last condition means that if
X ~ 7 then T(X) ~ 7). This line of research started with the seminal work of Caffarelli
[Caf00]: one important motivation is that if 7" is Lipschitz and m = T'#-, then one can show
that many functional inequalities satisfied by the Gaussian distribution are satisfied also by .
Further works along this line include [MS23|, [FMS24, [CF21], INee22| [KP21].

Let us give a rough idea of the construction of [OV00, KM12] and its connections with the
framework of diffusion models. Consider the process (1.3.2) with M = 1, and recall that
Ur, ~ m; moreover, by the choice of M, this evolution is deterministic, i.e. U; is given by
solving an ordinary differential equation. Denote then by T’ (z) the solution Uy, to the
differential equation (1.3.2) with M =1 and Uy = z. It follows that 77, #mp, = 7; but then,
by letting T} — oo and since m, — 7y, one can construct a transport map 7" such T'#~y — .
Of course, these heuristic arguments need to be justified rigorously as in [KM12, IMS23], and
we refer the reader to Chapter 5/ and the references therein for more details. Interestingly, the
log-Hessian bounds of [BP24] allow to estimate the Lipschitz norm of this transport map when
7 is a log-Lipschitz perturbation of a strongly log-concave measure. More precisely, suppose
that 7 = exp(—V — H) where V is a-convex and H is L-Lipschitz. Then, we prove in [BP24]
that there exists a map 7" such that T#~vy =7 and T is ﬁ exp(% + %)—Lipschitz.
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1.5 L*>-Transport-Information inequalities and
applications to Fisher’s infinitesimal model

The last included contribution [KMP24], based on joint work with Ksenia Khudiakova and
Jan Maas, is presented in Chapter 6, and is quite representative of the spirit of this thesis. In
fact, on the one hand it contains an approach based on analysing stochastic processes (again,
Langevin dynamics) to prove abstract functional inequalities; on the other hand, it crucially
exploits these new inequalities to prove convergence results for another stochastic process,
Fisher's infinitesimal model from quantitative genetics.

To motivate the first point, recall that if the probability measure 7 is k-log-concave, it satisfies
the 2-Transport-Information inequality Wa(p, 7) < <1/Zs(p || ) for all other p € P(]Rd). A
first natural question is whether the above inequality also holds for p # 2, and in particular
p = oo is relevant for the applications to the Fisher's model. Here, for smooth densities p, 7,
the L°°-Fisher information is defined by Z . (u || 7) = HVIog %HOO. A first observation we
make (see also [GTU23, [CPS23]) is that the analogous inequality

Wi () < T3t ) (15.1)

holds if 7 is k-log-concave. One way to prove this is based on synchronous coupling of two
Langevin diffusions, targeting 7 and i respectively:

Xy~ p, dX,; = Vlog u(X,)dt + /2dB,,
Yo = Xo, dY; = Viogn(Y;)dt + v/2dB,.

An simple arguement shows that |X; — Y;| is a.s. uniformly bounded, so that the desired
conclusion follows by letting ¢ — co. One of the main contributions of [KMP24], however,
is that the constant « in (1.5.1) can be significantly improved in the presence of anisotropy,
both in the potential —V log 7 and in the log-relative density log Z—ﬁ. The proof is based on
the same synchronous coupling, but requires a more careful analysis to provide tighter uniform
bounds on the distance | X; — Y;|.

As anticipated, the L*>°-Transport-Information inequality, and specifically the refined anisotropic
version, finds application in the study of Fisher's infinitesimal model. We refer the reader to
Chapter 6 and references therein for a more detailed discussion; here, we just focus on the
connection with the Transport-Information inequality. In short, the setting is as follows. We
are given a strongly log-concave equilibrium density F € P(]Rd); for an initial distribution
Fy = uoF with [|[Vug|| < oo (i.e. Zoo(Fp || F) < 00), we consider the discrete-time dynamics
F,, = u,F defined recursively by

un (1) / P(x1, 9; x)Up_1(21)Up_1(22)dz1ds,
R4 xR4

for an appropriate transition kernel P(-;z) on R? x R The non-linearity of this dynamics,
which involves a backward in time integral on a higher-dimensional space, makes it difficult to
apply standard techniques from the theory of Markov processes. Instead, Calvez, Poyato and
Santambrogio discovered a remarkable duality relationship with the L*°-Fisher information,
which can be expressed as

Zoo(Fy || F) < V2L (Fyy || F) - sup Woo (P(-;2), P( 7?/))

Ty |z — 9

(1.5.2)
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From the above, it is clear that a uniform bound W (P(-;x), P(-;y)) < ?K!x —y| for
some 0 < K < 1 implies by induction that Z.(F,, | F) < K"Z.(F, || F), and so the dynamics
converges exponentially fast to equilibrium in L>°-Fisher information. While the naive bound
(1.5.1)) falls short of this goal, the refined anisotropic inequalities in [KMP24] serve the purpose,

providing sharp estimates in this setting.
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CHAPTER

Local Conditions for Global Convergence
of Gradient Flows and Proximal Point
Sequences in Metric Spaces

This chapter corresponds to the publication [DSMP24].

This paper?! deals with local criteria for the convergence to a global minimiser for gradient
flow trajectories and their discretisations. To obtain quantitative estimates on the speed of
convergence, we consider variations on the classical Kurdyka—tojasiewicz inequality for a
large class of parameter functions. Our assumptions are given in terms of the initial data,
without any reference to an equilibrium point. The main results are convergence statements
for gradient flow curves and proximal point sequences to a global minimiser, together with
sharp quantitative estimates on the speed of convergence. These convergence results apply in
the general setting of lower semicontinuous functionals on complete metric spaces, generalising
recent results for smooth functionals on R™. While the non-smooth setting covers very general
spaces, it is also useful for (non)-smooth functionals on R™.

2.1 Introduction

For given 2o € R™ and f € C%*(R™) we consider the gradient flow equation

d

&yt = —Vf(yt) ) Yo = Zo - (2-1-1)

It is of great interest in many applications to find conditions which guarantee convergence
of gradient-flow trajectories (), to a global minimizer of f as ¢ — oo, and to quantify
the speed of convergence. This also applies to the associated discrete-time schemes, such as
gradient descent (or forward Euler), the discrete-time scheme with step-size 7 > 0 given by

Ykt1 =Y — TV (k) Yo = To, (2.1.2)

and the backward Euler scheme

Y1 = Y — TV (Yr+1) Yo = To (2.1.3)

IFirst published in Transactions of the American Mathematical Society 377(6) in 2024, published by the
American Mathematical Society. © 2024 American Mathematical Society.
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The Polyak—tojasiewicz condition

A very simple celebrated criterion for convergence to a global minimum is the Polyak—t ojasiewicz
condition [Pol63], which requires neither the uniqueness of a minimizer nor the convexity of
the function f. The condition holds if, for some 3 > 0,

V@) > B(f(x) = ),  zeR", (PL)

where f* is the global minimum of f, which is assumed to be attained. Since %f(yt) =
—|V f(y:)|* along any solution y, to the gradient-flow equation <y, = —V f(y,), an application
of Gronwall's inequality yields the exponential bound

Fly) = <e®(flwo) = ), t20

Moreover, a short argument shows that y; converges to a global minimizer x*, with the bound

= <5 =) ez0.
These inequalities together yield exponentially fast convergence to x*. Analogous results hold
for the associated gradient-descent scheme (2.1.2) and for certain proximal-gradient methods
[KNS16]. Interestingly, in spite of its simplicity, it has been argued in [KNS16] that the Pt
condition «is actually weaker than the main conditions that have been explored to show linear
convergence rates without strong convexity over the last 25 years.»

The Kurdyka—tojasiewicz condition

An important generalization of the Pt condition is the Kurdyka—tojasiewicz inequality (Kt),
that was introduced by tojasiewicz [£0j63, [£0j93] and later generalized by Kurdyka [Kur98].

Definition 2.1.1. Let § € C(]|0,00)) N C((0,00)) satisfy 6(0) =0 and §'(u) > 0 for u > 0.
We say that the Kt inequality is satisfied in a neighbourhood U of an equilibrium point
e R" if

0(f(z) — f(*)-IVf(@)|>1  forall ze UN{f> f(z")}. (2.1.4)

In applications, ¢ is often of the form f(u) := Zu” with v € (0,1] and ¢ > 0. In this case,
(2.1.4) reads as

1

c[Vf@) > (fl) = f@) . weUn{f>f@h)}.

In particular, if v = % and ¢ = 1/4/f3 one recovers the Pt inequality.

The Kt condition is a powerful tool to obtain convergence properties for gradient-flow solutions
and discrete schemes. An important feature of the Kt condition is that the inequality is only
required to hold /ocally, on a suitable neighbourhood U of an equilibrium point.

To obtain convergence results for gradient-flow trajectories to an equilibrium point, the Kt
condition is often combined with additional information, typically an upper bound on the length
of the trajectory, to ensure that the solution is eventually contained in U; cf. [Sim83| HM19]
for results of this type for gradient flows and [AB09, /ABRS10, ABS13| BDLM10] for discrete

schemes.
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Let us also remark that the K& condition does not in general yield convergence to a global
minimizer of f, but merely to a stationary point. To deduce convergence to a global minimizer,
it is often required to know a priori that the starting point is close enough to this minimizer
(whose existence is often part of the assumption); cf. [ABRS10, Thm. 10] and [ABS13,
Thm. 2.12] for such results for discrete schemes.

A Pt condition around the starting point

A remarkable variant of the Pt condition was discussed by Oymak and Soltanolkotabi [OS19]
and by Chatterjee [Cha22] for non-negative functions f € C*(R™). For fixed 7y € R, these
authors consider the local quantity

_ Vf(x)|?
a = a(xg,r) = xe}enfxo) G f((x))‘ :
f(x)#0

where B, (z,) denotes the open ball of radius r > 0 around z.? The criterion in [Cha22]
requires that

4f (o)

r2

a(zg,r) > (2.1.5)
for some o € R™ and some r > 0. In other words, the inequality |V f(x)|*> > f(x) is imposed
to hold for all z € B,(x), with a sufficiently large constant 3, namely, 8 > 4f(xo)/r?.

Under (2.1.5), it is shown in [Cha22] that the unique gradient flow curve (y;):>o starting at
Yo = xq stays within B,(xq) for all times ¢ > 0, converges to a global minimizer z* € B, (),
and satisfies the exponential bounds

fly) < e flao) and [y —a*? < r2e” (2.1.6)

for t > 0, where we write @ = a(zg, ) for brevity.

Like the Kt condition, (2.1.5) is a local version of the Pt condition. However, while the
Kt condition involves information of f in a neighbourhood of an equilibrium point (whose
location is often unknown in applications), (2.1.5) is formulated in terms of the starting point
xo of the gradient-flow trajectory. The existence of a global minimizer and the boundedness
of the gradient-flow trajectory are not assumed; these statements are part of the conclusion.
The specific constant %ﬁ”o) in (2.1.5) is important, as it ensures that the gradient-flow curve
does not leave the ball B,(x), so that local information suffices to draw conclusions on the

long-term behaviour.

Chatterjee also proves analogous bounds for the gradient descent (2.1.2) starting at yo = o,
namely

Flye) < (1=08)"f(wo) and |y, —2*| <r*(1—0)"

for all k € N and any § < arT, provided that the step-size 7 > 0 is sufficiently small, depending
also on the size of the derivatives of f in B,.(z(). Similar results for gradient descent were
obtained previously in [OS19]. Applications of (2.1.5) to neural networks can be found in
[OS19, BPVE22, [Cha22, BAM22, BMR21].

2In a general metric space, the closure B,.(x) is a subset of the closed ball {z € X : d(z,z0) < r} and
the inclusion may be strict.
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2.1.1 Main results

In this work we generalise some of the results of [Cha22] in the following ways. First, we
replace C? functions on R” with lower semicontinuous functionals on complete metric spaces.
Secondly, we replace the local Pt-like condition with a Kt-like assumption with a more general
parameter function #. Thirdly, we prove convergence results for the proximal point method,
which corresponds to the backward Euler scheme in smooth settings.

Let (X, d) be a complete metric space. In this generality, the ODE (2.1.1) does not have a
direct interpretation, as the velocity of a curve and the gradient of a function are not defined.
However (2.1.1) admits an equivalent variational characterisation, as a curve of maximal slope,
and this notion naturally extends to metric spaces. We refer to Section 2.2 for the definition
of the metric slope |D~ f|(z) and other concepts from analysis in metric spaces relevant to
our work. Gradient flows in metric spaces are ubiquitous in applications; notable examples
are dissipative PDEs in the Wasserstein space [JKO98, AGS14] and related gradient flows
on spaces of (probability) measures; see, e.g., [DNS09, Maall| Miell, [KV18]. A systematic
treatment can be found in the monograph [AGS08]. The metric point of view can also be
useful to deal with non-differentiable functionals on R"; see §2.4 for some toy examples.

We first define the functions appearing in the assumption and the main results.

Definition 2.1.2 (Parameter function). We say that § € C'((0,00)) N C([0,00)) is a
parameter function if 0'(u) > 0 for u > 0, and 0(0) = 0. Furthermore, we consider the
auxiliary functions n : [0,00) — [—00,00) and I : [0,60(c0)) — [—00, 00) defined by

n(u) = /lu (9’(3))2ds and T(u):= (o0 )(u).

The next definition contains a generalisation of (2.1.5) to the metric setting for a general
class of parameter functions; see Remark 2.4.1| below for a precise comparison.

Definition 2.1.3 (Conditions (A) and (A’)). For o € dom(f) and r > 0, we say that
condition (A) is satisfied with parameter function 0 (as in Definition 2.1.2) if

(Oof)(xg) <r and (0of)(x) D" fllx) >1, x€ Br(xog)N{0< f < f(zo)}. (2.1.7)

Similarly, we say that condition (A’) is satisfied if the first inequality in (2.1.7) is replaced by
the strict inequality (0 o f)(zq) < r.

Under Condition (A), our first main result asserts that gradient-flow trajectories stay within in
a bounded set and converge to a global minimum, with quantitative bounds on the rate of
convergence.

Theorem 2.1.4 (Convergence of gradient flows). Let f : X — [0, 00| be proper and lower
semicontinuous, and suppose that x, € dom(f) and r > 0 satisfy Condition (A) for some
parameter function 6. For some T € (0, 00|, let (yt)te[(]’T) be a curve of maximal slope for f
starting at xo. Then:

(i) (confinement) y; € B,(xq) for all 0 <t < T. Moreover, y; € B,(xg) forall 0 <t <T
with f(y;) > 0.

20
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(17) (convergence) yr :=lim, 7y, exists and belongs to B,(xy). Moreover,

(00 f)(ys) — (00 f)(ye) > d(, ys) (2.1.8)
for all 0 < s <t <T. In particular, yr € B,.(x¢) if f(yr) > 0.

(#7i) (convergence rates) Set t, = inf {t € [0,T) : f(y;) = 0} AT. The following bounds
hold for 0 <t < t,:

T(d(y,yr)) <T(r) - t, (2.1.9)
(no f)(ye) < (o f)lzo) —t. (2.1.10)

Moreover, if T' = oo then f(ys) = 0.

In the special case of Remark 2.4.1, the previous theorem yields the following generalisation
of [Cha22, Thm. 2.1] to the setting of metric spaces; see also Cor. 2.3.8 below for a version
with more general parameter functions. For zq € dom(f) and r > 0 we define

D— 2
a=«afxg,r)=  inf 1D~ flt@)” :
2€Byr(z0) f(aj)
0<f(z)<f (o)

Corollary 2.1.5. Let f: X — [0, 00| be proper and lower semicontinuous, and suppose that
a(zo,r) > 4f(xg)/r* for some x¢ € dom(f) and r > 0. For some T € (0, 00], let (Y)ieom)
be a curve of maximal slope for f starting at xy. Then yr := lim, .7y, exists, y, belongs to
B, (z) for all t € [0,T], and

d(ye, yr) < re o2 and  f(y) < e fwo)

for all t € [0,T], where, conventionally, e=*° :=0.

Various works deal with convergence of gradient-flow trajectories under a Kt condition in
the setting of metric spaces [BB18, [HM19]; see also [BDLM10| IAB09, IABRS10] for related
work on proximal point sequences. Applications have been found to convergence of mean-field
birth-death processes [LMS22] and to swarm gradient dynamics [BMV22].

The main estimates in our paper are obtained by adapting known arguments from, e.g., [BB18,
HM19)]. However, as in [OS19, [Cha22], our point of view differs from these works, as we work
under a local condition in terms of the starting point without referring to an equilibrium point
in the assumption.

Discrete schemes

In the general setting of metric spaces, we are not aware of any way to formulate a forward
Euler scheme (2.1.2). However, the backward Euler scheme admits an equivalent metric
formulation as a minimising movement scheme (or proximal point method). This scheme was
originally introduced by Martinet [Mar70] and Rockafellar [Roc76] as a natural regularisation
method in optimisation problems:

) 1
Ypr1 € argmin {f(x) + by d(yg, :L’)Q} , Yo = o -
z€EX T
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Any (finite or infinite) sequence (y), arising in this way is called a proximal point sequence
(or T-minimising movement sequence).

Our second main result is an analogue of Theorem 2.1.4 for the proximal point method, under
the slightly stronger assumption (A’).

Theorem 2.1.6. Let f : X — [0,00] be proper and lower semicontinuous, and suppose
that xo € dom(f) and r > 0 satisfy Condition (A’) for some parameter function 6. Suppose
further that there exists T > 0 such that, for all x € B, (x¢) N {f < f(z0)} and 7 € (0,7),
the functional

X3y f() + o-d(ey)

has at least one global minimizer. Then there exists an infinite proximal point sequence starting
from x, for any step-size T < 7. Moreover, for any such sequence (yx)7,, the following
statements hold:

(i) (confinement) y;, € B, (o) for all k > 0;
(17) (convergence) Yoo :=limy_,o, yi exists and belongs to B, (xy). Moreover, f(ys) = 0;

(7i) (distance bound) For all 0 < i < j < co we have
d(¥i,y) < (00 f)(yi) = (00 f)(y;) and d(yiyse) < (B0 f)(yi).  (21.11)

In the particular case where 6 takes the form 6(u) := 2¢y/u, we obtain the following result. In
this case we also obtain an estimate for the speed of convergence of f(yx) to 0. Other special
cases of Theorem 2.1.6 are presented in Corollary 2.6.7| below.

Corollary 2.1.7 (see Cor. 2.6.7). Let f : X — [0,00] be proper and lower semicontinuous,
and suppose that a(xg,r) > 4f(x0)/r? for some xy € dom(f) and r > 0. Suppose further
that there exists T > 0 such that, for all v € B,.(xo) N{f < f(z0)} and 7 € (0,7), the
functional

X3y f() + o -d(ey)

has at least one global minimizer. Then there exists an infinite proximal point sequence starting
from xq, for any step-size T < 7. Moreover, for any such sequence, the following statements
hold:

(¢) (confinement) y;, € B, (o) for all k > 0,
(17) (convergence) Yoo = limy_,o yx exists and belongs to B, (xy). Moreover, f(ys) = 0;

(27i) (convergence rates) The following bounds hold for all k > 0:

flyp) < (1 + aT)_kf(xo) and d(yk, Yso) < (1 + a7>_k/2r.

Plan of the work

Preliminaries on gradient flows in metric spaces are collected in §2.2. Our main results in the
continuum case are proved in §2.3/ and extended to piecewise gradient-flow curves in §2.5.
In §2.4 we discuss Condition (A) and its variants together with some examples. Our main
results in the discrete case are proved in §2.6. Auxiliary results are presented in the subsequent
sections.
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2.2 Gradient flows in metric spaces

In this section we collect some known facts about gradient flows in metric spaces. We assume
throughout that (X, d) is a complete metric space and J C R is a (not necessarily open, nor
closed) interval.

Let 1 < p < co. A measurable function m : J — R belongs to L} (J) if 1xm € LP(J) for
every compact set K C J. A curve (1), is said to be locally p-absolutely continuous on J
—in short: it belongs to ACY..(J; X)— if there exists m € L} (J) so that

loc

d(ye, ys) < /:m(r) dr (2.2.1)

for all 5,t € J with s < ¢. Similarly, we write (y;),., € AC*(J; X) if m € LP(J).

Whenever (y;),.; is in ACy,.(J; X), the metric speed

loc

T d(y57yt)
9] == lslg% s —1] (2.2.2)

exists for a.e. t € J. Furthermore, the metric speed coincides a.e. with the smallest function
m satisfying (2.2.1); see, e.g., [AGS08, Thm. 1.1.2].

Remark 2.2.1. Every curve in AC| (J;X) is continuous on J. Note however that if
(Ye),es € ACo(J; X) with J = (a,b] for some a < b, then the existence of limy, y, does

loc
not imply that (y;),., € AC(J; X).
The domain of a function f: X — (—o0, o0 is the set
dom(f)={zr € X : f(z) < oo} .

In order to rule out trivial statements, we always assume that f is proper, i.e., dom(f) # @.
The (descending) slope of f at z € X is the quantity

o [f) - f@)]
D™ f[(x) = lim sup i)

where a_ :=max {—a, 0} denotes the negative part of a € R. Conventionally, D~ f|(z) :==0
when x € dom(f) is isolated, and |D~ f|(x) = +o0 if 2 ¢ dom(f).
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2.2.1 Gradient flows in metric spaces: curves of maximal slope

The next definition provides a natural notion of gradient flow in a metric space; cf. [AGS08]
for an extensive treatment. The motivation for this definition comes from the following simple
argument in Euclidean space. Let f: R™ — R be a smooth function. For any smooth curve
(ut)eo,ry in R™ and t € (0,7), we have

d . .
—&f(ut) = =V f(w) -t < 3V fu)? + 3lal*.
Since equality holds if and only if @, = —V f(u;), the reverse inequality —%f(ut) >

SV f(u)|? + 1] |? is an equivalent formulation of the gradient-flow equation, which admits
a natural generalisation to metric spaces.

Definition 2.2.2 (curve of maximal slope, gradient flow, cf. [MS20, Dfn. 4.1]). Let J C R be
an interval and let f : X — (—o0, 00] be proper. We say that (y;),.; is a curve of maximal
slope for f if

(a) (yt)teJ € AClloc(‘];X)"

(0) (f(ye))ies € ACe(J5R);
(c) the following Energy Dissipation Inequality holds:

d . _
—&f(yt) > %|yt]2 + %|D fly)?  for dt-a.e. t € J. (EDI)

If additionally jins s := limy i 5 ¢ exists, we say that (y;),., is a curve of maximal slope for f
starting at Yins -

Remark 2.2.3. From (EDI) and the absolute continuity of f we conclude that t — f(y;) is
non-increasing along curves of maximal slope (yt)te[O,T)‘

There are several slightly different notions of curve of maximal slope in the literature, and the
distinction matters for our purposes. In particular, it is important here to include the absolute
continuity of the function along gradient-flow trajectories in our definition, as this allows one
to deduce the following well-known fact, asserting the equality of the speed of the gradient
flow and the slope of the driving functional.

Lemma 2.2.4. Let f : X — (—o00, 00| be proper and let (y;),. , be a curve of maximal slope.

For a.e. t € J we have

teJ

=S ) = 1l = 1D~ 1) (223

In particular, equality holds for a.e. t € J in (EDI).

Proof. Let ¢ € J be such that the metric speed |¢| and the derivative < f(y;) exist. By local
absolute continuity of (vy;); and (f(y:)):, this property holds almost everywhere. Using the
definitions we obtain

_gf(yt) ~ limsup f(y) = f(ys)

dt slt |t — S|
< lim sup M -lim sup (yt7 ys)
slt d(ytays) slt |t — 3|
< |D_f|(yt) : |yt|
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Combining this inequality with (EDI), we find that

. _ d _ .
slo® + 51D Fly)® < —af(?/t) <D™ fl(ye) - |9l
which, again by Young's inequality, implies the desired identities. |

In light of Lemma 2.2.4, every curve of maximal slope satisifies the Energy Dissipation Equality
forae teJ:

d
—&f(yt) = Lu:l* + LD fl(w)*. (EDE)

Remark 2.2.5. Let J = [a,b) with —0o < a < b < 0o and suppose that y, € dom(f). If f
is bounded from below by some constant M € R, then t — |1 belongs to L?(a,b) for every
curve of maximal slope (y;)ics. Indeed, fort € (a,b), integration of (EDI) yields

; /atly}|2 drt ; /at‘D_f‘(%“)Q dr < f(ya) = f(y) < fya) — M. (2.2.4)

The conclusion follows by passing to the limit t 1 b.

Remark 2.2.6 (Comparison with [HM19, Dfn.s 2.12, 2.13]). Our Definition 2.2.2 is more
restrictive than [HM19, Dfn.s 2.12, 2.13] as we additionally require the condition in|(b). This
condition guarantees that |D~ f| is a strong upper gradient of f along (y;),.,; see e.g. [AGS14,
Rmk. 2.8]. Furthermore, by (b) we may integrate (EDI) to conclude that t — f(y;) is
non-increasing, which is rather an assumption in [HMI19, Dfn. 2.12]. Everywhere below,
following [HM19], we could drop the assumption of |(b) and replace |D~ f| by any given
strong upper gradient g. For the sake of simplicity however, we confine our exposition to the
case g :=|D~ f| for which the assumptions in [HM19] are verified in light of (b) as discussed
above.

2.3 Convergence of gradient flows

This section is devoted to the proof of Theorem 2.1.4, which deals with the converence of
gradient flows under Assumption (A).

Definition 2.3.1 (Equilibrium point). We say that x* € X is an equilibrium point for f if
x* € dom(|D~f|) and |D~ f|(z*) = 0.

We refer to cf. [HM19, Dfn. 2.35] for a more general definition for strong upper gradients.
Clearly, every local minimizer z* € dom(f) is an equilibrium point for f.

It will be useful to first investigate gradient flow curves starting from an equilibrium point.

Lemma 2.3.2 (Trivial flows). Let f: X — (—o0, 00| be proper and T' € (0, o).

(i) If 2* € dom(f) is an equilibrium point for f, then the constant curve (y:),c (1) defined
by y; = x* is a curve of maximal slope for f starting at x*.

(i) If z* € dom(f) is a local minimizer for f, then the constant curve (y:),c(.r) defined
by y, = x* is the only curve of maximal slope for f starting at x*.
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Proof. (i): This follows immediately from the definitions.

(17): Let 2* € dom(f) be a local minimizer and let U be a neighbourhood of z* such that
f > f(x*) on U. Furthermore, let (yt)te[o,T) be a curve of maximal slope for f starting at z*,
and set

tor=inf{t >0:y, ¢ U} NT.

Note that ty > 0, since t — ¥, is continuous. Since y, € U for t € [0,t,), we have f(y;) >
f(z*) fort € [0,t). Ast — f(y;) is non-increasing by (EDI), we thus infer that f(y;) = f(z*)
for t € [0,¢9). Therefore, t — < f(y,) is identically 0, hence |j| = 0 for t € [0,,) again
by (EDI). Applying (2.2.1) to the metric speed, we infer that d(y;, %) < [o|9.|dr = 0,
hence y; = yo :=a* for all t € [0,1(). By continuity of ¢ — y; we conclude that t, = 7', which
proves the assertion. |

For convenience of the reader we recall the following definition from the introduction.

Definition 2.3.3 (Auxiliary function). Given a parameter function 6 : [0,00) — [0, 00) we
consider the auxiliary function

n :[0,00) — [—o0,0), n(u) = /u (9’(3))2d3 for u € [0, 00),
1
[':10,60(00)) = [—00, 00), L(u) = (nof~")(u).
Here we use the convention that 6(cc) := lim, ,,, 6(u). Note that € is indeed invertible

and nonnegative, so that I' is well-defined. The following lemma collects some elementary
properties of 6. We leave the proof to the reader.

Lemma 2.3.4 (Properties of the auxiliary function). The function n is strictly increasing,
n(1) =0, and n(0) is possibly —oo. Moreover, 1 is continuously differentiable on (0, c0) and
n'(u) = (6'(u))? for all u > 0.

Remark 2.3.5. In the special case where 6(u) = Sul we have the explicit formulas

C2

T 2y—1

1 1
n(u) (Wt —1) ify>0, v# 3 and  n(u) =clogu ify= 5

The following lemma contains the crucial quantitative bounds on the distance and the driving
functional that can be derived from Condition (A), for suitable gradient-flow trajectories that
stay within the ball B,(z).

Lemma 2.3.6 (Distance bound and energy bound). Let f: X — [0, 00| be lower semicontin-
uous, and suppose that x, € dom(f) and r > 0 satisfy Condition (A) for some parameter
function 0. Let (yt)te[()’T), with T' € (0, 00|, be a curve of maximal slope starting at x. Let
0 <s<t<T and assume that y, € B,.(zo) and f(y,) > 0 for all u € [s,t]. Then:

(00 f)(ys) — (00 f)(y) > d(ye, ys),
(o f)ys) — (mo f)ly) >t —s.

Proof. As 6 and 7 are continuously differentiable on (0, 00), and ¢ +— f(y;) is locally absolute
continuous, we conclude that also #H: t — (Ao f)(y;) and t — (no f)(y:) are locally absolutely
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continuous on (0,77). For almost every u € [s,t], we obtain by absolute continuity of #,
by (2.2.3), and by (A),

—H'(u) = —(0"0 f)(ya) - 55/ Wa) = (0" 0 F)(y) - ID™ ) Gl > [dul- (2.3.3)

Since t — ; is locally absolute continuous, we obtain

d(s, 1) < /St\yuy du < /: () du = H(s) — H(E), (2.3.4)

which proves (2.3.1).

Moreover, using again that f(y,) > 0 for all u € [s, ], we obtain for a.e. u € (s,t), by
Lemma 2.3.4, by Lemma 2.2.4, and by (A),

00 £)w) =07 0 D) 7w = (180 D) 1D ) 21

Integration of this inequality yields (2.3.2). [ |

Example 2.3.7. An explicit computation shows that in the special case where 6(u) = £u”,
the energy estimate (2.3.2) becomes

[ )27_1 B 2y — 1(t . 1/(2v-1) - % \
flye) < vs c? 7 V72 (2.3.5)

=/ £(y,) ify=13.

We are now ready to prove our first main result.

Proof of Theorem 2.1.4. We assume that f(zg) > 0, as the result would otherwise follow
immediately from Lemma [2.3.2,

(1) We define
to:=inf {t € [0,T) : g € OB (20) } A T

and note that ¢y > 0, since (y¢)¢c[o,r) is continuous. If ty = T" the conclusion follows, hence it
suffices to treat the case where to) < T.

If f(y,) = 0, the conclusion follows from Lemma 2.3.2  and the definition of ¢y. It thus
remains to treat the case where t, < 7 and f(y;,) > 0. We will show that these conditions
yield a contradiction, which completes the proof.

Indeed, (2.3.1) and Assumption (A) yield, for 0 < ¢ < ty,

d(ys, w0) < (60 f)(wo) = (00 [)(ye) <7 — (00 f)(ys)-

Since (# o f)(y,) > 0 and t — vy, is continuous, it follows by passing to the limit ¢ 1 ¢, that
d(ys,, o) < r. This is the desired contradiction, since d(yy,, o) = r by construction.

(22) Since t — f(y;) is continuous, it follows that
te=inf{t € [0,7): f(y) =0} AT > 0.
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We first claim that yr :=1im;_,r y; exists and belongs to B,.(xy).
If t. < T, then y, =y, for every t € [t,,T) by Lemma 2.3.2, and the claim follows.

If otherwise ¢, = T, then (2.3.1) holds for all 0 < s <t < T. Write H(t) :=(0 o f)(y:). Then
H:[0,7) — [0,00) is continuous, non-increasing and bounded from below, so it admits a
continuous non-increasing extension on [0, 7]. Thus, the bound (for 0 < s <t <T)

d(ys, ye) < H(s) = H(t) < H(s) — H(T)

combined with H(s) | H(T') > 0 as s — T implies the Cauchy property of (y;),, hence the
existence of the limit, which proves the claim.

By lower semicontinuity of f and Lemma 2.3.2/ and in view of (), we infer that (2.3.1) holds
forall 0 < s <t <T (evenif t, <T). Choosing s =0 and t = T, the last part of the
statement follows using 2.1.7.

(172) Let 0 <t < t,. In view of [(z), (2.1.10) follows from (2.3.2). Next, by (2.1.8) we have

d(ye, yr) < 0(f () — 0(f (yr)) < 0(f (we))-
Using this bound and (2.1.10), we obtain

(o 0~)(d(ye.yr)) < (o f)lye) < (o f)(xo) =t < (nod)(r) —t,

which shows (2.1.9). By continuity of (v;); and lower semicontinuity of f, (2.1.9) and (2.1.10)
extend to t = t,.

Finally, suppose that T' = oco. If t, < oo, then clearly f(y.) = 0. If on the other hand
t, = 00, it follows from (2.1.10) that (no f)(y;) — —oo as t — oo, hence f(y;) — 0. By
lower semicontinuity of f the result follows. |

In the special case where the parameter function 6 takes the form 0(u) = Su?, we obtain the
following more explicit result. The notation ¢* was introduced in Theorem [2.1.4|

Corollary 2.3.8. Let f: X — [0, 00| be lower semicontinuous and suppose that xy € dom( f)
and r > 0 satisfy Condition (A) with parameter function §(u) = Zu” for some ¢ > 0
and v € (0,1]. Let (yt),cor) be a curve of maximal slope for [ starting at xo, for some
T € (0,00|. Then yr = lim;_,7 y; exists, y; belongs to B,(xq) for all t € [0,T], and for all
0<t<t" we have

2y=1 1
ol —
d(yhyT) < 5((174) — 212125) s

T ify# 5, (2.3.6)
f(yt) < (f(x(])%—l 211t> B! |
d(ys, yr) < re_z(%7 -
{ f(we) < f(zo)e 2, ify=35. (2.3.7)

Moreover, if § <~ <1, we have t, < 25: (o)1

Proof. The estimates for d(y:,yr) and f(y;) are obtained from (2.1.9) and (2.1.10) by
rearranging terms. The final assertion follows from the second bound in (2.3.6). |
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Remark 2.3.9 (The case 0(u) = $1/u). Under the above assumptions, the distance estimate

in Corollary 2.3.8 can be improved if v = % using the following the ideas of [Cha22]. Let

0 <s<t<T and assume that y, € B.(zo) and f(y,) > 0 for all u € [s,t]. Then:

Ay <4 (¢35 = 52 ) o) (VI —F))  (238)

<dctez2 <e 27 — e_zé)f(xo). (2.3.9)

Proof. We can assume t < 1" and then extend the result to ¢ = T" by taking limits. Using the
local 2-absolute continuity of (yt)te[o ) the Cauchy-Schwarz inequality, and the assumption
that f(y.) > 0 for all u € [s,t], we find

1/2 1/2
i) < [l du< ([ ﬂ%M@/(/ el ) S (2310)

By local absolute continuity of u — f(y,) we see that u — /f(y,) too is locally absolutely

continuous, and % fya)(t) = (2 f(yu)>_1% (y.) holds a.e. on (0,7"). Since d%f(yu) =
— || by (2.2.3), we obtain

[ e [ B e [ = (0~ )

(2.3.11)

Since (yy) C B,(xg), we can take the square root of the second bound in (2.3.7)) to see

that

U€E|[s,t]

[Vimaus (g [ =2 B . @31

Inserting (2.3.11) and (2.3.12) into (2.3.10), we arrive at (2.3.8).
Finally, another application of the second bound in (2.3.7) yields

\/f(ys) - \/f(yt) < \/f(ys) < \/f(:co)e—gia,

Inserting this inequality into the right-hand side of (2.3.8) we obtain (2.3.9). [

2.4 Comments on the assumption

In this section we collect some comments on the main assumption of this paper, Conditions (A)
and (A’) introduced in Definition 2.1.3.

Remark 2.4.1 (Comparison with [Cha22]). Let f: X — [0,00| be proper. Forr > 0
and xy € dom(f) with f(xy) > 0 we define

D— 2
a = a(xg,r) = ]ignf : |f](‘|()x)
x€Br (T x
0< f(2)<(xo0)

(2.4.1)

If0 < a < oo, it follows immediately from the definitions that the following statements are
equivalent:
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(1) Condition (A) holds for the parameter function 0(u) == 2/u/a(xg,r);

(13) The following inequality holds:

r2

a(zg,r) >

Similarly, the slightly stronger Condition (A’) from Definition 2.1.3 is equivalent to Condition

(C"), the strict inequality o(xq, 1) > %. The latter condition is essentially identical to the
main standing assumption in [Cha22], in the setting of C* functions on R". The difference
is that we restrict in (2.4.1) to a sub-level set of f and work with an open ball instead of a

closed ball of radius r around x.

The following example illustrates that it is occasionally useful to consider the weaker Condi-
tion (C') instead of Condition (C”).

Example 2.4.2. Fix xy > 0 and consider the function f: R — R defined by (see Fig. 2.1)

o |

Then oz, 7) =4 for 0 < r < xy and a(zg,r) = 0 for r > xy. Therefore, Condition (C")

ifx>0
ifr <0

88

(2.4.2)

2
2
(0]

vo|

X0

Figure 2.1: The function in (2.4.2).

fails to hold regardless of the choice of r > 0, but Condition (C) is satisfied for r = x.

Remark 2.4.3 (Attainment of the minimum). Assumption (A") implies the existence of a
global minimizer x* of f satisfying d(x*, zq) < (6o f)(x¢) and f(x*) = 0. This follows from a
result by loffe [lof77], which we recall in Lemma|2.6.1 below. To derive the conclusion, loffe’s
result should be to be applied to the function 6 o f, and a metric version of the chain rule is
required to relate the slope of f to the slope of 6 o f. For completeness, we give a proof of
this chain rule in Lemma 2.7.1.

In light of this observation, it is possible to derive results similar to Theorem 2.1.4 by applying
existing results for convergence to a global minimum under the Kt condition that assume the
existence of a global minimum close to the starting point x; see, e.g., [ABRS10, Thm. 10]
and [ABS13, Thm. 2.12] for such results for discrete schemes. However, a combination of
these results with loffe’s result yields a non-optimal criterion, as the Kt inequality is required
to hold on a bigger set than necessary. Moreover, some additional assumptions are made in
the aforementioned results.
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Remark 2.4.4 (Sharpness of Condition (A)). To guarantee the existence and the proximity of
a global minimizer of f under Condition (A), the constant r in the inequality (6 o f)(xzo) < r
cannot be replaced by any larger constant.

To see this, fix M < oo (large) and consider for (small) e > 0 the function f. : [0,00) — [0, c0)
defined by f.(z) =0 ' (x +¢) for 0 <z < M and f.(x) =0 forx > M. Fix xy € (0,M/2).
Differentiating the identity 6(f-(z)) = x+¢, we find that (0'o f.)(z) fl(x) =1 for 0 < z < M.
In particular, the second inequality in Condition (A) is satisfied in an open ball of radius x
around xyg.

If e =0, the identity 0( fo(xo)) = x¢ implies that Condition (A) holds with r = x, and indeed,
the distance of x( to the nearest global minimizer of f (which is 0) equals x.

If e > 0, Condition (A) fails to hold just barely (since 6(f-(xo)) = xo + €), but the distance
of xy to the nearest global minimizer (which is M ) is enormous (namely, M — xq) and the
gradient flow curve starting from x, will converge to 0, which is not a global minimizer.

The following non-smooth example in R shows that Condition (A) can be applied in a setting
where there is no uniqueness of gradient flow curves with a given starting point.

Example 2.4.5 (Non-uniqueness). Let A > 0 and a > 0, and consider the function f: R — R
(see Fig. 2.2a)

A

f(z) = min {2(1: —a)? ;\(:v + a)2} . (2.4.3)

This function is everywhere smooth except at the origin. For each xy # 0, there exists a
unique gradient-flow trajectory starting at x,, given by vy, == e Mz + (1 — e‘”)a for xo 2 0.
However, there are two distinct gradient-flow trajectories y* and y~ starting at the origin,
given yi = j:(l — e*M)a fort > 0.

In spite of this non-uniqueness, we shall verify that this example satisfies our assumptions.
Note that |D~ f|(x) = )\“x| —a| for all x € R. In particular, f has finite slope at 0, although it

is not differentiable. Consequently, % =2\ for all z € R. It follows that Condition (C')

holds for all xy € R with a(xg,r) = 2X\ (hence Condition (A) holds with 6(u) = y/2u/\),
provided r > |zog — a| A |zo + a|. Thus, at every point o € R, the criterion provides the
optimal result, in the sense that it yields the smallest possible ball centered at xy containing
each gradient-flow trajectory starting at x.

Remark 2.4.6 (Restriction to path connected component). The second inequality in Condi-
tion (A) is required to hold for all y € B,(xy) N{0 < f < f(x¢)}. However, in the proof of
Theorem 2.1.4, this bound is needed only on the set G(xq,r) consisting of all points inside
the ball that are reachable by the considered curve of maximal slope starting at x. Therefore,
Theorem 2.1.4 would still hold if one replaces the set B,.(xo) N {0 < f < f(zo)} by G(zo,7)
in the definition in (A). Of course, in practice G(xq,r) is often not explicitly known, so this
condition might be not easy to check. Instead of G(xq, ), one could also consider the path
connected component P(xq,r) of xy in B.(xq) N{0 < f < f(x¢)} and modify the definition
of (A) accordingly.

The following modification of Example 2.4.5 provides an example where it is useful to employ
the modified assumption. Let A > 0 and a > 0, and consider the function f: R — R (see
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Fig. 2.2b) given by

f(z) = min {max{;\(x— a)2,6} /Q\(x—i-a)Q} : (2.4.4)

For this function, Assumption (C)) is satisfied for every xoy < 0 and suitable r > 0 when «(z, 1)
is defined with P(x,r) in place of B.(zo) N{f < f(x¢)}. However, it is not satisfied for
any xo < 0 yet sufficiently close to 0 when a(xq,r) is defined as in (2.4.1).

€

-a

(b) An asymmetric double-well poten-

(a) A non-smooth double-well potential (2.4.3). tial (2.4.4).

Figure 2.2: The objective functions in Example 2.4.5 and Remark 2.4.6

2.5 Extension of gradient-flow trajectories
It is possible, even under Condition (A), that a curve of maximal slope defined on a finite

interval [0,7") does not extend to a curve of maximal slope on [0, 00). The following simple
example illustrates this phenomenon.

y

1 X0

Figure 2.3: There is no curve of maximal slope with 7" = oo starting at xy.

Example 2.5.1. For fixedm, e > 0, consider the lower-semicontinuous function f: R — [0, c0)
defined by

f(x) =malyq(z) + (me+ )00 (x) .
See Figure 2.3. Let xq > 1 and fix r > 0. Then f(x9) = mxy + ¢ and Condition (A) is
satisfied with

O(u) = i u(maxg + €)

and r > 2(may + €)/m. On the interval [0,T) with T = %=L, there exists a unique curve
of maximal slope (yt)c (1) Starting from xo. This is the curve which travels at constant
speed m towards the discontinuity of f, namely iy, = xo — mt. However, there is no extension
of (Yt)sepo.r) to @ curve of maximal slope defined on [0,1") for any T" > T, since t — f(y)
cannot be (absolutely) continuous on [0,1").
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Of course, the curve in this example can be naturally extended to [0, o) by defining yr = 1,
and concatenating a new curve of maximal slope starting from there. The resulting curve,
given by y, = (xg — mt), for t > 0, satisfies the exponential convergence rates of Corollary
2.1.5, even though it is not a curve of maximal slope in the sense of Definition 2.2.2.

Theorem 2.5.3 below shows that, under Condition (A), concatenated curves of maximal slope
always satisfy the convergence rates of Theorem 2.1.4. The key ingredient is the following
simple observation, which shows that Condition (A) is preserved under curves of maximal
slope (y:):>0 in a suitable sense: if the condition holds at time 0 for xy and some 7 > 0, then
it holds at any time ¢ > 0 for the point y; and the radius r — d(y;, yo) and with the same
parameter function 6.

Remark 2.5.2 (Assumption preserved along the flow). Suppose that Condition (A) holds
for zg € dom(f) and r > 0. Let (yi),c(0.r) be a curve of maximal slope, and extend it to
(Y¢)sejo7) using Theorem 2.1.4. Then we have by (2.3.1) that fort € [0,T),

(00 f)(y) < (00 f)(xo) —d(wo,4:) <7 —d(0, ),

which implies that Condition (A) holds for y; (in place of x) and r — d(xq,y;) (in place of ),
note that if f(y;) = 0 it is possible that r — d(xq,y,) = 0, otherwise this quantity is strictly
positive. If f is lower semicontinuous, then Condition (A) holds also for yr and r — d(x¢, yr),
as can be seen by taking limits.

Theorem 2.5.3. Let f : X — [0,00] be a lower semicontinuous function on a complete
metric space (X,d) and suppose that xy € X and r > 0 satisfy Condition (A) for some
parameter function 0. Let K > 1,0 =Ty <Ty < ... <Tg =T < 00 and (Y¢)ie[r,1,,,) be
curves of maximal slope starting from x;, where x; = limur, vy € B, (z9) for 1 <i < K — 1.

Then, setting t, == inf{t € [0,T): f(y;) = 0} AT, the following assertions hold:

(7

)y € B, (x0) forall0 <t <T;

(41) yr := lim,_,py, exists and belongs to B, (x);
)
)

(#ii) d(ys, ye) < (00 f)(ys) — (0o f)(y) forall0 <t <T.
(w) forall0 <t <t,
(d(ye,yr)) <T(r) —t, (2.5.1)
(no f)(we) < (mo f)lxzo) —t. (25.2)

Proof. ((7)| and (iz) follow from a repeated application of Theorem 2.1.4 and Remark 2.5.2.
(2i2): Recall first that, for K =0,...,K —1 and T}, < s <t < Tj},1, by (2.1.8)

d(ys,ye) < (00 f)(ys) = (@0 F)(ye) -
Therefore by a telescoping sum argument, the same inequality holds for all 0 < s <t < T.

(v): If K =1, the claim follows f_rom Theorem 2.1.4. Proceeding by induction, we assume
that the claim holds for all K < K. We shall show that it also holds for KX = K + 1. For
this purpose, suppose that t, > K and let T; <t < t,, otherwise the conclusion is trivial.
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Then notice that the induction hypothesis yields (no f)(zz) < (no f)(xo) — Tx. Moreover,
applying Theorem 2.1.4 for (y:)ie(r, , we find

Tiﬂ-ﬂ

(o f)ye) < (o f)leg) - (t = Tg).

Combining these bounds, (2.5.2) follows. Finally, (2.5.1) follows from |(zi¢) and (2.5.2) in the
same way as in the proof of Theorem 2.1.4. [ |

Remark 2.5.4. Theorem 2.5.3 still holds true if we replace the sub-level set of f in condition (A)
with the path-connected component P(xq,r) as in Remark 2.4.6; however the proof does not
work if we instead use G(x¢,1), since, in this case, the inequality (0’ o f)-|D~ f| > 1 may not

hold on G(yTi, r — d(o, yTi)).

2.6 Convergence of the discrete scheme

This section contains the proof of Theorem 2.1.6, which deals with the convergence of proximal
point sequences to a global minimizer. Our proof is based on adaptation of the arguments
in [BDLM10, Thm. 24]). A key tool is the following result by loffe [lof00]; see also [DIL15,
Lemma 2.5].

Lemma 2.6.1 (loffe's Lemma). Let g: X — [—00, 00| be a lower semicontinuous functional
on a complete metric space (X,d). Let x € dom(g) and suppose that there are constants
§ < g(x) and R > 0 such that 3

|D"g|(u) >v  forallu e Br(x)N{d <g<g(x)}
for some v > (g(x) — 0)/R. Then:

g(z) =9

d(z,{g < d}) < (2.6.1)

Throughout the remainder of this section we impose the following standing assumptions that
are in force without further mentioning:

= f: X — [0,00] is a proper and lower semicontinuous functional on a complete metric
space (X, d);

» 1y € dom(f) and r > 0 satisfy Condition (A’) for some parameter function 6;

= there exists a time-step 7 > 0 (that will be fixed from now on) such that, for all
x € Br(zo) N{f < f(x9)} and 7 € (0,7), the functional

Xoyr— fy) + 217_d(91;, y)? (2.6.2)

has at least one global minimizer. The non-empty set of minimizers will be denoted by
J ().

3Note that the corresponding result in [DIL15] involves the closed ball {y € X : d(z,y) < R} instead of
the open ball Bg. It is easy to see that the statements are equivalent, possibly after taking a slightly smaller
radius.
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The latter condition is satisfied with 7 = oo if (X, d) is proper, i.e., if all closed d-bounded
sets in X are compact.

The following result contains some fundamental properties of .J., which can be found in
[AGS08] under slightly different assumptions. The same proofs apply to our setting.

Lemma 2.6.2. For x € B,.(xo) N{f < f(x0)} the following assertions hold:

f(z0) = f(21) VO<1<7 <T,20 € Jpy(T), 21 € Jr(T);
(2.6.3)

d(z,z) > 7|D~ f|(2) VO<7<T,2€ Jr(x); (2.6.4)

f(z)+ d(x2,:)2 + /(;T d(xQ,st)Q ds=f(z) VO<7<T,2€ J(v),25 € Jy(x). (2.6.5)

Proof. Inequality (2.6.3) can be found in [AGS08, Lem. 3.1.2]; (2.6.4) can be found in
[AGS08, Lem. 3.1.3]; (2.6.5) can be found in [AGS08, Thm. 3.1.4, Eqn. (3.1.12)]. [

In the following result we consider a slightly more general notion of proximal point sequences,
as we allow the step-size 7 = 75, to depend on the step k. This will be useful in Lemma 2.6.6
below.

Lemma 2.6.3 (Confinement and distance bound). Let (yk)ivzo with N € N be a proximal
point sequence starting at xy with step-sizes 7, € (0,7) for 0 < k < N. Then for all
0 <k </?¢< N we have the distance bound

d(yr, ye) < (00 f)(yr) — (00 f)(ve)- (2.6.6)
In particular, y, € B,.(xo) for all 0 < k < N.

Proof. We will prove that (2.6.6) holds for all 0 < i < j < N by induction on N, noting that
the case NV = 0 is trivial.

We thus suppose that the claim is true for some N > 0, and let (yk)fj;[)l be a proximal point
sequence starting at xg. By the induction hypothesis and the triangle inequality it suffices to

prove that d(yn, yn+1) < (00 f)(yn) — (0 0 [)(yn+1). If flyn) = 0, we have yy = yn1
and the claim follows. We thus assume that f(yy) > 0.

By Condition (A’) there exists £ > 0 such that (1 +¢)(0 o f)(zo) < r. We will apply Lemma
2.6.1 to

g:@of, T =Yn, 6:(60f)(y]\7+1)7 R:(1+€)<90f)(yN)a v=1

We will show that the assumptions of Lemma 2.6.1] are satisfied.

= Firstly, we claim that |[D~g|(u) > 1 for u € Br(yn) N{d < g < g(yn)}. Indeed, by
the triangle inequality and the induction hypothesis,

d(zo, u) < d(zo, yn) + d(yn, u)
< (00 ) = B N)) + 1L +)00 i)
— (80 )(a0) + (00 f)lyw) < (1+2)00 f)(ao) < 7.
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This shows that u € B,(zg). Moreover, since 6 is strictly increasing, f(u) < f(yn) <

f (o). Since furthermore f(u) > 0, Condition (A’) implies that 6'(f(u))|D~ f|(u) > 1.
In particular, |D~ f|(u) > 0, hence u is not an isolated point. Therefore, Lemma 2.7.1
yields the desired inequality

D7 gl(w) = 0'(f(w)|D” fl(u) = 1.
= Secondly, we claim that g(yy) — d < R. Indeed,
9lyn) =6 = (00 f)(yn) — (00 f)yn+1) < (1 +)(0 0 f)(yn) = R.

Using that @ is strictly increasing, we deduce from Lemma 2.6.1 that

d(yv, {f < Fluvin)}) < (B0 F)lyx) = (B0 f)(yns)-

This means that for any x > 0 there exists * € X such that

f(@) < flynta) and d(Z,yn) < (00 f)(yn) = (00 [)(yni1) + 5.

On the other hand, since yn11 € J;\ (yn), we have

d* (yn+1,yn) < 2TN(f(fi’) - f(yNH)) +d*(z, y).

As k > 0 can be chosen arbitrarily small, a combination of these bounds yields

d(yn,yver) < (00 F)lyn) = (00 [)yn),

which completes the induction step and the proof of (2.6.6).
The final assertion follows from (2.6.6)) since 6(f(zo)) < r by Condition (A’) . [ |

Lemma 2.6.4. For any 7 € (0,7) there exists an infinite proximal point sequence (yi);~
with 1o = xg.

Proof. It suffices to iteratively construct the sequence (y;), by letting yo =2z and yx11 be
a minimizer in (2.6.2) with yx in place of z, noting that y, € B,(xy) by Lemma 2.6.3 and

fyr) < f(xo) by (2.6.5). o

Lemma 2.6.5. Let (yy)r>0 be a proximal point sequence and suppose that Yy, = limg_,oc Y
exists. Then

flyse) = lim f(ye) and  lim [D™f|(y) = 0.

Proof. The lower semicontinuity of f yields f(y.) < liminf; .. f(yx). On the other hand,
since Y € J-(yr_1) we have

F0) < Floe) + 5

hence lim sup,_, . f(yx) < f(yso). Combining these inequalities, we obtain the first identity.

d(Yr—1: Yoo)?,

As for the second identity, note that
d(ys_
0 <D f|(ye) < A1 0)

for k > 1 by (2.6.4). The conclusion follows by letting & — 0. [ |
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Proof of Theorem|2.1.6. Fix T € (0,7). The existence of an infinite proximal point sequence
(Yx) >0 With yo = o and step-size 7 was proved in Lemma 2.6.4,

Statement () was proved in Lemma 2.6.3.
The distance bound in (7i7) was proved for 0 < ¢ < j < oo in Lemma 2.6.3 as well.

To prove (i7), note that (6(f(yx)))x is a Cauchy sequence, as it is non-negative and non-
increasing. Therefore, (i27) implies the Cauchy property of (y), and hence the existence of
Yoo = limg_, yg. Using (2.6.6) and Condition (A’) we infer for 0 < i < oo that

d(yi, yoo) < liminfd(yi, y;) < (60 f)y:) <.

This show that y, € B,(xo) and the distance bound in |(i7i) for j = oo follows as well. To
show that f(y.) = 0, we may assume that f(yx) > O for all k, since otherwise there is
nothing to prove. Since |D~ f|(yx) — 0 as k — oo by Lemma 2.6.5 and

0'(f(yr) - D™ fl(yx) > 1

by Condition (A’), we infer that ¢'(f(yx)) — o0. As & is continuous on (0,00) and the
sequence (f(yx))r is non-increasing, it follows that f(yx) — 0, hence f(y~) = 0 by lower
semicontinuity of f. |

For specific choices of the parameter function 6 it is possible to obtain more explicit estimates
on the decay of f(yx) and d(yk, Yso) @s k — oo. We adapt and refine some arguments from
[ABQ9], where similar results are proved.

Lemma 2.6.6. Let (yi),—, be a proximal point sequence with step-size T € (0,7) starting at
xg. If the parameter function 0 is concave, we have, for all k > 0,

fe) = fyr) =

T

(9/ © f)(yk+1)2 '

Proof. Fix k > 0 and take z; € Jy(yx) for s € (0, 7). Using De Giorgi's formula (2.6.5), the
inequality (2.6.4), and Condition (A’), we obtain

(2.6.7)

d 2 T d . 2 _ T B
Fl) = fgpg) = Ly PRIET G T plgen)? o+ 5 [ 101G ds

ds.

S -
200 f)(yk+1)? o 2(07 0 f)(25)?

Note that Condition (A’) can be applied to z, since f(zs) < f(yx) < f(zo) and Lemma
2.6.3 implies that z; € B,(xg). Since 0 is concave and f(zs) > f(yr+1) by (2.6.3), the result
follows. |

Note that a weaker decay estimate with an additional factor of 1/2 in the right-hand side of
(2.6.7) can be obtained without using De Giorgi's identity (2.6.5).

Corollary 2.6.7. Suppose that the parameter function 6 is given by 6(u) = %u” for some ¢ > ()
and~y € (0,1]. Let (yr),>o be a proximal point sequence starting at xo with step-size T € (0,7),
and set Yoo := limg_.o yr. The following assertions hold:

(1) Ify =1, then yp = yoo and f(yx) =0 for all k > [cr/T].
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(i1) If 3 <~ <1, then, for k >0,

fl) < (14 5 5@ =) stao),

T —ky
d(Yk, Yoo) < fyf(yzf)7 = 0((1 + C2f(wo)1‘2”) ) :

and, for k > ko = log, (26 Y®"V) with 6 := % f(wo)'~%,

_1
fw) < ()7 e
C

¢ —(k—kg
d(ye, Yoo) < —f(i)? = O (27772 ( >> _

2

(i) If v = 5 then, for k >0,

s < (14 5) " ftaw),
d(ye, yoo) < 20/ (1) < 2c<1 + ;)m F(x0) -

(iv) IfO <~ <1 then, fork >0,

1
1—2~

f —(1-27) + Cﬂ{:)
c

d(Yr, Yoo) < Vf(yk)” = Ok T7),

where Cy = supp., mm{ -2y (R2 2 — 1)f( )27*1}.

Proof. (i): Suppose that f(yx) > 0 for some K > 0. Condition (A’) yields D~ f[(yy) > *
for all 0 < k < K, hence d(yx, yr+1) > Z forall 0 < k < K — 1 by (2.6.4). Using Condition

(A’) and Lemma 2.6.3 we infer that

r > c(f(zo) — flyk) —CZ< y;m) szldyk:yk+1)2K

k=0
hence K < cr/7. It follows that f(y;) = 0 and therefore y), = Yoo for all k > [er/7].

(i7) — (iv): Write fr == f(yg). From (2.6.7) we deduce the recursive inequality
fea—fez 507

This inequality yields the decay of fi. using Lemma 2.8.1/with o = 7/c® and § = 2 — 2. The
decay estimates for dj, = d(yx, Yso) follow from the bounds for f;, combined with Theorem
2.1.6(i11). [ |

Remark 2.6.8. In general — unlike in the continuous setting of Corollary 2.3.8 — the
discrete scheme does not converge in a finite number of steps when % <~y < 1. For suitable
f € CY(R™), this is easy to deduce from the equivalent formulation in (2.1.3). However, the
corollary above shows that the rate of convergence is (asymptotically) faster than exponential.
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2.7. A nonsmooth chain rule

Example 2.6.9 (Non-uniqueness revisited). Let us consider again the function f defined in
(2.4.3) (see Fig.|2.2a) and let T > 0. For any x, # 0, the resolvent J.(x) is single-valued.
However, if zo = 0, the resolvent J,(x() contains two elements, say x, and —z... Consequently,
there are two distinct proximal point sequences starting at xo = 0, once x} € J,(x¢) is selected,
the rest of the sequence is determined. Corollary|2.1.7 implies the exponential convergence for
both of these sequences.

2.7 A nonsmooth chain rule

In practice, it can be difficult to compute the slope of a non differentiable function, because
tools such as the chain rule are missing. We have however the following basic substitute
Lemma.

Lemma 2.7.1. Let f: X — (—o00, 00| be proper and lower semicontinuous and let g: R — R
be lower semicontinuous and non-decreasing. Then go f: X — (—o00, 00| is proper and lower
semicontinuous. Furthermore, if x € dom(f) is not isolated and is such that there exists the
left derivative O_g(f(x)) > 0 of g at f(x), then

D™ (g0 /llz) =9-g(f(x)) - D™ fl(z). (27.1)
Proof. The lower semicontinuity of g o f is well known, so we only prove (2.7.1). Set

S::{(yn>nCX:yn_>xyyn7éx}'

Since z is not isolated, S # @. For a function h: X — (—o00, 00| we have

lim sup h(y) = sup {lim sup h(yn) : (Yn), € S} = max {lim sup h(yn) : (yn), € S}.

Y=z n—00 n—00

We first prove that
D™ (g0 flllz) <0_g(f(x))-ID fl(z). (2.7.3)
Let (y,), € S. We need to show that

lim 81 [(g 0 f)(yn) — (g0 f)(x)]_

< 9-g(f(z))- D" fl(z).
Observe that if f(y,) > f(x) then, since g is non decreasing,

[(g 0 f)(yn) — (g0 f)(@)]_
d(ymx)

Therefore without loss of generality (by changing sequence and/or restricting to a subsequence)
we can assume that f(y,) < f(x). Then, passing to the limit superior as n — oo we see
that limsup,, f(y,) < f(x). By lower semicontinuity of f we have as well that lim inf,, f(y,) >
f(x), thus there exists lim,, f(y,) = f(x). Noting also that

=0.

(g0 ) — (g0 @) 9o Hm) = (go )]

d(yn, ) B {f(yn) - f(x)}_ | d(yn, ) (2.7.4)
_9(f (@) —g(f(yn) [Fyn) = F2)]
f(@) = f(yn) d(yn, x
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we conclude that

- (g0 f)ya) = (g0 f)(=)]_
lfln_?olgp d(ym x)

< 9-g(f(x)) - D™ f|(z)
as desired.
We now prove the converse inequality:

ID™(g o f)lx) = 0-g(f(x)) - D™ fl(x). (2.7.5)

If D~ f|(x) = 0 the claim is trivial, so we assume now that |D~ f|(x) > 0. By (2.7.2) there
exists (y,), € S such that

n

I = [D7f|(x) > 0.

lim sup

n— o0 d(yn,l’)

By restricting to a subsequence we can assume that f(y,) < f(z). Arguing as before we
have the existence of lim,, f(y,) = f(x) and that (2.7.4) holds. Taking the limit superior as
n — oo in (2.7.4) gives

D (g0 f)l(z) > limsup [(g 0 f)(yn) — (g0 f)(x)]_

. (o) >0 g(/(x)) - [P/ |w)

as desired. Combing (2.7.5) with the opposite inequality (2.7.3) yields the assertion. [ |

2.8 Estimating recursive inequalities

The following lemma contains some estimates that are used in the proof of Corollary 2.6.7.

Lemma 2.8.1. Let (fi),oy be a sequence of non-negative real numbers with f, > 0 and
suppose that for some «, § > 0 the recursive relation

feer = [ = afp (2.8.1)

holds for all k > 1. Then, for all k > 0:

(fe "+ Ck')_l/(é_l) if6>1, (2.8.2a)
o= (1+a)*f if5=1, (2.8.2b)
(1+a)~"f ifo<1, (2.8.2¢)

where & = o/ f}° and

Furthermore, if 6 < 1, we also have
fi <@V g for > g = logy 4 (2a7070) (2.8.3)
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2.8. Estimating recursive inequalities

Proof. Note first that in all cases the sequence (fx), is non-increasing.

(2.8.2a): We follow the arguments of [AB09]. Fix R € (1,00) and consider the concave

function H(s) = ;555" and its derivative h(s) = H'(s) = s~°. Observe that (2.8.1) can be

equivalently written as

@ < (fe-1— f)h(fx) -
Suppose first that h(fy) < Rh(fr—1). Using the concavity of H we obtain

a < (fe-1 = f)h(fx) < R(fr—1 — fo)h(from1) < R(H(fe-1) — H(fx))

=y g

Writing C1(R) = a(0 — 1)/R > 0, this shows that

i Ll 2 Gu(R).

Suppose next that instead h(f;) > Rh(fr_1). Raising this inequality to the power <! we

’ 5
obtain )
_ -1 _
A
and hence, since ( fx)x is non-increasing,

A (R ) > (R 1) 170 = Ca(R) > 0.
Finally, defining C' := suppe (1 o) min{C1(R), C2(R)} > 0, the above inequalities combined
yield
PR = C
Evaluating a telescopic sum, we obtain fﬁ — f37% > CF. Rearranging terms we obtain the
desired inequality (2.8.2a).
(2.8.2b): This is straightforward.

(2.8.2c): Suppose without loss of generality that f; > 0. From (2.8.1) it follows that

_ (e (0%
T T 0

from which we deduce (2.8.2c).
(2.8.3): Writing f;, == a~/0=9 f, we note that (2.8.1) implies fJ < f._; and therefore

- )(Sf(k*ko)

fi < (fkg

Moreover, (2.8.2c) and the definition of k yield fi, < (1 4+ &)~ fy = 5. Combining these

estimates, we obtain the desired estimate fk < 9o~ (hko) [ |
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CHAPTER

Contractive coupling rates and
curvature lower bounds for Markov
chains

This chapter corresponds to the preprint [Ped23].

Contractive coupling rates have been recently introduced by Conforti as a tool to establish
convex Sobolev inequalities (including modified log-Sobolev and Poincaré inequality) for some
classes of Markov chains. In this work, for most of the examples discussed by Conforti, we
use contractive coupling rates to prove stronger inequalities, in the form of curvature lower
bounds (in entropic and discrete Bakry—Emery sense) and geodesic convexity of some entropic
functionals. In addition, we recall and give straightforward generalizations of some notions of
coarse Ricci curvature, and we discuss some of their properties and relations with the concepts
of couplings and coupling rates: as an application, we show exponential contraction of the
p-Wasserstein distance along the heat flow in the aforementioned examples.

3.1 Introduction

In this work, we are mostly concerned with finite state space continuous time Markov chains
and we assume that they are irreducible and reversible: we use the letter €) for the state space,
L for the generator and m for the invariant measure. A fundamental problem in the theory of
Markov chains consists in estimating the speed of convergence to the stationary distribution
and giving upper bound for its mixing time. Convex Sobolev inequalities are a particularly
useful tool to address this task. Given a convex function ¢: R>q — R such that ¢ € C'(R),
we define the ¢-entropy of a function p: 2 — R.q by

H(p) = B[ 0 p] — OB [p]). (3.1.1)

Notice that by Jensen's inequality H%(p) > 0 and H?(C) = 0 for any constant C' > 0.
Therefore, if we denote by p = j—’é the density of a probability measure i with respect to m,

we can think of H?(p) as a (non-symmetric) measure of distance of ;1 from m. We also recall
the definition of the Dirichlet form £: R x R® — R via

E(f,9) = —Enlf(Lg)],
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3. CONTRACTIVE COUPLING RATES AND CURVATURE LOWER BOUNDS FOR MARKOV CHAINS

and of the ¢p—Fisher information

I%(p) = E(p. ¢ 0 p). (3.1.2)

We then say that a ¢-convex Sobolev inequality holds with constant K > 0 (notation:
CSI(K)) if for all positive functions p: 2 — R, we have that

KH?(p) <T%(p). (3.1.3)

The interest behind this inequality lies in the fact that, denoting by P, = e** the semigroup
associated to the generator L, we have the well-known identity

d
%qu(PtP) = ~I°(Pyp)
for any p: Q@ — Rsg. Thus, by Gronwall Lemma, (3.1.3) is equivalent to the exponential
decay of the entropy along the heat flow
HO(Pop) < e H(p),

and therefore quantifies the speed of convergence to equilibrium of the Markov chain. Classical
choices of the function ¢ include the function ¢, for a € [1,2] defined by

tlogt—t+1 ifa=1,
¢a<t): t¥—t .
—t+1 if a € (1,2].

a—1

(3.1.4)

When ¢ = ¢, we get the relative entropy and inequality (3.1.3) is the celebrated modified
log-Sobolev inequality [BT06] (notation: MLSI(/K)); when ¢ = ¢, we find the variance and
(3.1.3) is the Poincaré inequality (notation: PO(K)). For a € (1,2), inequalities (3.1.3) are
known as Beckner inequalities, which interpolate between modified log-Sobolev and Poincaré
[BT06, JY17].

Curvature of Markov chains In the setting of Riemannian manifolds, positive lower bounds
for the Ricci curvature have been linked to many functional inequalities: this has motivated
the seminal independent works of Sturm [Stu06] and Lott and Villani [LV09], who extended
the notion of curvature lower bound and many of its consequences (including some logarithmic
Sobolev inequalities) to a large class of geodesic metric measure spaces. In spite of its generality,
this theory does not apply to Markov chains on discrete spaces; for this reason, several adapted
notions of curvature have been proposed, based on different equivalent characterisations of
Ricci curvature for Riemannian manifolds. Among these, we recall in particular the entropic
curvature by Erbar and Maas [EM12], which is based on displacement convexity of the relative
entropy with respect to an adapted Wasserstein-like metric # introduced in [Maall] (see
also the work of Mielke [Miel3]). This theory shares many similarities with the classical
Lott—Sturm—Villani one, and among its merits it is such that many of the desired functional
inequalities follow from positive lower bounds on the Ricci curvature, including in particular the
modified log-Sobolev inequality. Moreover, as shown in [EM14], the role of the classical relative
entropy (with respect to m) can be taken over by other ¢-entropy functionals as defined in
(3.1.1), provided that one changes accordingly a parameter function in the definition of #:
once again, from positive geodesic convexity one can derive many consequences, including the
convex Sobolev inequality (3.1.3). Unfortunately, establishing positive lower bounds for the
entropic Ricci curvature (or more generally K-geodesic convexity of an entropic functional
H?) of a Markov chain can be challenging, and in many interesting examples good estimates
are not available.
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3.1. Introduction

Coupling rates and Conforti’s results While studying the entropic curvature of a Markov
chain is a difficult task, in general even finding good estimates on the best constant for the
modified log-Sobolev inequality (or other convex Sobolev inequalities) can be difficult. For
this reason, in the recent paper [Con22], Conforti introduced a method based on the new
notion of coupling rates to study general convex Sobolev inequalities, and applied it to some
interesting classes of Markov chains. Coupling rates are a modification of the familiar notion of
coupling: roughly speaking, they are used to “couple” the action of the generator L from two
different states. While couplings have been extensively used to establish fast convergence of
Markov chains (“probabilistic” approach to fast mixing), their use to establish convex Sobolev
inequalities (which belong to the “analytic” approach to fast mixing) is less common, and the
results of [Con22] give an interesting connection between these two families of methods.

Our contribution and organization of the paper In this work, we show that the coupling
rates introduced by Conforti are a powerful tool to establish entropic curvature lower bounds
and other related inequalities for some classes of Markov chains. As an illustration of the
applications of these methods, we state below one particular instance of our results. We refer
to Sections 3.2-3.4 below for precise definitions.

Theorem 3.1.1 (Cf. Sections 3.4.1, 3.4.3). Denote by Ric, the entropic curvature of a
continuous time reversible Markov chain [EM12, [FM16, EHMT17].

= For the Curie—-Weiss model with size N and parameter 8 > 0, in the limit N — oo we
have

Rice > (1 — ) + (1 —28)e™”

for B < 3.
= For the Ising model in dimension d with parameter > 0, we have
Rice > 14 e 24 — 3d(1 — e7%%)e2Pd
if2d(1 - 6725)6461/3 <1.

= For the hardcore model on a graph with maximum degree A and parameter 3 > 0, set
ke =1 — (A —1) and R, = min{3,1 — SA}. Then

R«
R' e > — 7*
1C, > 5 + K
provided that A < 1.

We remark that in all the examples above we find new estimates for the entropic curvature
of those Markov chains: these estimates imply in particular MLSI with the same constant
obtained in [Con22|, but also other interesting functional inequalities, such as exponential
contractivity along the heat flow of the popular Wasserstein-like metric # of [Maall] (see
Section 3.2.1 and references therein for more details). Therefore, in this sense, we provide a
strengthening of the results of [Con22].

To conclude this section, we briefly present below the organization of this paper while giving a
more complete overview of our contributions.
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3. CONTRACTIVE COUPLING RATES AND CURVATURE LOWER BOUNDS FOR MARKOV CHAINS

= |n Section 3.2 we give some preliminary definitions and define the general abstract
inequality that we consider: it reads % (p,v) > K</ (p,) for a constant K and
all p: Q@ — Ry and ¥: 2 — R, and it depends on an additional weight function
0: Rog X Rog — Roq. This inequality was first introduced by Erbar and Maas in their
works on the entropic curvature of a Markov chain [EM12] and, more generally, on the
geodesic convexity of some entropic functionals [EM14]. To motivate the interest in
studying this inequality and for the sake of completeness, in the following subsections we
recall some results by Erbar and Maas in connection with specific choices of the weight
function . In particular:

— In Section [3.2.1 we recall that when @ is the logarithmic mean then the inequality
corresponds to an entropic curvature lower bound for the Markov chain, as proved
in [EM12]. For the convenience of the reader, we also recall from [EM12] some

necessary definitions and consequences of such curvature lower bound, including
MLSI(2K).

— In Section 3.2.2, by the results of [EM14], we extend the considerations of the
previous section to the case where the relative entropy is replaced by some other
¢-entropy functionals, and in particular we explain how we recover a family of
convex Sobolev inequalities as in (3.1.3) (consistently with [Con22]), together with
other functional inequalities.

— In Section 3.2.3 we recall that if 6 is the arithmetic mean then the inequality of
interest corresponds to a lower bound for another notion of discrete curvature,
namely the discrete Bakry—Emery one (see [Sch99]).

= |n Section 3.3 we recall the definition of coupling rates. Moreover, under some basic
assumptions on the weight function 6, we use coupling rates to provide a lower bound
for the quantity #A(p,): this is the content of Lemma 3.3.1, which will be crucial
for our method and the applications to the particular Markov chains considered later
in this paper. This section also includes some heuristic considerations, explaining the
favorable role of “contractivity” of the couplings in proving the abstract inequality
PB(p,v) > K (p,1), which can also guide possible future applications of this tool.

» |n Section 3.4 we illustrate the considerations of the previous section by considering
most of the examples discussed in [Con22] and correspondingly establishing the general
abstract inequality %(p, ) > K</ (p,1) introduced in Section 3.2. More specifically:

In Section [3.4.1 we consider Glauber dynamics, which includes in particular the
Ising model and the Curie-Weiss model.

In Section 3.4.2/ we consider a simplified version of the Bernoulli-Laplace model.

In Section [3.4.3 we consider the classical hardcore model.

In Section 3.4.4 we consider the case of interacting random walks on the discrete
1N
grid N%.

In particular, by choosing 6 to be the logarithmic mean, we find new estimates for
the entropic curvature of the Ising model, the Curie-Weiss model and the hardcore
model, and we recover the best known lower bound for the entropic curvature of the
Bernoulli-Laplace model.

= Finally, in Section [3.5 we explain how the coupling rates constructed by Conforti are
naturally connected with the notion of coarse Ricci curvature by Ollivier [OlI09]. We
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recall some well-known definitions and properties of the coarse Ricci curvature, and we
also provide some natural generalizations. In particular, inspired by the properties of the
coupling rates constructed by Conforti, we consider a stronger notion of coarse Ricci
curvature which, roughly speaking, is based on simultaneous contraction of 1-Wasserstein
distance W and non-expansion of the co-Wasserstein distance W, along the Markov
chain dynamics (where both Wasserstein distances are defined with respect to the
natural graph distance d on €2). Correspondingly, we raise the question of connecting
positive lower bounds for this notion of curvature to a modified log-Sobolev inequality,
formulating a weaker version of a conjecture by Peres and Tetali.

As a further application of the discussion in Section 3.5, and as already done by Conforti
for the specific case of the interacting random walks of Section 3.4.4, we show that
in all the other examples discussed in Section 3.4/ Conforti's coupling rates imply an
exponential contraction of the Wasserstein distance of the form

_ Kt
W, (Pip, Pio) < e v Wy(p,o0)

for all starting densities p,o and p > 1.

As a final remark, we emphasize how, in some sense, this section shows that the
connections between probabilistic and analytic methods emerging in [Con22] carry over
at the level of curvature. In fact, while contractive couplings are naturally linked to the
coarse Ricci curvature, we use them to establish (for some classes of Markov chains)
lower bounds on the entropic curvature, which is a rather analytic notion of curvature.

3.2 Preliminaries and main inequality

Following [Con22], we work with a so-called “mapping representation” of the Markov chain,
which we briefly recall. We are given a finite set of moves G (where a move 0 € G is a
function o: Q — Q) together with a transition rate function ¢: Q@ x G — R, so that
¢(n, o) represents the rate of using the move o starting from the state 7. Such a mapping
representation has already proved useful before in establishing functional inequalities and
curvature lower bounds for Markov chains [PP13] [CPPQ9, [EM12| [FM16, EHMT17]. Typically
(and if not otherwise specified) we use the letter 7 for a state and o,~,7 for moves, and
to lighten the notation we write for example o7 instead of o(n) for the state reached after
jumping with the move o from the state 7. We make the assumption that for each move o
there exists a unique inverse 0! € G such that o~ 'on = 1 whenever m(n)c(n, o) > 0 (recall
that we denote by m the unique invariant measure). We also denote by e: 2 — € the ‘null
move" (i.e. the identity map); without loss of generality, we assume that e ¢ G and we denote
by G* := G U {e} the enlarged set of moves, as in [Con22]. With this notation, we can write
explicitly the action of the generator L of the continuous time Markov chain in the form

Lip(n) = 3 c(n, o) ((on) — b(n)) (3.2.1)

oeG

for any bounded ¢: 2 — R. Notice that in (3.2.1) we could also take the sum for o € G*,
and that in this context the rates ¢(7, e) can be arbitrarily defined. The state space (2 is at
most countable, and we assume that

Z m(n)e(n, o) < oo.

neQ,oeG
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3. CONTRACTIVE COUPLING RATES AND CURVATURE LOWER BOUNDS FOR MARKOV CHAINS

We also use the notation
Voip(n) = (on) —(n)
for the discrete gradient and
S ={(n,0) €A xG|c(n,o)>0}.

We assume that for all bounded functions F': Q x G — R we have

Y. mme(n,o)F(n,o)= Y mn)ec(n o)F(on,ot). (3.2.2)

neQ,oe@ neQ,oe@

As observed in e.g. [EM16, Def 3.1] (cf. also [PP13,[EM12, EHMT17, [Con22]), the condition
(3.2.2) expresses the reversibility of the Markov chain, and every irreducible and reversible
Markov chain admits a mapping representation satisfying the above requirements. In practice,
it is typically useful to consider such a description where the set of moves G is small. In all
the concrete examples of Markov chains considered in Section 3.4, following [Con22], we will
work with mapping representations satisfying the above conditions.

We now proceed to introduce in an abstract way the main inequality of interest in this paper.
For this, we first need an additional ingredient, i.e. a weight function 6: Ryy x Ryg — R>g.
In this paper, we always work under the following basic

Assumption 1. The weight function 6 is such that:

1. 0 is not identically 0;
2. 0(s,t) =0(t,s),
3. 0 is differentiable;

4. 0 is concave.

Given a weight function 6 satisfying the above, the inequality reads

Bp, ) = K (p, ) (3.2.3)

for all positive functions p: {2 — R, functions ©: 2 — R and for a constant K € R
independent of p, ), where we have

o (p.0) = ;( 5 mia)en o)0(ptn): plonitn) ~ (o)
n,0)€ES
‘%(pa w) = %<p> w) - g(pv W,
with

_1 Lp(n) 2
S =7 X monetn. o) Folotalplom) - ( 0 ) o) — vion
D(p.2)) = ; > mn)e(n. a)0(p(n), plon)((n) — w(on)(Leb(n) — Lr(on)).

(n,0)es

This inequality was introduced in the work of Erbar and Maas [EM12, [EM14]: depending on
the choice of 6, it has different interpretations and consequences, which we discuss in the next
subsections.
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3.2.1 Logarithmic mean and entropic curvature

The main reason for studying inequality (3.2.3) comes from the work [EM12] and for choosing
as 6 the logarithmic mean

st if s #t,

1
01(s,1t) ::/0 s dp = { log s—log? (3.2.4)

s if s =t.

Let us now denote by P(€2) the set of probability densities on 2 with respect to m, i.e.
functions p: @ — Rsq such that E,,(p) = 1, and by P.(2) the set of strictly positive densities.
In [Maall], Maas introduced a Wasserstein-like metric #” on P({2) via a discrete variant of the
Benamou—Brenier formula, and showed that, as in the classical setting, for any p € P(2) the
heat flow t — P;p = e'Xp is the gradient flow of the relative entropy functional in (P(Q), #')
started at p, where the relative entropy is the restriction of the functional H?' (as in (3.1.1))
to P(Q2). Writing it explicitly, for p € P(£2) we have that

H (p) =Y m(n)p(n)log(p(n)),

neq

with the convention that 0log0 = 0 in the above sum. In this setting, inequality (3.2.3) can
be interpreted as a lower bound for the Hessian of H?' with respect to # (see [EM12, Thm.
4.5]), or equivalently as a statement of K-geodesic convexity (see also the independent work
of Mielke [Miel3]). As gradient flows of geodesically /K -convex functionals enjoy many useful
properties, functional inequalities can be subsequently derived for the Markov chains. In the
next Proposition we collect in particular some results proved in [EM12] (cf. Proposition 4.7
and Theorems 7.3, 7.4 therein). To be precise, [EM12] considers actually the case where the
generator corresponds to a Markov Kernel K (whose rows sum to 1), but these definitions and
properties easily extend to non-normalised transition rates, as considered in the subsequent
literature [EM14, [EM16, EHMT17].

Proposition 3.2.1. Assume that 6 is the logarithmic mean and that inequality (3.2.3) holds
for some constant K € R and for all ¢: Q — R, p € P.(Q2). Then:

= the HWI(K) inequality
K
() < 7 (p. 019 (p) — 5 # (. 1)

holds for all p € P(£2);

= for any p,o € P(R)
W (Pip, Po) < e ™' (p,0);

= if K > 0 then the modified log-Sobolev inequality MLSI(2K)
2KH (p) < T (p)
holds for all p € P.(2).

Following [EM12], when (3.2.3) holds for the logarithmic mean, we say that the entropic
curvature of the Markov chain is bounded from below by K, and we use the notation

Ric, > K.

For more consequences of entropic curvature lower bounds we refer the reader to [EM12) [EF18].

49



3.

CONTRACTIVE COUPLING RATES AND CURVATURE LOWER BOUNDS FOR MARKOV CHAINS

3.2.2 Weight functions and convex Sobolev inequalities

In some cases, it is possible to let other ¢-entropies take over the role of the relative entropy
in the previous section, following [EM14] and by choosing an appropriate weight function 6.
First, we consider a function ¢: R~y — R and correspondingly we make the following

Assumption 2. The function ¢: R>y — R is such that

1. ¢ is continuous and ¢ € C?*(R+y);

2. ¢ is strictly convex.

Moreover, the weight function 6 = 84 defined by

# if s t,
0(s,t) = ¢(15)_¢ ® 7 (3.2.5)
e ifs=t
satisfies Assumption |1.

A first motivation for defining 6 as in (3.2.5) comes from the following result due to [EM14]
(see Theorem 4.8 therein).

Proposition 3.2.2. Suppose that Assumption 2 is satisfied and that inequality (3.2.3) holds
for some K > 0. Then the convex Sobolev inequality (3.1.3) holds with constant 2K (notation:
CSI4(2K)).

For completeness, we provide the proof of this proposition in Section 3.6, since it was proved
in [EM14] under slightly more restrictive assumptions, as a consequence of stronger geodesic
convexity results, as explained later in this section. The idea for the proof of Proposition 3.2.2
is that, when restricting to the specific choice i) := ¢’ o p, inequality (3.2.3) is equivalent to
the second order differential inequality
d2
= HO(P,p) > 2KT%(p). (3.2.6)
t=0

From this, it is standard to deduce the convex Sobolev inequality (3.1.3) with constant 2K,
essentially by integration, following what is known as the “Bakry—Emery argument”. Actually,
this is exactly the approach used by Conforti in [Con22], that is, he uses couplings rates to
establish (3.2.6) and subsequently deduces the convex Sobolev inequality CSI,;(2K). Since
(3.2.6)) is a particular case of (3.2.3) for a specific choice of 9, it is clear that proving (3.2.3)
under Assumption 2 gives a stronger result as compared to (3.2.6) and is in general more
challenging to achieve as one has to deal with two unknown functions (p and ) as opposed to
just one (i.e. p). Another difference with the work of Conforti lies in the assumptions on the
convex function ¢: indeed, our Assumption 2 requires that # is concave. This assumption was
present also in [JY17] and (as already observed there) implies in particular that -, is concave,
which is a classical assumption for the continuous setting. On the other hand, Conforti does
not assume concavity of f, but requires instead that the function

(5,8) = (s = 1) - (¢/(s) — ¢'(1)) (3.2.7)
is convex.

While both assumptions are enough to deduce convex Sobolev inequalities, it is possible to
make another more demanding one and deduce stronger consequences from inequality (3.2.3).
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Assumption 3. Assumption 2 is satisfied. Moreover, with 6 as in (3.2.5), we have that:

¢ € C°(Rsy);
0 € C=(Rsg x Rag);

6 extends to a continuous function defined on R>o X R,

O(r,s) < O(r,t) forall0 < s<tand0<r.

If the above is satisfied, then in [EM14] the authors showed it is possible to adapt some of the
results of Section 3.2.1. Replacing the % metric with a suitable modified metric #;, (where
the new weight function 6 replaces the logarithmic mean), it holds that for any starting density
p € P(Q) the heat flow ¢t — Pyp is the gradient flow of the ¢-entropy H? in (P(2), #;).
Moreover, as in the previous section, inequality (3.2.3)) si equivalent to K -geodesic convexity
of H? in (P(2), #;3) and the following result holds (cf. Propositions 4.2, 4.6 and Theorem
4.8 in [EM14]).

Proposition 3.2.3. Under Assumption 3, suppose that inequality (3.2.3) holds for some
constant K € R and for all : Q@ — R, p € P.(2). Then:

= the inequality
K
H(p) < #olp, DNT9(p) — 5 #4017
holds for all p € P(£2);

= for any p,o € P(Q)
%(B&)@ Pta) < e_Kt%(pa 0>;

= if K > 0 then the ¢-convex Sobolev inequality CSI,(2K)
2KH?(p) < I%(p)
holds for all p € P.(2).

All the functions ¢,, defined in (3.1.4) satisfy Assumption 3 (see also [JY17, Lemma 16]): for
the corresponding weight function, we use the notation 6,. Notice in particular that for « = 1
we recover the logarithmic mean of the previous subsection, while for 1 < a < 2 we have

1g2-a if s =t.
(e}

a=1l__ s—t if t
9a(s,t):{ & it (s 7, (3.2.8)

Remark 3.2.4 (Case o = 2). The case o = 2 is particular and should be studied separately. In
this case, indeed, the weight function satisfies 0y = % Therefore, the quantities %(p,1) and
o (p,1)) become independent of p, which makes establishing inequality (3.2.3) significantly
simpler. Actually, for § = 6y establishing (3.2.3) for all p,1 is equivalent to establishing
(3.2.6) for all p, as done by Conforti. Therefore, in this case it is usually possible to establish
inequality (3.2.3) with a better constant than what would happen just under Assumption
1. In all the examples of Section 3.4, this can be achieved by a simple modification of the
arguments after substituting 0 = % or alternatively, given the equivalence of (3.2.3) and
(3.2.6), by just applying the results of [Con22]. For this reasons, for the results of Section 3.4
applied to 0 = 0,, we focus on a € [1,2) when comparing to [Con22].
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3.2.3 Arithmetic mean and discrete Bakry—Emery curvature

If 6 is the arithmetic mean, it is well known that inequality (3.2.3) is equivalent to a lower bound
for the discrete Bakry—Emery curvature (for example, it was already observed in [Maal7]).
For completeness, and since we did not find a detailed proof in the literature, we recall the
definitions and include a proof of this fact. In analogy with the classical setting discussed in
great detail in [BGL14], for f,g: Q@ — R define

D(7,0)(n) = 3 3 clm.0)(Flon) — F(m)glon) — gln),

oceG

I(f) =T(f, f) and

1
La(f) = S LD(f) ~ T(F. L),
Definition 3.2.5 ([Sch99]). We say that the curvature condition CD(K, co) is satisfied if for

all f: Q=R

Ia(f) = KT(f). (3.2.9)

Proposition 3.2.6. Suppose that 0 is the arithmetic mean. Then for any K € R inequality
(3.2.3) holds if and only if CD(K, cc) holds.

Proof. Notice that, using reversibility,

o) = > mneln, o)plm) + plon)) [wn) — v(om)]
(n,0)es
= ; %m(n)p(n) ZE;C(U, o)) — (o))
= 3= mla ()T ()00)



3.3. Coupling rates and curvature lower bound

Moreover, using reversibility multiple times (cf. also (3.2.2)),

S mn)e(n, o)(Lp(n) + Lp(on))[b(n) — v (on)]”

(n,0)es

S m(n)e(n, o) Lo(n)[W(n) — (on))?

o)eS

m(n)e(n, o)e(n, ) (p(1m) — p(n) [ (n) — ¥ (on)]’

C(p, ) =

|
~
3

= = 00| =

(]

Q
2%
)
Q

m(n)e(yn, o)e(n, )p(n)[W(yn) — Y(om)]?

I
P
Qd S
5
g%M

m(n)c(n, o)e(n, y)p(n)[W(n) — b(on))”

|
=~ =

S5

3 L

g%M

= m(n)p(n) > e(n,7) Y {C(Wi, ) [ (yn) = P(oyn))?

neQ ~EG p=tel

and

Therefore, (3.2.3) is equivalent to

Y- m(n)p(mTa(n) = K Y m(n)p(n)Ty(n). (3.2.10)

ne neQ

From this, it is clear that CD(K, o0) implies (3.2.3) by choosing f = 1. Conversely, choosing

p= Zi’; to be the density of a Dirac and ¢ = f in (3.2.10) gives the converse implication. W

For more details about and consequences of the discrete Bakry—Emery curvature we refer the
reader to [FS18] and the references therein.

3.3 Coupling rates and curvature lower bound

Coupling rates were introduced by Conforti in [Con22| as a tool to establish convex Sobolev
inequalities. They are a modification of the usual notion of coupling, and they apply to
continuous time Markov chains. Roughly speaking, they are a way of letting the generator L act
at the same time at two different states, in a way that is consistent with equation (3.2.1) when
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one looks separately at the two states. More precisely, for any pair of different states 0, € €2,
we consider coupling rates between them in the form of a function cCP'(n,ﬁ, ) GF X GF —
R>¢ such that

Yyed, Y Pn,n,7,73) = cn,7),
yea*

vy e G, > Pnn,7,7) =c@,3).
vyeG*

It can be seen easily seen that, for any fixed states 7 # 77, coupling rates between them always
exist; for example, one can consider the “product coupling rates”, constructed as follows.
Suppose without loss of generality (otherwise, exchange the role of 7, 7) that

Y ocno) <) clno) =M,

oceG oeG

and notice 0 < M < oo (since G is finite and the chain is irreducible). Then, set ¢(n,e) =
M — Y cqc(n, o) and ¢(7,e) = 0, where e is the null move. Finally, for v, 5 € G*, define

o 1 _
cCp| (na 7, P)/) = MC(% 7)0(777 ’7)7

which is easily seen to define appropriate coupling rates between 7 and 7.

From the definition of coupling rates, it follows immediately that one can jointly express the
action of the generator (3.2.1) on a function ¢ at the states 7 and 7 as follows:

L) = > P, 5,73 () — (),

7YEGH

L) = > P, 0,79 (@G0 —»@).

7, 7€G*

(3.3.1)

In [Con22], Conforti showed that coupling rates are useful for organizing the terms appearing
in the inequality (3.2.6)), and thus (if one manages to establish it), in proving convex Sobolev
inequalities via the Bakry—Emery argument. Heuristically, it turns out it is convenient to
consider not arbitrary coupling rates, but rather “contractive” ones. Informally, this means
that, for neigbouring states n # on with n € Q,0 € G, the coupling rates P! (n, on, v, 7)
between them are such that “as often as possible” yn = yon (and, in particular, a fruitful
choice is (7,7) = (0,¢) or (e,071)). Indeed, when this is achieved, some terms cancellations
going into the right direction occur when studying inequality (3.2.6).

In the rest of this section, we show that similar considerations also hold when studying the
stronger inequality (3.2.3). In particular, we will derive a lower bound for %(p, 1) using
coupling rates under only Assumption 1 on #: this gives a sufficient condition for establishing
the inequality B(p, ) > Ko/ (p,1). In general, this is a more challenging situation compared
to (3.2.6), since now we are dealing with two unknowns (p, 1)) as opposed to just p, and we
also have an additional non linear weight function 6 to deal with; moreover, as discussed in
Section 3.2.2, inequality (3.2.6) corresponds to a particular case of (3.2.3) with the choice
1 = ¢ op and 0 as in Assumption 2. Next, we will conclude the section by discussing
heuristically how contractions in the coupling rates can help proving the inequality (3.2.3) too,
similarly to what happened in [Con22].

We now proceed to show how arbitrary coupling rates can help rewrite the main inequality
(3.2.3) in a convenient way, by organizing the involved terms. Notice first that we can write,
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3.3. Coupling rates and curvature lower bound

using coupling rates as in (3.3.1),

Voo, ofon) - (400 )

YYEG*

=V0(p(n), plon)) - { > m,om,7,9) <pp(3

>] (3.3.2)
n)

= > Pn,0n,7,7)V0(p(n), p(om)) - l( e ) B <p(0n)>]

Y YEG*

> Z*cm'(n?ffn,%?)W(p(’m) p(yon)) — B(p(n), p(on))],

where we used concavity of 6 in the last line. Therefore, for € (p, 1)) we have the lower bound

€ i S m)e(n, o) P (n, o, 7)0(p(m), pGen) () — wion)’
(n,0)€S 7, 7€G*
i > Y m ) (n, 00,7, 7)0(p(n), plom) [ (n) — P(on)]*.

(n,0)eS v ¥EG*
As for the term Z(p, 1), we can write

2(p Z >om ) (n, 01,7, 7)0(p(n), pon))

(17 o)eS v, 7eG*

~ {<w<n> —(on)(W(yn) = w(on) = ((n) = w(om)*}.

Combining the bound for & and the expression for & we derive the following:

Lemma 3.3.1. Let 6 be a weight function satisfying Assumption 1. We have

B(p >1 o> om o) P (n,on,7,%)J (0, 0,7,7) (3.3.3)

(n,0)€S v, 7€G*

W

for all p: Q0 — R.q and : ) — R, where we define the function J: QO X G* X G* x G* - R
by

J(n,0,7,%) = {0(p(yn), p(3on)) + 0(p(n). p(om)) o (n) — (o))
—20(p(n), p(on))(W(n) —vY(on)) (W (yn) — P(yon)).

It is also convenient to define the function 7: 2 x G* x G* x G* — R by

[(777 0,7, ’7) = 11(777 0,7, ’7) - [2<777 a,7, 7)
Li(n,0,7,7) = 0(p(yn), p(yon) [ (n) — ¥ (on)]* >
L(n,0,7,%) = 0(p(n), plon) [t (vn) — ¥(Fon)]* >

Notice that we have

J(n,0,7,%) = I(n,0,7,%) + 0(p(n), plon)) [ (n) — ¥(on) — ¥(vn) + P (Fon))?
> 1(n,0,7,7)

0,
0.

(3.3.4)
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At this point, we can explain at least heuristically why it is useful to consider especially
contractive coupling rates. In view of Lemma 3.3.1, to establish inequality (3.2.3) it suffices
to prove that for some coupling rates

1 _ i
5 2 2 mmemo) <P (n,on,7,7)J(n,0,7,7)
() S v 7eG" (3.3.5)

>K > mn)e(n, 0)8(p(n), plon))[W(on) —b(n)]* = 2K o (p, ¥).

(n,0)€S

Notice first of all that whenever yn = Jon the second term in the definition of J(n, on,7,7)
is 0, so J is non-negative, suggesting a first lower bound for %(p, 1)). More precisely, when
vn = 7on, looking at the corresponding terms in the left-hand-side of the inequality (3.3.5),
we see that

CCPI(% an, 7, 7)‘](777 0,7 '7)
= P(n, 0, 7, W{8(p(vn), p(Gom) + 8(p(n). plon)) Yo (n) — v (on))* (3:3.6)
> P(n, 0n,7,7)0(p(n), plon)) [ (n) — w(on)]”.

Hence, we recognise some terms appearing in the sum in the right-and-side of (3.3.5) defining
o (p, 1)), multiplied by the factor ¢*P'(n, om,~,7): therefore, if we have a uniform positive
lower bound for

inf Y P(n,0n,7,9) >0, (3.3.7)

(mo)€S | Sea
n=yon

we are in a good position to prove the inequality (3.3.5), provided that we can also accomplish
the non-trivial task of dealing with the other terms appearing in the left-hand-side of (3.3.5)
(corresponding to the pairs of moves (v, %) not realising a contraction). This is indeed the
general strategy that we will use in Section 3.4, where we analyse specific classes of Markov
chains.

A second point we wish to make is that sometimes, depending also on the weight function @,
we can improve the bounds obtained with the strategy described before. The first observation
is that in (3.3.6) we have thrown away some non-negative terms, corresponding to

P (n, 0m,7,7)0(p(vn), p(Fom) [ (n) — v (on)]. (3.3.8)

We now restrict our attention to two particular pairs of moves that are “contractive”, given
respectively by (e,c7!) and (o,¢€). In this case, the terms in (3.3.8) sum up to

{¢P'(n,0m,e,07)0(p(n), p(n)) + P (1,5, 5, €)8(p(on), p(on)) } () = (o))

These terms could also be related to the ones appearing in the definition of <7 (p, ), if we
knew that for some constant My

0(p(n), p(n)) + O(p(on), plon)) = 2Meb(p(n), p(on)),

and if we had a uniform positive lower bound

inf min{cCpl(n,an,a, e), P (n, on, e,a_l)} > 0, (3.3.9)
(n,0)€S
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similarly to (3.3.7). For this reason, for a given weight function 6 satisfying Assumption 1, it
is natural to define the quantity

My~ inf 0(s,s)+0(t,t)

5,t>0: 29(3’ t)
0(s,t)>0

e 0,1], (3.3.10)

so that for all s,t > 0
2My0(s,t) < 0(s,s) + 0(t, t).

By choosing s = t we can see that My < 1. The next proposition, whose proof is given in
Section 3.7, provides the value of My for the explicit examples of 6 considered in Section 3.2.

Proposition 3.3.2. = Fora € [1,2] and 0, as in equations (3.2.4), (3.2.8), we have

M — 1 ifoze{l,%} ora = 2;
T sy ifae(L2).

= For the arithmetic mean we have My = 1.

As a concluding remark for this section, we emphasize that, while the method described in this
section potentially applies to a wide variety of settings, in general it seems that some extra
assumptions on the Markov chains are helpful to get the desired conclusions. In particular,
reversibility of the model and an underlying symmetry of the structure of the Markov chain

can help obtain useful terms cancellations to deal with the “non-contractive” pairs of moves
(7,7) in the left-hand-side of (3.3.5).

3.4 Applications

In this section, we apply Lemma [3.3.1] to establish the general inequality of interest (3.2.3)) for
most of the examples considered in [Con22], under just Assumption 1. In particular, Section
3.4.1,3.4.2, 3.4.3 and 3.4.4 corresponds to Section 4, 5.1, 5.2 and 3 of [Con22| respectively.
Not surprisingly, the proofs are similar to the ones of Conforti, and in all these examples the
considered contractive coupling rates are the ones constructed in [Con22]. The case of the
interacting random walks of Section [3.4.4]is the only one where an additional assumption is
present compared to [Con22]: moreover, as done by Conforti, in that section a localization
procedure is used to deal with the infinite cardinality of the state space.

3.4.1 Glauber dynamics

We work in the setting of Section 4 of [Con22] (i.e. Glauber dynamics) and we use the same
notation, which we briefly recall. The state space is a finite set (2. We assume that 0 = 0!
and ovyn = ~on for all moves 0,7 € GG and states n € ). Given an inverse temperature
parameter 5 > 0 and an Hamiltonian function H: {2 — R, the rates are defined by

c1.0) = exp( =5 V).

where we recall the notation V,H(n) = H(on)— H(n) for the discrete gradient. The reversible
measure is then the Gibbs measure

m() = Zlﬁ exp(—BH(n))
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where Z3 > 0 is the appropriate normalization constant. Finally we make the key assumption
that x(n, o) > 0 for all states n € €2 and moves ¢ € G, where we define

k(n,o) = clon,o) — Z max{—V,c(n,v),0}.

yyFEo

This assumption is crucial for the construction of appropriate contractive coupling rates, for
which we will apply Lemma 3.3.1. We also define the quantities

Ky = 17711('; k(n,o) + k(on, o), Ry = 1nnaf k(n, o),
which correspond respectively to the infimums in (3.3.7) and (3.3.9). Notice that 27, < k..

Theorem 3.4.1. With the previous notation, suppose that for all n € Q and o,v € G we
have 0y = yo, 0 = 0! and k(n,0) > 0. Let 0 be a weight function satisfying Assumption 1.
Then the inequality (3.2.3) holds with constant

K = Mz + =
2

Remark 3.4.2 (Comparison with [Con22]). In [Con22, Thm. 4.1], under the same assumptions
on the model, Conforti establishes inequality (3.2.6) and thus CSl;(2K) with constant K
equal to

= % for general convex ¢ satisfying convexity of (3.2.7);

» B 4R, for ¢ = ¢y (thus MLSI(k, + 275));

» Sk, for g = ¢, with a € (1,2].
Thus, by Proposition |3.3.2 and by the discussion in Section 3.2 (i.e. recalling for example
Proposition 3.2.1 and that (3.2.6) is particular case of (3.2.3)), we obtain a stronger result
for the case 6 = 0, and complementary results for other choices of 6.
Proof of Theorem 3.4.1
As done in [Con22|, we define

T<(n) ={(0,7) € Gx G| 0o #~,Vsc(n,y) <0},
T2 (n) ={(0,7) € G x G |0 #7,Vec(n,v) > 0},
T=(n) ={(0,7) € G x G | o #~,Vsc(n,vy) =0},

where we recall the notation
Voc(n,v) = clon,v) —c(n,7)

= oxp(= 5t rom) ~ o)) = exo =Sl Com) ~ ) )

We then define the same coupling rates: for n € Q, 0 € G set

min{c(on,v),c(n,7)} fy=7yand o #7,7€G,

—Voc(n,7) if ¥ =0 and (0,7) € T=(n),
cpl -\ Vac(na ;Y) if 7 =0 and (‘77 :Y) € T>(77)7
C (7]70'777777>_ KV<O-77>O-) if’}/:U,:}/Ie,

K<n70-) if’}/:e,’?:O',

0 otherwise.
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Notice that these are indeed admissible coupling rates between 1 and o7, since by assumption
k(om, o), k(n,o) > 0. With these coupling rates and using Lemma 3.3.1 and (3.3.4) we can
write B(p, ) > 1(A+ B+ C + D) with

A= > m(n)en, o) min{c(n,v),clon, y)H(n,0,7,7),

neQ,o,veQG,
oFY

B=- Z m(n)c(n70)v00(n77>l<n>aa7ag)7

nes,
(0,7)ET<(n)

C= > mmcn,o)VecnyI(n, o,0,7),

neQ,
(7)€Y (n)

D= % mmn,o)(klon,o))(n,0.0.e)+rn,0))(n,0 e 0)).

neQ,oeG

We show below that A = B = C' =0 and that D > (4MyR, + 2k.)< (p, 1)), which concludes
the proof of the theorem. It is useful to have an auxiliary lemma:

Lemma 3.4.3. For alln € Q and o,y € G with o # ~ the following hold:

. A(n,0,v,0) =—=1(n,7,0,7).

1. ¢(n,0)Vac(n,y) = c(n,7)V4e(n, o).
2 ( ,o)c(on, ) = c(n,v)c(m, o).

3. Voc(on,v) = =Voc(n,7).

4. (0,7) €T=(n) <= (v,0) € T=(n).
5 (0,7) € T7 () < (0,7) € T=(n).
6. (0,7) € Y7 (on) <= (0,7) € T=(n).
7. (0,7) € T=(yn) < (0,7) € T=(n).
8

9

(
: I(U 0 0-7,7) = _1(777777/770’)'
(,

10. I(n,0,v,7) = —I(yn,0,7,7).

Proof of Lemma. Statements 1-7 were already observed in the proof of [Con22, Thm. 4.1]
and are easy to check, while statements 8-10 are immediate from the definitions. |

Term D We have

J(n,0,0,¢) = {0(p(on), p(on)) + 0(p(n), p(on)) ¥ (n) — 1(on)]”
J(n,0.e,0) = {0(p(n), p(n)) + 0(p(n), p(on)) b (n) — ¥ (on)]”

and so
Kk(on,0)J(n,0,0,e) + Kk(n,0)J(n,0,¢e,0)
>{7=[0(p(on), p(on)) + 0(p(n), p(n))] + £.0(p(n), p(on)) Yo (n) — (o))
> (2MgRs + #.)0(p(n), plon)) [ (n) — P (on)]*.

Therefore we get
D > (AMy; + 25, (p, 1)),
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Term B We have that

B=— > mnecn,o)Vec(n,v)I(n,o,7,0)
cQ,
(0»7?€T<(n)
= = Z m(n)c(nvU)vﬂc(n77)[(na07770)

nes,
(7,0)ET<(n)

=— > mmen,v)Veln,o)(n,v,0,7)

(o,7)ET<(n)

=— > mnecno)Vocln,1)I(n,v,0,7)

neQ,
(o,7)ET<(n)

= > mmem,o)Vocn,MI(n,0,7,0)

ne,
(om)€EY<(n)

- -B

which implies that B = 0. In the above, the second equality is by 4. of Lemma 3.4.3, the
third by exchanging the role of o and ~, the fourth by 1. of Lemma 3.4.3/ and the fifth by 8.
of Lemma 3.4.3.

Term C This is similar to term B using reversibility. We have

C= > mmemo)VecnNI(n,0.07).

neQ,
(7)€Y (n)
Using the reversibility property (3.2.2) with F'(1,0) = X5.5)e1> ) Voc(n, 7)I(n,0,0,7),
the assumption o = 0! and properties 3. and 6. of Lemma 3.4.3, we get

C=— > mmecmao)Vee(n,y)(on,o0.7).

new,
(o:7)ET<(n)

We want to show that this expression is 0, analogously to what was done for B. Notice that

C=— S m)eno)Vocln,7)I(on,0,0,7)

neQ,
(e7)ET<(n)

=— Y mn)em,o)Vee(n,3)(on, 0,0,7)

neq,
(3,0)ET<(n)

=— > mmen,3)Vseln,a)I(3n,7,7,0)
new,
(0A)ET<(n)

=— Y mmen,o)Veeln,7)I(An,7,7,0)
neq,
(07)ET<(n)

= Y mnecn,o)Vec(n,)I(on,o,0,7)

nesl,
(e.7)EY<(n)

= - C,
which implies that C' = 0. In the above, the second equality is by 4. of Lemma 3.4.3, the third

by exchanging the role of ¢ and 7, the fourth by 1. of Lemma [3.4.3 and the fifth by 9. of
Lemma 3.4.3.
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Applications

Term A We split A into three different terms: A = A; + As + A3, where

Ar= > mn)e(n, o)c(on,v)I(n,0,7,7),

neQ,
(e7)€ET<(n)

Ay =Y mn)e(n,o)e(n,v)I(n,0,7,7),

neQ,
(e7)€EYT> (n)

Zﬂ m(n)c(n, o)(clon, ) +c(n,v)I(n,0,7,7).
(e mET=(m)

q

Az =

N | =

We want to show that A; + Ay = 0 and A3 = 0. We have that

Ay =Y mn)c(n,o)e(n,7)I(n,0,7,7)

neQ,
(e7)€ET>(n)

= Y m)em,y)elyn, o) (yn,0,7,7)
new,
(e,7)EYZ (vn)

=— Y mmeln, o)e(on, MI(n,0,7,7)
newl,
(o7)ET<(n)

:_Al-

In the above, the second equality is by the reversibility property (3.2.2) with F(n,vy) =
Y oomer>m (1, 0)I(n,0,7,7) and the assumption v = 7", while the second equality is by
the properties 2., 5. and 10. of Lemma 3.4.3. It follows that the contribution of the first two

terms is 0.
It remains to show that A3 = 0, which is done in a similar way: notice that

> m(n)e(n, o)c(n,v)I(n,0,7,7)
neQ,
(e,7)ET=(n)

= Y mmen,y)etyn, o)y, a,7,7)
new,
(o,7)ET= ()

=— Y m)eln,o)clon,v)I(n,0,7,7).
ne,
(o,7)ET=(n)

In the above, the first equality is by the reversibility property (3.2.2) with the function
F(10,7) = X oomyer= €, 0)I(n,0,7,7) and by the assumption v = 7", while the second
equality holds by properties 2., 7. and 10. of Lemma [3.4.3. It follows that A3 = 0, thus

concluding the proof of the theorem.

Examples of Glauber dynamics

Below, following [Con22], we present two examples of Glauber dynamics models satisfying the

assumptions of Theorem 3.4.1.

Curie Weiss model For the Curie Weiss model, the state space is the discrete hypercube

Q = {—1,1}" for some integer N > 0. The set of moves G is given by G = {0y, ..
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3. CONTRACTIVE COUPLING RATES AND CURVATURE LOWER BOUNDS FOR MARKOV CHAINS

where g;: €2 — ) corresponds to flipping the i-th bit. Finally, the Hamiltonian function is
In this setting, the assumptions of Theorem 3.4.1 and the explicit values of k., %, were checked

by Conforti, who proves the following

Theorem 3.4.4 (Thm. 4.2 of [Con22|). Assume that
(N=1)(e¥ —1) <1.

Then the assumptions of Theorem 3.4.1 are satisfied with

v = fewon(| 55 )
e R

where fcwp n: N — R is defined by

28

fewpn(m) = e~ ROV=1=2m) 1= (N=1-=m)(e¥ —1)]
+ e (N-1-2m) [1 — m(e% — 1)}
Remark 3.4.5 (Comparison with Cor. 4.5 of [EHMT17]). In particular, in the limit N — oo,

the condition above reads [ < % Thus by choosing 8 = 0, and combining Theorems|3.4.1
and 3.4.4 we have that as N — oo the entropic curvature of the Curie-Weiss model satisfies

Rice > (1= 6) + (1 —28)e™”
for § < % This improves both in the estimate and in the range of admissible /3 over [EHMT17,

Cor. 4.5], where it was proved that, as N — oo, Ric, > 2(1 — 283e?#)e? for < 0.284.

Ising model The second example of Glauber dynamics that we consider is the Ising model.
For the Ising model, we let A C Z¢ be a connected subset of Z¢, endowed with the inherited
graph structure ~ of the discrete grid, and consider the state space Q2 = {—1, 1}A. The set
of moves is G = {0, },., Where 0,: 2 — € acts on a state 1) by flipping the spin 7, at site
x. Finally, the Hamiltonian is defined by

Hn) =~ > noy,

Ty

Again, the assumptions and values of k., %, in Theorem 3.4.1 were checked in [Con22|, where
the following result is proved.

Theorem 3.4.6 (Thm. 4.3 of [Con22|). Assume that
2d(1— e )M < 1. (3.4.1)
Then the assumptions of Theorem 3.4.1 are satisfied and we have

Ky = 2 — 2d(1 — e720)e2Pd
Fr = e 2P 2d(1 — 722,
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Remark 3.4.7 (Comparison with Cor. 4.4 of [EHMT17]). By combining Theorems 3.4.1 and
3.4.4 and by choosing the logarithmic mean 6 = 6., it follows that

Rice > 1+ ¢ 2 —3d(1— ) if  2d(1—e ) < 1. (3.4.2)
On the other hand, in [EHMTI7, Cor. 4.4], it was proved for the Ising model that

Rice > 2|1 — (2d — 1)(1— e )" [e™2  jf  (2d—1)(1— e )™ < 1.
(3.4.3)
As observed by Conforti, the condition in (3.4.2) is a bit more demanding then the one in
(3.4.3), but when it is satisfied then the corresponding lower bound for the entropic Ricci
curvature is better (for d > 2).

3.4.2 Bernoulli-Laplace model

In this subsection we analyze a simplified version of the Bernoulli-Laplace model, following
Section 5.1 of [Con22|. Given integers L > N € N, where L represents the number of sites
and N the number of particles, the state space is

L
o - {n {0,118 | Y, =N},
=1

1 ifi=k,

0 otherwise .
the set of moves is G = {0y | i, k € [L]} where o;;, moves a particle from site i to site k if
possible, i.e.

where [L] = {1,...,L}. Let §; € {0,1}£] be defined by §;(k) = { Then

) | n=0+4; if n;(1 —n;) >0,
011(77) = { n otherwise.

The transition rates are given by
c(n, oi) = ni(1 — ;)
and the reversible measure m is the uniform one on ). Finally, notice that we have aigl = 0j;.

Theorem 3.4.8. For the Bernoulli-Laplace model and for all weight functions 0 satisfying
Assumption |1, the inequality (3.2.3) holds with constant

L

K= DMy+ —.

2
Remark 3.4.9 (Comparison with [Con22]). In [Con22, Thm. 5.1], under the same assumptions
on the model, Conforti establishes inequality (3.2.6) and thus CSI;(2K) with constant K
equal to

for general convex ¢ satisfying convexity of (3.2.7);

NiaEENe!

+ 1 for ¢ = ¢4, corresponding to MLSI(L + 2);

» 2L for ¢ = ¢, with a € (1,2].

Thus, by the discussion in Section |3.2, we obtain a stronger result for the case § = 6, and
complementary results for other choices of 6.
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Remark 3.4.10. The entropic curvature of the Bernoulli-Laplace model has been studied
before [EMTI5], also in the more general case of non-homogeneous rates [FM16]. In the
homogeneous setting, our result for = 6, recovers the same (best known) lower bound of
|[EMT15].

Proof of Theorem (3.4.8

Again, the proof is based on Lemma [3.3.1 and adapts the arguments of [Con22|, from which
we use the same coupling rates: for (1,0;;) € S (i.e. n; = 1,m; = 0) set

min{c(n, ), c(oym,v)} if v =7,

1 i‘c’Y:CTijﬂzeorifyzeﬁzgji7
CPI(TI7O-Z]7] Y 7) 1-— m if v = O’Z-l’f_y = Ujl and [ ¢ {Z,]}’

Nk if’y:o‘kj,’j/:gki and k%{@,j},

0 otherwise.

With these coupling rates and by (3 3.4), the right hand side of equation (3.3.3) from Lemma
3.3.1 is bounded from below by $(A + B + C' + D), where we define

A= Z m(n)c(naaz’j)min{c(n70kl)aC(Uijnaakl)}[(naaij>0k170kl)7

n,%,73,k,l

B = Z na UZ] [‘](na Uija O-ijv 6) + J(nv O-ij7 €, Uji)])
7,%,J

C= Z nagl] Z(]- _nl>‘](n70-ij70-ilao-jl):| )
%3 lséi,j

D= Z 7]’ Ul] Z nk‘](n7 OijyOkjs sz)] :

7,%,J | k71,5

We show that

&
V
™~
+
W
=
]
)
=

from which the theorem follows by Lemma 3.3.1. It is convenient to prove first the following

Lemma 3.4.11. For alln € Q and i, j,k,l € [L] the following hold:

. 1 ifitk,j#£lLny=n=1n=n=0,
L 0(77’Uij)mln{c<77>0kl)7c(0ij77a(7kl)}:{0 othjwisg% K Tk 3 =

2. ¢(n, oy) min{c(n, o), c(oijn, or)} = c(n, o) min{e(n, oi5), c(omun, oij) }-
3. 1(n, 045, 0wty o) = —L(0wn, oij, o, ou) if c(n, 0:;) min{c(n, o), c(oi;m, o)} > 0.

Proof of Lemma. Statements 1-2 were already observed by Conforti in the proof of [Con22,
Thm 5.1] and are easy to check, while statement 3 is immediate from the definitions. [ |
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Term A We have, using 2. of Lemma 3.4.11,

A= Z m(n)c(%az‘j)mm{c(ﬂ,0k1)70(0ij77,Ukl)}f(%Uij,Ukz,Ukz)

7,8,5,k,l
= Y m(n)c(n, o) min{c(n, 0i;), cloun, oij) Y (0, 0ij, Okt, oxt)
1,1,7,k,1
Zm %Ukl F(nvakl>
n,k,l

with
nvakl me{c 7]>Uzg) (Ukﬂ%Uz’j)}f(naaz'jﬂkz,akl).
Next, using the reversibility property (3.2.2), the fact that o, = o}, for the first and second

equality, and properties 2 and 3 of Lemma [3.4.11] respectively for the third and fourth equality,
we deduce that

A=Y mn)em, ou)F(oun, ow)

n,k,l

= Z m(n)c(n70kl)min{c(n:O'ij)ac(akmagz‘j)}](akmaUz‘jaO'lkaUlk)
1,1,7,k,1

= Z m(ﬁ)c('fhaij)miﬂ{c(mUkz)7C(Uijﬁ;Ukl)}[(Ukm,Uz'j,UZk,Ulk)
Nkl

= - Z m(n)c(naaij)min{c(mUkl)aC(Uijnaakl)}l(naUijyaklyakl)

n,%,3,k,l
=—A.

This implies that A = 0, as desired.

Term B Notice that for (1,0;;) € S

J(n, 053, 015,€) = {0(p(aiyn), p(oim)) + 0(p(n), p(oi;m)) Heo(n) — ¥ (oym))?
J(n, 015, €,05:) = {0(p(n), p(n)) + 0(p(n), p(oi;n)) Ho(n) —

and so
J(n, 055, 055,€) + J (0,035, €,055) > {2My + 2}0(p(n), p(oin))[1b(n) — ¢ (oim)]*.

Therefore we get
B > 4(Mj + 1) (p, ).

Term C Notice that for (n,0;;) € S we have n; = 1,1; =0 and there are L — N — 1
empty sites left. Moreover when [ # 7, j and 1, = 0 we have that o;,0i5n = 051 and so

J(n, 035,00, 050) = 0(p(n), p(oiym))[W(n) — ¥ (oym))*.

Therefore we get
C > 2(L— N = 1)(p, ).
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Term D Notice that for (1, 0,;) € S we have 1; = 1,7; = 0 and there are N — 1 other
occupied sites. Moreover when k # ¢, j and 7, = 1 we have oy;0ijn = o)1 and so

J(n, 035, 015, 011) = 0(p(n), p(oiym))[W(n) — ¥ (oym)]*.

Therefore we get
D >2(N - 1) (p, ¥).

Combining these estimates for A, B, C, D, an application of Lemma [3.3.1 gives

B(p, ) > (1 + My + 5 - 1)%(0,1/1) = <M9+ g)%(p,w)-

This concludes the proof of the theorem.

3.4.3 Hardcore model

Following Section 5.2 of [Con22], we consider the classical hardcore model. Let (V, E) be a
simple, finite, connected graph and write = ~ y if the vertices x,y are connected (in the rest
of this subsection, z,y always denote general elements of V'). The state space is

Q={ne{0,1}" |y =0ifx ~y}.

In other words, each vertex can either be empty or be occupied by a particle, with the rule
that if a site is occupied then its neighbors are all free. Let N, = {y € V | z ~ y} be the
set of neighbors of vertex x, N, = N, U {z} and as before let 6, € {0,1}" be defined by
1 ifr=uy,
%(y) = { 0 otherwise .

v+ adds a particle to site z if possible and ~y, removes it if possible, i.e.

Then, the set of moves is given by G = {7;F,v, | € V} where

Loy n+dy ifnH40, €8,
Yo (1) = { n otherwise ,

oy =4 ifn—0, €,
Yo () = { n otherwise.

We also denote Gt = {v/ |z €V} and G~ = {7, |z € V}. For a given parameter
B € (0,1), the transition rates are defined by

cnvd) =6 11 @ —ny),

yEN,

(75 ) = s

for all n € 2,2 € V. With these choices, we have (yj)_l =, and the reversible measure is
given by
1
m(n) = Zﬂneﬂ H 57795’

zeV

where Z > 0 is the normalization constant.
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Theorem 3.4.12. Let A be the maximum degree of (V, E) and assume that
BA < 1. (3.4.4)

Set
ke =1—p(A—=1), . = min{f, 1 — SA}.

Then, for all weight functions 6 satisfying Assumption 1, inequality (3.2.3) holds with constant
K:%+Mm

Remark 3.4.13 (Comparison with [Con22|). In [Con22, Thm. 5.2], under the same assump-
tions on the model, Conforti establishes inequality (3.2.6) and thus CSI,(2K) with constant
K equal to

= % for general convex ¢ satisfying convexity of (3.2.7);

» %+ R, for = ¢, corresponding to MLSI(k + 2R5);

» 28 for ¢ = ¢ with o € (1,2].
Thus, by the discussion in Section |3.2, we obtain a stronger result for the case § = 6, and
complementary results for other choices of 6.

Remark 3.4.14. The entropic curvature of the hardcore model has been studied before in
|[EHMT17], where a more general version of the model is considered. When restricting to the
classical version discussed in this section, it was proved in [EHMTI17, Cor. 4.8] that

. K
Ric, > ?*

under condition (3.4.4). Therefore, in this setting, by choosing 6 = 0 in Theorem 3.4.12 we
find a better lower bound for the entropic curvature.

Proof of Theorem 3.4.12

The proof is based on Lemma 3.3.1 and on the arguments in [Con22], from which we use the
same coupling rates. For (n,7}) € S (i.e. |5, = 0) we set

min{c(n, ), c(vin,7)} if v =7,

8 if vy =,,7 =7, withy ~z,1n|5 =0,
P, vin,y,3) =4 B ify =1 .7=e¢,

1—6]{y:y~x,nlﬁy=0}] ify=e7=7%,

0 otherwise.

If (n,~v;) € S then also (y;7n,7;) € S, and so we can set

P, 7, 7) = PO e 7 v) = P (g7, ).
With these coupling rates the right hand side of equation (3.3.3) from Lemma 3.3.1 reads

1 . .
T2 2 mmeln e 0,507 ) (097 7.7)

(nd)es 1 VEG™

1 _ _ _ o
72 2 mmen )P (v n,m 7,7 (0,757, 7).

(n,yx )eS VVEG™
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Using the reversibility property (3.2.2) with

F(n,0)=1g-(0) > (on,n,7%,7)I(n,0,7,7)

7 YEGH

and that J(n,on,v,7%) = J(on, 071, 7,v) (when 0= ton = 1) the second term is equal to the
first, so we can rewrite the previous quantity as

1 — _
5 > 2 mmem ) P20, 3) T (07757, 7)- (3.4.5)

(nyd)es 1 YEGT

Similarly we have

o) =5 X mleln 1 I0(pln). o) [n) — v )]
1
5

m(n)e(n,7:)0(p(m), p(rzm)) [0 (n) = (v, n)}Q

dlvg

Apb)y= X mmeln,v)0(p0). pvim) [wtn) — (i)

(nyd)es

We then have that (using that Vn,z,y c(n,7,) < c(v;n,7,) and c(, ’yy) > (v )
the quantity (3.4.5) (and in particular #(p, 1) too) is lower bounded by (A + B + C) with

A= mn)en, ) e v ) 0% 7y 7 )
%,y
+ > mn)em, v ey in DI v
T,y
B=3 Y mmem ) Imr v ),
777I7y:
zryn| gy, =0

¢= Zm D) [(1= By :y~zmly, = 0}|) I ev0) + BI040 7 0]

We will show that
s A=0,

= B =0,

An application of Lemma 3.3.1| then concludes the proof of the theorem. To do so, we will
use the following:

Lemma 3.4.15. For alln € Q and x,y € V the following hold:
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B i oy nly,ox, =0
ol ) — He(~vFn ~T) = P NG ONy T
1 c(n, v )e(vidin, v ) = e, v )e(van, 7)) { 0  otherwise.

2.z 2y nlyon, =0 = %=1 v
3. Ifnly,un, = 0 then c(n,7;) = c(n, v, ) = B.
4 1YYy Yy ) = 1,77 y) if <y, mlg,on, =0

5 1, %) = =1y v, ifnly,os, = 0.

Proof of Lemma. Statements 1-3 were already in the proof of [Con22, Thm. 5.2] and are
easy to check, while statement 4-5 are immediate from the definitions. [ ]

Term A We look at the first term in the sum defining A: we can write it as
>_m(n)e(n, ) F(n,7)
my

with
F(n,v) = 1a-() X cln, v I, 7,7)-

T

Using reversibility (3.2.2) we can rewrite it as

S mm)eln, v e, v v v v )-

7]7x7y

Then we have

> mm)e(n, v e n, DI n v vy )

,2,Y
= > mn)e, v et n RO IOy v )
T,y
=— > mn)e, ) e m v ) L0707 %)
7,2,y

using Lemma [3.4.15. Therefore, the first term in the sum of A is the opposite of the second,
which implies A = 0.

Term B We have

B=3 Z_ m(n)c(n, v ) (v vy s )-
syl =0

Noticing as in [Con22] that (1,7;") € S if and only if 1|5 _, we can write

B=p > m(n)e(n, v ). (3.4.6)
a:~7:]77x|]$ =015, =0

By exchanging z,y we therefore also have

B=p > m(n)e(n, )7 777y )- (3.4.7)
x~;7;|§ =0:1l 5, =0
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Summing these two expressions we get

2B =f3 > m(n) [e(m %) 0,7 ) + el v I vy
xrv;?;c\N =0 77|Nz_0
=0 > m(n) e, 7)) = e A | 17370
INJ;C& =0 77|Nz_0
=0,

where we used Lemma 3.4.15

Term C We have
C= Zm ) |[(1=B{y:y~an

5, = 0}) (0.7 e v;) + BT (.77 )]
= Zm e(n, ) [e(n) — ()]

: [(1 =By y ~ zmlx, = 0}|) (8(o(n), p(m) + 8 (p(n), p(vim)))
+B(0(p(vm), p(vm)) + 60(p(n), p(ﬁn)))}

> Zm cn,7:)0(p(n), p(vim)) [(n) — ww;n)f(m + 2MpF)
ZZ(H*‘+'2A49H*)&V(P7¢0-

This concludes the proof of the theorem.

3.4.4 Interacting random walks

Following Section 3 of [Con22], we now consider the case of interacting random walks. One
motivation in this subsection is to find a discrete analogue of the following classical result.

Proposition 3.4.16. Consider R? equipped with the standard Euclidean distance d. Let
V:R? — R be convex, v; be the law of a standard Gaussian in R and Z > 0 be a
normalizing constant so that _e~"dv, is a probability measure. Then the metric measure
space (Rd, d, %e‘vdfyd) has Ricci curvature Ric > 1 in the sense of the Lott-Sturm—Villani
theory.

To find a discrete analogue, here the role of R? is taken over by the discrete state space
) = N¢, while the Gaussian measure 7, is replaced by the multivariate Poisson distribution /i,
given by the product measure of d one-dimensional Poisson distribution of intensity i i.e. for
n € Q0 we have

d T AT

i=1 m!
It remains to define a Markov chain on this state space. We consider the set of moves GG
containing v;", ;" for i € [d], where

viin =n+ej,
v n=mn—el,>o,
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and we denote as usual by e the null move. Consider two potentials V*,V~: N¢ — R and
correspondingly define transition rates

c(n, ") = exp(=V,VE(n)),

— ex —V;Vi if n; >0,
c(n,7;) = { 0 d () ifz- 0

where we define Vi = V_+. Then the reversible measure takes the form

m = ;exp(—\/”r - V),

where Z is athe normalizing constant. An interesting choice is given by

V©(n) = Zlog(k)m + log(n;!), (3.4.8)

which corresponds to ¢(n,v;") = An;L,,~0 = An;. In this case, we write V' = V" and the

reversible measure becomes

l —Vd
Z€ (22%)
which is reminiscent of the setting of Proposition 3.4.16. Therefore, to find an analogous
discrete result, we are left to look for conditions on the potential V' that resemble convexity
and yield positive entropic curvature of the corresponding Markov chain; we will do this in

Section 3.4.4, as an application of the main theorem of this section below.
The first assumption that we make on the model is that for all n € N¢ and i, j € [d] we have

Vien, ) <0; (3.4.9)
Vie(n,~;) > 0. (3.4.10)
Notice that for V'~ as in (3.4.8) the condition (3.4.10) is always satisfied. We remark that

this assumption was not needed in [Con22], but it will be useful later in the proof of the main
theorem of this section to obtain some terms cancellations.

Next, following [Con22], we make the crucial assumptions that for all n € N¢ i € [d] the
following quantities are non-negative:

kT (n,i) ==Vicn,vH) - > Vie(n,v;) >0, (3.4.11)
Jeld],j#i
K-(,0) = Ve, )  + Y Vi) =0. (3.4.12)
J€ld],j#i

Correspondingly we set
ke = inf  kT(n,i) + K (n,i).

neN ie(d]
It is natural to introduce the additional quantity

,%*:min{ inf kT(n,i), inf /{‘(n,i)}.

neN ie(d] neNd ie(d]

As in [Con22] and in analogy with the previous examples, the assumptions in (3.4.11), (3.4.12)
are needed for the construction of appropriate contractive coupling rates; compared to [Con22],
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the expressions are slightly simplified thanks to the additional assumptions (3.4.9), (3.4.10).
With regard to the heuristic discussion in Section 3.3, the quantities ., and &, correspond
respectively to (3.3.7) and (3.3.9).

It is also important to notice that this is the only example that we discuss where the cardinality
of the state space is not finite and that, because of this, there are some additional technical
difficulties and not all the considerations of Section 3.2 can be directly applied here. In
this paper, to deal with the infinite cardinality of the state space, we proceed as in [Con22]
and make use of a localization argument, which we now briefly describe; more precisely,
with this procedure and with ¢ and 6 satisfying Assumption 2, we explain how to derive
inequality (3.1.3) from establishing (3.2.3) for a localizing sequence of finite state space Markov

chains. Given an integer N > 2, let Qy = {7] eN?|n < NVie [d]} On Qu, consider the
Markov chain with generator Ly described by the set of moves G = {7;“]\[,%_’]\[ | i€ [d]}

where 7" (1)) = 7 + eily<n and 7" (1) = 7 — eilyz0 = 7 oy (and 77 |, denotes

the restriction of 7, to Qy), and by the transition rates cy (1, %" ) = ¢(n, %) 1,,<n and
—1

en(,v;N) = e(n,~;). Clearly (%-i’N — 47" moreover, as observed by Conforti, it is

easy to check that this Markov chain is reversible with respect to the probability measure

my = % on Qu and (3.2.2) holds. Finally, denote by Ay and &y the corresponding

quantities 2 and < for this Markov chain, set G}, = {fy;“N | i€ [d]} Gy = {’y{’N | i€ [d]}
and, as usual, consider the enlarged set of moves G, = Gy U {e}. The main theorem of this
section reads as follows.

Theorem 3.4.17. With the previous notation, suppose that for all n € N and i,j € [d]
the assumptions (3.4.9), (3.4.10), (3.4.11) and (3.4.12) are satisfied. Let also 6 be a weight
function satisfying Assumption 1. Then we have that

Bx(p.0) 2 (5 + Moz ) o (p,0)

for all integers N > 2 and for all functions p: Qn — Ryg and ¥: Qn — R.

Remark 3.4.18. With 0 as in Assumption 2, by the discussion of Section 3.2 the previ-
ous theorem allows to deduce the convex Sobolev inequality (3.1.3) for all Markov chains
(Qn, Ly, my) with uniform constant. As observed in [Con22], this allows us to deduce the
same convex Sobolev inequality for the original Markov chain by taking limits, when ¢ is
lower bounded (as it is the case for ¢ = ¢, with o € [1,2] in particular), cf. Corollary 2.1 of
[Con22].

Remark 3.4.19 (Comparison with [Con22]). In [Con22, Thm. 3.1], Conforti establishes
inequality (3.2.6) for the localizing sequence of Markov chain on Qy with a uniform constant
K, and thus also CS1;(2K) for the original Markov chain, with constant K equal to

= % for general convex ¢ satisfying convexity of (3.2.7);
= 9 for g = po with o € (1,2].
Compared to our assumptions on the model, he does not assume non-negativity in (3.4.9),

(3.4.10),; however, these additional assumptions are satisfied in the examples of Section 3.4.4.

By the discussion in Section |3.2, we therefore obtain a complementary result to [Con22, Thm.
3.1].
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Proof of Theorem 3.4.17

The proof adapts the one in [Con22], with slightly different notation and choices. Fix an
integer N > 2 and consider the Markov chain described by the triple (Qy, Ly, my). Notice
that we have

Sy ={(n,0) € Qn x Gy | ex(n,0) > 0}
= {2 e Qi€ ld < Nfu{ma ™) [n€Qn,ield,n>0}.

Notice that from our definitions it follows that if (nm;“N> € Sy then ~;" Ny = Y layn- To
lighten the notation, with a slight abuse of notation, we will take advantage of this and drop the
superscript N in 7> (i.e. we just write i), and we will also write cx (1, 75) = en(n, 7).
Similarly, for a function ¢: Qy — R, a state n € Qu and i € [d], we will write V(7))
instead of v, * ~t(n). Again, this minor abuse of notation is justified by the fact that whenever
Vi(n) appears in the computations below, it will be multiplied by a jump rate equal to 0 if
n; = N. In analogy with (3.4.11), for the localized Markov chain and for (n,v;") € Sy, we
consider the quantity

KEN(,i) = =Vien(nt) — Y. Vien(nvy),

JEld],j#i

and we observe that

TN (n,0) = k1 (n,4) + ey, v ) Ly=n—1 > &7 (n,1) >0, (3.4.13)

where the first equality is due to the fact that we have set cy(7,7;) = 0 if 7 = N, as
opposed to (7, ;7). Similarly, we define

N, 0) = Ve )+ Y. Vien(n,))
JEld],j#i
and we notice that
KN =k (nd) = Y Ly-n- Vi, ) =k (nd) >0, (3.4.14)

JEld],j#i

where the first equality follows from the fact that we have set ¢y (77,7]7) = 0if 7j; = N, as
opposed to ¢(77,7;), and the first inequality is due to (3.4.9).

With these definitions, we are now ready to construct appropriate coupling rates, analogously
to [Con22]. For (n,7;") € Sy and v,7 € Gy set

min{cy(n,7),en(vin,7)}  ify=7#e,

max{V ex(n,7),0} if v =" and ¥ # %", e,
P77, 5) = § maxy=Vien(n, 7),0} ity # %*qﬂe and 7 =77,

KN (n, 1) ify=7"7=e,

KN (n,1) ify=ey=1,

0 otherwise.

Next, notice that if (1,7;") € Sy then (7;1,7;") € Sy and so we can set ¢*P' (1, v, n,v,7) =
Py ) = <P A7),
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By Lemma 3.3.1, to prove the theorem it suffices to show that

!

1 2 2 mmen(no) P, on,7,3) I (n,0,7,7) > (,-@2 + Mm)ﬂfzv(p, ¥)

(n.0)€SN 1YEGY (3.4.15)

for all p: Qn — Rog and ¢¥: Qny — R.
The left hand side of equation (3.4.15) reads

1 _ _
T2 mmen( )P 0y ) (0,957, 7)
(ny;h)esSn 1IEGK
1 L .
12 2 mmen(n0)e® (0. 30 (00,97, 7).

(v )ESN VAEGY

Using reversibility (3.2.2) and that J(n,0,v,%) = J(on,07%,7,7) when c~ton =1, we get
that the second summand is equal to the first and so we can rewrite our quantity as
1 _ _
5 X X mmen(na) P77, 3) T (0377 7)-
(i )eSn 1IEGK

With our explicit choice of coupling rates it follows that we can write the left-hand side of
(3.4.15) as (A + B+ C + D), where

A= X m(n)ex (1,5,") min{en (0, %), ex (50,1 (00,577 7),

m(n)en (n, ;") max{Vien(n,7), 0} (0, %" %", 7),

(n;)esSn 1EGN
Y#7;
¢ = Z Z m(n)CN(Wa%JF) maX{_vz—‘i_cN(n/}/)?0}‘](7777;_77’71’_)7
(no)esn 1EGN
YAV
D= m(n)ex (0,770 [N 00, 0) T (0,757 €) + 57N (0, 0) T (0,77 e,77)]-
(ny;h)eSn

This is then lower bounded (since J > I by (3.3.4)) by (A + B + C + D) where

A= 2 > mmen(n; Fymin{ew(n,7), ex (0,9 H 00,77 7,9),

(ny;)eSn 7EGN

B= > > mmex(ny")max{Viex(n,7), 01 (n, %", %", 7).

(n;)esn 7EGN
77&7

C = Z > mm)en(n, ;") max{=Ven(n,7), 03 (0,7 7. 77)-

(n;h)esSn 7EGN
v#v
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Next, using the assumptions (3.4.9) and (3.4.10) we can rewrite the expressions of A, B, C' as

A=Y > mmen AN )en(in ) I )
(n;)eSn J€ld]

+ > > mmen(m ) en (v ) I, 5),s
(n;h)eSy J€ld]

B= Y > mmenm " )VienA) It 750,

Sy JEld]
(nA;)ESN i

C = Z >~ m(men (=Y en () (33077700

Sy JEld]
(nA)eSn i

Finally, we notice that we can write

(o) =5 X mmex(n5)6(pn). ol m) [0n) — ()]
(n;)eSn
+; S mmen(n.)6(p(n). o) [0(n) = (i )]
(nyy; JESN
= > mmenm,7)0(p(m), p(vi)) [ () — ¢(%+77>}2
(mAH)eSn

using reversibility (3.2.2) again for the last equality.
In what follows, we will show that D > (2MyR; + k.)</n(p,7) and that A = B = C' =0,
thus verifying (3.4.15) and concluding the proof of the theorem.

Term D We have

T35 77 €) = (0(p(vim), o m)) + 6(o(n), (i) [m) — (i)

and

I3 e7) = (00p(m). p(m) + 0(p(m), p(r ) [(m) — i)
and so, remembering also (3.4.13) and (3.4.14),

&N, 0) T (0, it e) + k0N (0,0 T (v e )
)

> {2 [0(p(0 n). o) + 0o(m), ()] + .0 (), o) Y[ ) = w0 )]
>(2My7s + 5.0 (p(n), (v 1)) [ (n) — V(%" n)]Z-

Therefore it follows that

Other terms We now show that each one of the other terms is 0, concluding the proof of
the theorem. To show that A = B = C' = 0 we proceed similarly to [Con22]. It is useful to
have an auxiliary lemma.

Lemma 3.4.20. For alln € N%, ) € Qu and i,j € [d]
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~

el )etyfn i) = e, v ety n,~;) and similarly
en (7,77 )en (1, %i) = en (75 )en (47, 75).

2. ¢(n, 7, )Viceln, ;) =cn,~;)Vjeln, v ) and similarly
CN(ﬁvaz_)vz_cN(ﬁf-)ﬁ_) = CN(ﬁ?’y‘j_)V]_CN(ﬁ7fYZ_)

3. c(n, )V~ ) = e~ )Vien,~") and similarly when n;,n; < N
en (% )Vien(m.7]) = en(7,97) VS en (7,77).

4. I ) = =I5, )-

5 10y i) = =10y 0,75 i) if mimy > 0.

Proof of Lemma. Statements 1-3 were already observed in the proof of [Con22, Thm. 3.1]
and are easy to check, while statements 4—6 are immediate from the definitions and the
assumptions on the model. |

Term A Using the reversibility property (3.2.2) in the second summand defining A with

F(n.0) =16-(0) > ex(n. )1 (n, %", 0, 0).
1€[d]

we find that

> mmen () en () (%5 575)
neQdyN
i,j€d]
= > mmen(m A )en (A I 05
neQlyN
i,j€[d]
=— > mmen(n,v )en (AN I 5 ),
neEQN
i,j€[d]

where in the last equality we have used properties 1. and 4. of Lemma [3.4.20. This implies
that A = 0, as desired.

Term B First, using the reversibility property (3.2.2) with

F(Uﬁ) = 1G§(U) Z VUCN(U,’Y)I(%@ g, 7)7

v€G g v#o,071

and the fact that 7, v, n = 7 if n; > 0 we find

B= > mmen(n )Vien(yna ) IO nt vt y0)
neQy,
isjeld)

= > mmen(m, i H{=Vien 7 ) O n %7 75)-
nelln,
i#j€ld]

(3.4.16)
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By exchanging ¢, j first and then using properties 5. and 2. of Lemma 3.4.20 we deduce that

B= % mnen(nv; H{=V5enmy ) HO5n9;75 %)
neQN,
i#j€ld]

=— > mm)en(n, v 1=V en(m,y ) H O 7" ;)
neQN,
i#j€[d]

=— > mmenm, )=V en(,5 ) O n% 7 75)-
nefln,
ijeld

Comparing this with the expression of B in (3.4.16) we deduce that B = —B, hence B = 0.

Term C We have

C= > mmenn, v NH=Vien(, ) 0,577 77)

neQN,
i#j€ld]

= > mmenm,AH =V en(n, v ) (0,757 5)
neQn,
ijeld

=— > mmenm i H=VFen, ) 7 v 0)
neEQN,
i#j€ld]

==Y mmen(n, i H=VFenn,7) 7 0)
neQyN,
istjeld)

where we have exchanged ¢, 7 in the first equality and used properties 6. and 3. of Lemma
3.4.20 in the last two. This shows that C' = —C', hence C' = 0.

This concludes the proof of the theorem.

Examples of interacting random walks

As anticipated, as an application of Theorem 3.4.17 and looking for a discrete analogue of
Proposition 3.4.16, we now revisit some particular examples of interacting random walks
considered in [Con22] . In this subsection, we stick to the particular choice of IV~ given in
(3.4.8) (for which (3.4.10)) is satisfied) and we simply write V= V*. Notice first of all that
our assumption (3.4.9) can be written equivalently as

Viviv(n) >0 forallneNi,jel[d. (3.4.17)

Interestingly, while in Proposition [3.4.16 the key assumption was the convexity of V' (i.e. the
positive semi-definiteness of the Hessian V2V'), here we see that the non-negativity of the
entries of a “discrete Hessian” of the potential V' comes into play.

Under this assumption (3.4.17)), the conditions (3.4.11) and (3.4.12) were checked by Conforti
[Con22], and in particular we have the following

Corollary 3.4.21 (Cor 3.2 of [Con22]). With the notation of this section, suppose that
(3.4.17) holds and that for all n € N i € [d]
d
A= [e—vg*vw — e VIVOI] > .
i

RO
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Then, the assumptions of Theorem |3.4.17 are satisfied and

Ky = inf A+[6—V?V<n> ViV n)} i[ -Viv e—v;wm]

neNd
i€(d] L

If in addition

m%}l/\ ZeiVﬂ/ >0 (3.4.18)
1€

J#z
then k. is bounded from below by the expression in (3.4.18).

We consider now a particular example of potential V' satisfying (3.4.17). Given a function
h:Rsy — R and some 3 > 0, set

V(n) = Bh(|nl),

where |n| = 3, 1; for n € N4 Using the notation V*h(m) := h(m + 1) — h(m), Conforti
observed the following

Corollary 3.4.22 (Cor 3.1 of [Con22]). With the notation of this section, suppose that h is

convex and that

inf \ —(d—1) {e—ﬂv+h(m) _ 6—5V+h(m+1)} >0
meN =

Then the assumptions of Theorem 3.4.17 are satisfied and

Ky = inf A — (d —2) [6—ﬂv+h(m) _ e—6v+h(m+1)]
’ meN

In particular, if (1) > h(0) and

log(d — 1) — log(\)

b= = m = ho)

then the assumptions of Theorem 3.4.17 are satisfied with

Foo > A — (d —2)e VIO

Interestingly, as before, a notion of convexity of the potential is naturally involved. Note also
that the necessary condition of a lower bound on 3 means this is a non perturbative criterion,
since the resulting reversible measure is far from being a product measure. It is known that
product measures behave well with the entropic curvature, i.e. they tensorize (see Theorem
6.2 of [EM12]). Therefore, it is particularly interesting to have conditions implying positive
entropic curvature for a Markov chain whose stationary measure is not close to a product
measure.

3.5 Couplings and coarse Ricci curvature

In this section, we recall some well-known related definitions of curvature for discrete and
continuous time Markov chains (generally referred to as “coarse Ricci curvature”), give some
natural generalizations and discuss the relations among them and with the concept of coupling.
As an application, we show that in all the examples of Section 3.4 (except for Section 3.4.4/-
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which was however covered in [Con22| Sec. 3.3] - since we restrict to the case of finite state
space Markov chains), when the assumptions of the respective main theorems are satisfied then
the coarse curvature is positive, and for all starting probability densities we have exponential
contraction of the p-Wasserstein distances along the heat flow P; (see the precise details later).
The coarse Ricci curvature was first introduced by Ollivier for discrete time Markov chains (see
[O1109] [OI110]) and later modified to apply to continuous time models (see [LLY11) Vey12]).
Compared to the entropic Ricci curvature, it is often easier to establish positive curvature for
this notion. However, it is not known whether positive coarse Ricci curvature implies some
functional inequalities, and in particular the modified log-Sobolev inequality (see Section 3.5.4
for a discussion).

Throughout this section, we switch to a more standard notation, and we don't employ the
description of the Markov chain in terms of its allowed moves. As anticipated, we always
assume in this section that we are working with irreducible and reversible Markov chains on a
finite state space. We use the letter 2 for the state space, x,y, v, w, z for elements of €2, P
for a stochastic transition matrix and L, () for a generator L with transition rates (), so that
the action of L on a function ¢ : €2 — R is given by

Lp(z) = > Qa,y)(v(y) — ¥(x)).

yeQ

Here we have Q(z,y) > 0 and we do not assume Q(z,x) = 0, and in fact we often change
the value of Q(z, z) (without loss of generality) depending on convenience; on the other hand,
we sometimes identify L, as a linear operator, with a matrix, in which case by construction
L(z,z) = — 3,2, Q(x,y). We typically identify measures with row vectors: in particular,
let 0, be the row vector with entry 1 corresponding to x and 0 everywhere else, which is
identified with the Dirac measure at x; on the other hand, densities with respect to 7 and
other functions on the state space are identified with column vectors. We also introduce a
simple graph structure, where = ~ y if and only if z # y and P(z,y) > 0 or Q(z,y) > 0
respectively, and correspondingly consider the unweighted graph distance d. With respect to
this graph distance d, we will consider the p-Wasserstein distances W,,. Couplings for the
transition measures/rates from starting points x # y € € will be described by non-negative
functions I(z,y, -, "), C(z,y,-,-): Q@ x Q — Ry respectively in discrete and continuous time,
so that

Zweﬂ H(Iayawwz) = P(y,Z) for all z € Q7 (3 5 1)
e ll(z,y,w,z) = P(x,w) for all w € Q, o
Zweﬂ C(Q%ZJ;U%Z) = Q(yaz) for all z € Qa (3 5 2)
Y e Oz, y,w,2) = Q(z,w) for all w € Q. -

Similarly to what we observed in Section (3.3, the set of such admissible couplings is non-
empty, provided that in continuous time one redefines Q)(x,z) appropriately without loss
of generality: notice indeed that the existence of the coupling rates implies (by summing
over w, z € Q) that }°, Q(z,w) = >, Q(y, z) = Z; if this holds, the “product” coupling
rates C'(z,y,w, z) = 2Q(z, w)Q(y, z) are admissible. Notice also that, to compare with the
notation of the previous sections of this work, we could write, for states z,y, w, z € €2 and
enlarged set of moves G*,

C($7y7w72) = Z CCpl(%?/;% 5/)

Y YEG*
YT=w,YYy==2
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Preliminaries definitions

Before turning to a detailed discussion of the coarse Ricci curvature, we recall a few definitions
from optimal transport, which will be needed in the sequel. Throughout this section, we
denote by P(X) the set of probability measures on a space X.

In what follows, we let XY be two finite sets. Given two probability measures p € P(X),
v € P(Y), we denote by I'(j, ) the family of couplings between 1 and v, i.e. the family of
probability measures v € P(X x Y') having marginals i and v respectively.

Given a cost function ¢: X X Y — Ry, the optimal transport cost 7.(u, ) between two
probability measures 1 € P(X),v € P(Y) is defined by

Te(pv) = inf > c(z,y)v(z,y). (35.3)

'YGF(lLvl’) zeX yeY

When X =Y and we are given a distance d on X, we can define the Wasserstein distance of
any order p € (1,00) as follows: for u,v € P(X)

Wy (u,v) = Tar(p,v) = inf > d(x,y)"y(z,y).

761—‘(,“'71/) zEX,yeY

When discussing the coarse Ricci curvature of a Markov chain with finite state space €2, we
will consider the Wasserstein distances with respect to the natural graph distance d mentioned
before.

Finally, we will consider also the total variation distance between two probability measures
w, v € P(X), which is defined by

= vl = 5 3 lute) — vlo)] € [0,1].

zeX

3.5.1 Discrete time

An important notion of curvature for Markov chains is the coarse Ricci curvature introduced
by Ollivier (see [OII09] and [OII10]).

Definition 3.5.1. Given p > 1 and x # y, we say that the Markov chain has (discrete time)
p-coarse Ricci curvature Kg.,(x,y) in direction (z,y) if

Wy(0:P,0,P) = (1 — Kaep(,y))d(z,y).

Remark 3.5.2. Ollivier focused in particular on the case p = 1; in this paper, however, it will
be useful to consider also other values of p.

We also give the following definition, inspired by the properties of the couplings constructed in
the previous sections.

Definition 3.5.3. For x # y, we define the (discrete time) oo-coarse Ricci curvature
Kaeoo(z,y) in direction (x,y) to be the supremum of all K € R such that there exists a
coupling I(x,y, -, -) of (6,P,6,P) satisfying:

" Zw,zeﬂ H(ZE, Y, w, Z)]ld(w,z)>d(:c,y) =0;
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" Zw,zeﬂ H(%?J,UJ, Z)d(w)z) S (1 - K)d({t,y)

We use the convention that sup ) = —o0.

Remark 3.5.4. We have that K4 (2,y) € Ry U {—00}; if Kyeoo(x,y) > 0 then the
supremum in the definition is attained. Notice that, equivalently, K 4. (x,y) > 0 means that
there exists a coupling (X,Y") of the one-step probability distributions (6, P, 6,,PP) which proves
Kaea1(x,y) > Kooz, y) (ie. E[d(X,Y)] < (1 — Kieoo(z,y))d(x,y)) and at the same time
satisfies d(X,Y) < d(z,y) almost surely.

For p € [1, 00] we write
RiCde Z K

if Kgep(x,y) > K for all x # y € Q. The next proposition collects some useful results.

Proposition 3.5.5. The following hold:

1. Forp e [1,00], if Kgep(x,y) > K for all x ~ y then Ricgcp, > K.
2. For1 <p<g< oo we have Ky.,(x,y) > Kg.q(z,y). Moreover if x ~ y we have

1 Kaeoo(,
Kaep(z,y) 21— (1 = Kgeool,y))7 2 d’p(y)'

3. Ifx ~y and lim, . Kg.,(x,y) > 0 we have

Kaeoo(z,y) > 1 — o~ imsup,, oo p-Kae,p(2,y)

4. Forp € [1,00), if Ricae, > K then for any starting probability measures i, v and n > 0
we have

Wp('uP"ny”) < (1 - K)an(Mv V)'

Proof. 1. If p < oo, this is done as in [OIl09, Prop. 19]: suppose d(x,y) = n and let
rT=2zy~2z1~...~2,=1y. Then

n—1
W, (02 P, 6,P) < > Wp(6., ,P,6.,P) < (1= K)n = (1 - K)d(x,y).
=0

Suppose now that p = oo: if K = —oo the conclusion is trivial, hence assume that
K > 0. Let again n =d(z,y) and z = zy ~ 21 ~ ... ~ 2z, = y: we prove the claim by
induction over n. The base case n = 1 follows directly by the assumption. Now suppose
n > 1 and that the inductive hypothesis holds. Let I1(z, 2,_1,-,-) and I1(2,_1,¥, -, ")
be such that

Z H(x, Zn—1,0, w>]ld(v,’w)>d($,zn71) = 07

v,wWEN

Z (z, zp—1,v,w)d(v,w) < (1 — K)d(x, z,-1),

DRI

Z H(anh Y, v, w)]ld(v,w)>1 = OJ

v,weN

> H(zp-1,y, v,w)d(v,w) < (1 — K).

v, WEN
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A A

By the Gluing lemma [Vil09], there exists T1(-, -, -) = I(x, 2,1, Y, -, *) € P(Q2xQx Q)
such that pl,g#ﬂ = I(z, z,_1,-,-) and p2,3#ﬁ = II(z,-1,9,",), where p; ; is the
projection on coordinates 7, j and # denotes the pushforward of a measure via a map.
The measure I(x,y, -, ) = p173#ﬂ then realizes a coupling with the desired properties,
since, given that d(v,w) < d(v,s) + d(s,w), we have

Z (z,y,v,w)d(v,w)

v,we)
= > ﬂ(x,zn,l,y,v,s,w)d(v,w)
v,w,sE€S)
< Y (e, 2t yev, 5, w)(d(w, ) + d(s,w))
v,w,sEN
=Y I(z,zp-1,v,8)d(v,s) + Y I(zp_1,y,s,w)d(s,w)
v,5€) s,wed
S(l - K)(d($7 Zn—l) + d(ZTL—17 y))
:(1 - K)d({L’, y)a

and similarly

H(ZE, y,v, w)ﬂd(v,w)>d(x,y)

v,WE
= Z ﬁ(l‘, Zn-1,Y,0, S, w)ﬂd(v7w)>d(x7y)
v,w,sE€S)
S Z H(ZL‘, Zn-1,Y,7, S, w)]ld(v,s)+d(s,w)>d(z,zn_1)+d(zn_1,y)
v,w,sE€S
< Z H(.CE, Zn-1,Y,7, S, w) (]ld(v,s)>d(m,zn,1) + ]ld(s,w)>d(zn,1,y)>
v,w,s€0
= H(ZL’, Zn—1, "1, S)Hd(v,s)>d(x7zn_1) + Z H<Zn—17 Y, S, w>]ld(s,w)>d(zn_1,y)
v,5€Q) s,wed

2. The first statement follows by the inequality W, (11, v) < W, (u,v) for 1 <p < ¢ < 0.
For the second statement, suppose that z ~ y and K = K. o(z,y) > 0. Let II be
the optimal coupling in the definition of K. (z,y). Then notice that

1 K
Wy(6,P,0,P) <[1—-KJr <1——,
p

from which the conclusion follows.

3. Let K = limsup, ., p - Kap(z,y) > 0 and consider a sequence (p,), C [1,00)
such that p,, — +o00 as n — oo, and denote by II,,(x,y, -, -) associated couplings of
(0,P,0,P) that show W, (0,P,0,P) < (1—K,), i.e.

1

(Z I, (x,y,w, z)d(w, z)p"> " <1-K,.

By viewing II,,(, %, -, -) as elements of [0, 1]*** and by a compactness argument (recall

that (2 is finite), we can pass to a subsequence (which we denote in the same way) and
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3.5. Couplings and coarse Ricci curvature

assume that there exists IT € [0, 1]%*® such that II,,(z,y, -, -) — H(z,y, -, -) entrywise
as n — 00. It is straightforward to check that II is still a coupling of (4, P, J,P), and
we claim that II has the desired properties. Indeed, by construction for n > 1 we have

2P Z Hn(xa Yy, w, Z>]ld(w,:p)22 + Z Hn (:Ea Yy, w, Z)]ld(w,x):l

<wpr (0,P, 6,P)
S (1 _ Kn)pn
Se_KnPn .

Letting n — oo in the previous we deduce

IA
('b‘
=

Zw,z H([L‘, Yy, w, Z)]ld(w,a:)ZQ = 07
Zw,z H(ZE, Yy, w, Z)]ld(w,m)zl
which vyields the desired conclusion.

4. LetII,, and II, , be the optimal couplings in the definitions of W),(11, v) and K. p(z, y)
respectively. Then

WP (uP,vP) < Zd 7,y) ZHMV w, )1, . (z,y)

ZH“V w, z)d(w, z)?
< (1— KYWE(u,).

The conclusion follows by induction over n.

3.5.2 Continuous time

In this subsection, we describe the analogous notions of coarse Ricci curvature for continuous
time Markov chains with generator L on a finite state space (see [Vey12, [LLY11, MWI19]).
Recalling that we identify L with a matrix with zero row sums, we use the notation

b=1+tL,

so that for ¢ > 0 small enough P, is a stochastic matrix too and we expect it to approximate
the transition matrix P; (given it corresponds to the first order Taylor expansion of P; = efl).
The next definition is motivated by the study of the idleness function in [BCLT18].

Definition 3.5.6. Let T = (max,cq —L(z,z))”" = (maxxeg S yra Q(, y))_l. Fix x #
y € and let p € [1,00). Then we define the function I, ,: [0,7] — R by

[p,x,y(t) = W5(5x15t, 5ypt)-
For 0 < ¢ < T we have that ]5t is a stochastic matrix, so dff’t and 5y]5t are probability
measures on  and I, , ,(t) is well-defined. For simplicity, we drop the subscripts x,y when

there is no confusion. Notice that ,(0) = d(x,y)?. The next propositions and lemma are
straightforward adaptations of the results in [BCL™18|, where the case p = 1 was considered.
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3. CONTRACTIVE COUPLING RATES AND CURVATURE LOWER BOUNDS FOR MARKOV CHAINS

Our motivation here is to establish linearity of ¢ — I,,(¢) for small values of ¢, hence the
differentiability at t = 0 (cf. Proposition 3.5.9): this allows us to consider a first definition of
coarse Ricci curvature in continuous time, cf. Definition [3.5.11. This definition was first given
for p =1 in [LLY11] for combinatorial graphs (i.e. simple random walks on graphs), and later
studied in a more general setting in [MW19].

Proposition 3.5.7. The function t — I,(t) is convex.

Proof. We use Kantorovich duality: for a function ¢: 2 — R, we denote by ¢°? its dP-
transform, i.e.

¥P(a) = nf{d(z, 5 — 6(0)}.
Then we have for ¢t € [0, 7]

W2(8,B,,6,B)

= sup{ > (2 ((596]%) (2) + P (z) - (5ylf’t) (z)}

z€Q)

:sup{wx)(l—tg@(m,z))+pr )(1- 1)

P

+t [Z Q(z, 2)Y(2) + Qy, z)zﬁp(z)] }

This is the supremum of affine functions of ¢, hence t — Wz?(éxpt,éypt) = 1, ,,(t) is
convex.

Lemma 3.5.8. Let 0 < t; < t; < T and suppose that (1,v°?) is a pair of optimal
Kantorovich potentials in the definition of both W, (8, P,,,,P,,) and W,(0,P,,5,P.,). Then
t — 1,(t) is linear over [t,ts].

Proof. We already know the function ¢ — WP (5x15t, 6yﬁ’t) is convex, hence is suffices to show

it is also concave over [t1,ts]. This follows by the assumption using Kantorovich duality, since
for o € [0, 1]

W;,D (5zpo¢t1+ 1—a)tes 0 Pat1+ 1—a)t2)
>3 (=) - (8 Pati+1-aya ) (2) + 07 (2) - (8, Patr+ 01—tz ) (2)

z€Q

() (1 ot + (1 - a)t) Y Qe z)) yen(y) (1 ot + (1 - a)ta) X Ol z>)

ot + (1—a)ty) [z Q. (=) + Qly, zw@p(z)]
=aW?(0.P, 6,P:,) + (1= )WE (6,5, 6,B,).

3]

Proposition 3.5.9. The function I, is linear over [0, 5].
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3.5. Couplings and coarse Ricci curvature

Proof. Fixt < % and let v and v be a couple of optimal Kantorovich potential and optimal
transport plan for Wp(éxpt,éyf’t). Then, it is easy to see that y(z,y) > 0 (since the

laziness of P, is at least 1 — t/T > %, and so 6. P,(x),0,Pi(y) > 1). It follows that
Y(z) +9°(y) = d(z,y)? (cf. [Vil09, Thm. 5.10] for example). This implies that (1, 1) is
optimal also for W),(8,Fy, 0,Fp) = W,(04,0,) = d(x,y). The conclusion follows by Lemma

3.5.8 and by letting t — % (by continuity at % which follows from the convexity of 1,). W

Since linear functions are easily differentiated, the previous proposition immediately implies
the following corollary, which gives an expression for the derivative of I,(t) at ¢ = 0.

Corollary 3.5.10. For x # y there exists

d

S W (6.P,0,P) = — (Al — WE (5P 6,P)) (3.5.4)

t=0

fora//0<5§§

Definition 3.5.11. The continuous time p-coarse Ricci curvature in direction (x,y) is defined
via

1 d . -
—| Wy, P, 6,P
d(z,y) dt o p< e t)

1 d -
— (6,P,0,P,
D d(x’y)p dt tZOWp (51 t75y t)
1 W (68, P, 6,P,

(1_ P< Y ) (3.5.5)

sp d(x,y)P

ch,p(xa y) =

fora//0<s§%.

Remark 3.5.12. The original definition in [LLY11] (see also [MW19]) focused on the case
p = 1, but in this paper it will be useful to consider also other values of p.

Next, we prove a few preliminary results needed for the proof of Corollary 3.5.16, which will
show that we can define K., also by involving P, instead of F,. For p = 1, this shows the
equivalence with the notion of continuous time coarse Ricci curvature defined in [Veyl12],
which was first proved in [MW19, Thm. 5.8].

Lemma 3.5.13. Let X, Y be finite sets and i, i € P(X),v € P(Y) be probability measures.

Suppose that v € T'(u,v) is a coupling between 1 and v. Then, there exists a coupling
7 € I'(fi,v) between [i and v that satisfies

17 = ll7v =l — ull v

Proof. We will construct a coupling 4 € I'(f, ) such that
F(z,y) > y(z,y) if and only if a(x) > p(x). (3.5.6)
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Notice that this implies the thesis since we would have

17 =~lrv =3 ; Ylﬁ(x,y) —7(z,y)l
=5 T Bl ty 5 ) i)
- ; B )]+ Y () - )]
@:fi(z) > p(w) z:(z) <p(z)

= ||li — pllvv-

Let us thus construct 4 that satisfies (3.5.6). To do that, for every z € X,y € Y set
a(r) = () = (LA p)(x),

By)=vly)— > A=)

zeX:i(x)<u(z)

(x
€ X5i() > ()

=

=

It is easy to see that }°,cx a(x) = X cy B(y) = ||t — fi]|tv. Then we define

(fﬂ) 1

(LL‘) (1’7y) + ]lﬁ(x)zy(z)’)/(ajv y) + 7~O‘(1‘)5<y)
(i,

‘:z

(@, y) = La@)<pa e — fillrv

It is easy to check that 4 € I'(fi,v) and that 7 satisfies (3.5.6). [ |

Corollary 3.5.14. Let X,Y be finite sets, i, p2 € P(X), v1,v2 € P(Y) and ¢: X x
Y — Rsq be a cost function. For any probability measures i € P(X),v € P(Y), let
T (u,v) = T.(u,v) be the optimal transport cost associated to the cost c. Then

[T (p1,v1) — T (po,v2)] <2 X c(z,y) - (|pr — p2|l v+ |l — 12l 1v).

Proof. Let M = max,cx ey ¢(z,y) > 0. Notice that

T (pas 1) — T (p2, vo)| < AT (pa, v1) — T (o, vi)| + [T (2, v1) — T (p2, v2)],

hence it suffices to show that

T (prs 1) = T (2, 1)
T (12, v1) — T (p2, v2)|

We prove only the first inequality, since the proof of the second one is similar. Let v be an
optimal coupling in the definition of 7 (x1,71) and 4 be the coupling for (9, 1) given by
Lemma 3.5.13. Then it follows that

T(:UQ? Vl) < ZC(%’, y)’?(l’, y)

< ez y)(v(z,y) + 17 =@, y))

M - ”,Ul - ,UQHTV:

<2
S 2M . ||l/1 — V2||TV'

< T (g, 1) + 2 M||5 —v[[rv
< T (1, 1) + 2 M|y — o7y
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3.5. Couplings and coarse Ricci curvature

Similarly one shows that
T (1, v1) < T (p2,v1) +2 M|y — poflvv,
which concludes the proof of the corollary. |
Corollary 3.5.15. For any probability measures i, v € P () and t > 0 small enough we have
WE(uPvE) = Wi (uP v B )| = O(F)

ast — 0.

Proof. Fix i, € P(X) and t > 0 small and let D := diam((2). Since €2 is finite, we have
that D < oo and ||uP; — pPi|vv, |[vP; — vPi|vv = O(t*). By applying Corollary 3.5.14 for
t > 0 small enough with py; = pP;, s = pPr, vy = vP,, v, = vP;, we find

WE(uPivP) = Wi (uB,vB)| < 2D7 - (|pB; = uPillrv + VP — vPillrv) = O(F?),

as desired.
[ |
We can finally give an equivalent definition of K., using P, instead of P,
Corollary 3.5.16. For x # y € Q) we have
Kop(t,y) = ———— 11w (5,p,6,P). (35.7)
d(x,y) dt o

Proof. Recalling Definition 3.5.11, it suffices to show that

d

oW (0.5, 0,P,) =

t=0

W, (0, P, 0, F;).

t=0

dt

Equivalently, since W,(8,Fy, 0,F) = W, (51150, 5y]50) = d(x,y) > 0, it is enough to show

W (6.5, 0,P,) = a

— dt pr(5CCPt7 6ypt)a

t=0

dt
but this follows from Corollary 3.5.15| ]

Remark 3.5.17. As anticipated, for p = 1 the right hand side in (3.5.7) corresponds to the
definition of curvature for continuous time Markov chain introduced by Veysseire (see [Vey12]).
For p = 1, the identity in the corollary was established in [MW19] (in a more general setting).

As in discrete time, we define also the curvature for p = .

Definition 3.5.18. For © # y, we define the continuous time oco-coarse Ricci curvature
K coo(z,y) in direction (z,y) to be the supremum of all K € R such that there exist coupling
rates C'(x,vy, -, ) satisfying:

" Zv,zeQ C(xv Y, Z)]ld(u,z)>d(x,y) =0;
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3. CONTRACTIVE COUPLING RATES AND CURVATURE LOWER BOUNDS FOR MARKOV CHAINS

* e C2,y,0,2)d(v,2) < (2, C(a, 9,0, 2) = K)d(,y).

Remark 3.5.19. We have that K.. - (%,y) € RsgU{—00}; if Ko oo(x,y) > 0, the supremum
in the definition is attained. Notice that if C(x,y,-,-) gives optimal coupling rates, then we
can change the value C(x,y,x,y) arbitrarily obtaining other optimal coupling rates.

As in discrete time, for p € [1, 0] we write
Riceep > K

if Keep(z,y) > K forall z #y e Q.

The next result shows that, given coupling rates from x ## y, we can construct a coupling
for the probability measures ((5xf’t, 5,:]%) for any t > 0 small enough. This will be useful to
connect the notions of coarse Ricci curvature for discrete and continuous time Markov chains,
when we consider a natural correspondence between stochastic transition matrices P and
generators L, see Section 3.5.3|

Lemma 3.5.20. Let z # y € Q2 and C(x,y, -,-) denote coupling rates from x,y, and set

M = ZC’(w,y,v,w) = ZQ(m,v) = ZQ(y,w).

)

Then, for any 0 < t < m we have that ~y; is a coupling for (53315,5, 5&%), where we
define

C(z,y,v,w) - t if (v,w) # (z,y),
1—M-t+C(z,y,z,y) -t if (v,w) = (z,y).

(v, w) = {

Proof. Clearly for 0 < t <
v # x we have that

Z%(v,w) = tZC’(m,y,v,w) =tQ(x,v) = (6, P,)(v).

m and v, w €  we have that 0 < (v, w) < 1. Now, if

If v = x instead then

Z%(x,w) :tZC(x,y,x,w)+1—M~t+0(m,y,aj,y)-t
w wy
=14+Q(z,x) t—M-t

= (6, P)(2).

Hence, this shows that the first marginal of ~; is 6, P,. Similarly, one checks that the second
marginal of 7, is ,F;, as desired. |

The next proposition collects some useful results, and it is a continuous time analogue of
Proposition 3.5.5.

Proposition 3.5.21. The following hold:

1. Forp e [1,00], if Keep(x,y) > K for all z ~ y then Rice.p, > K.
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3.5. Couplings and coarse Ricci curvature

2. For1 <p<gq<oowehave K..,(x,y) > K.q(x,y). Moreover if z ~ y we have that

ch,oo (l’, y)

KCC, x7y Z
p(,y) )

3. Forp € [1,00), if Riceep, > K then for any starting probability measures 1, v € P(2)
and any t > 0 we have that

Wy (P, vPt) < e 5'Wy(p, v).

Proof. 1. Suppose first that p < oo and let n = d(x,y) withx =29~ 21 ~ ... ~ 2z, = v.
Then for t > 0 small enough we have that

n—1
~Wy(6.5,,0,P) > Y =W, (6., P, 0., )

=0

by the triangle inequality. Therefore adding n = d(x,y) and dividing by ¢

d(l’, y) - Wp<5:1315t7 5ypt) > nil ]‘ - WIJ((SZtha 6zi+1pt>
t - t )

1=0

Letting ¢ — 0 and using the assumption gives the conclusion.

Suppose now that p = oco: if K = —oo the conclusion is trivial, hence assume that
K > 0. Let again n = d(z,y) and x = zy ~ z; ~ ... ~ z, = y: we prove the claim by
induction over n. The base case n = 1 follows directly by the assumption. Now suppose
n > 1 and that the inductive hypothesis holds. Let C(z,2,-1,+,-) and C(2p-1,¥, -, ")
be such that

Z 0(1'7 Zn—1,U, w)]ld(v,w)>d(z,zn71) - 07

v, weN

Y Clx, zp1,v,w)d(v,w) < | Y Cla, zpm1,v,w) — K |d(z, 20-1),
v,we v,we)

Z O(Zn—lvyava w)]ld(v,w)>1 =0,

v,WEN

Z C(zn_l,y,v,w)d(v 'LU Z C Zn 1LY, U, w) K

v,wWES v,weS)

Without loss of generality, by changing if needed the values of C(x,z, 1,,2,_1),
C(zZn-1,Y,2n-1,Y), Q(z,x), Q(2n-1,2n-1), Q(y,y), we can assume that

Z Q(JZ,S) = Z Q(Zn—lﬂs) = Z Q(y, 3)

SEN seq se)
Zszn 1,0, W) ZCzn 1,Y, U, W)
v, WEN PENISY

=M > 0.

Therefore, we can apply the Gluing lemma (whlch easily extends to measures having the
same total mass) to conclude that there exists C(-,,-) = C(, Zn_1, Y, - - -): Q@ X Q X
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Q- RZO such that plyg#é = C(JZ, Zn—1y", ) and pg;g#é = C(Zn_l, Yy, -, '), where piJ
is the projection on coordinates 7, 7 and # is the pushforward, so that

Z C’(x,zn_l,y,v,s,w) =C(x, 21,0, 8),

we

Z C’(a:, Zn-1,Y, 0, 8,w) = C(z,-1,9, S, w).

veS)

Defining C(z,vy, -, ) = plyg#é gives coupling rates with the desired properties, analo-
gously to the proof of Proposition 3.5.5. Indeed, we have that

ZC(w,y,v,w)d(v,w) = Z é(x,zn_l,y,v,s,w)d(v,w)

< Z é(l', n-1,Y,7, 8, U))(d(’l}, 8) + d(S, U)))
=> C(z, 2p-1,v,8)d(v,s) + Y Clzn-1,y, s, w)d(s, w)

<(M — K)(d(z, 2n-1) + d(zn_1,7))

—(Z O, y,v,w) - K) (. y),

v,Ww

and similarly

Z C(SL’, Y, v, w>]ld(v,w)>d(:c,y)

VW

= Z é(l’, Zn-1,Y,7, S, w)]ld(v,w)>d(x,y)

V,W,8

< Z C(CL’, “n-1,Y,7,S, w)]ld(v,s)er(s,w)>d(x,zn_1)+d(zn_1,y)

V,W,S

< Z CA’<I7 “n—-1,Y,0,S, w) <1d(v,s)>d(x,zn_1) + ]ld(s,w)>d(zn_1,y))

V,W,8

= Z C(l.a Zn—1, "1, S)Id(v,s)>d(:p,zn,1) + Z C(anl, Y, s, w)]ld(s,w)>d(zn,1,y)

=0.
2. The first statement follows by the inequality W,,(1, v) < W, (i, v): indeed it implies

d(x, y) - Wp(éxptv 5ypt) > d(:l?, y) - Wq(dxptv 5ypt)
td(z,y) - td(z,y) ’

from which the conclusion follows by letting ¢ — 0. For the second statement, suppose
Kecoo(x,y) > 0 for z ~y. Let C(z,y,-,-) be optimal coupling rates in the definition
of Keeoo(,y). Then for £ > 0 small enough consider the coupling 7; given by Lemma
3.5.20. It is easy to see that this coupling is such that

> (v, w) Lawwys1 = 0;

)

Z%(U, w)]ld(v,w):o Z ch,oo<x, y) - 1.

v, W

Therefore, it shows that

S =
IN
—_

|

Wp(éxpta 5ypt) S (1 - ch,oo(xay) ’ t)
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3.5. Couplings and coarse Ricci curvature

Hence we have o
1— Wp(ém-Ph 5yPt) > ch,oo<m7y)

t - D ’

from which the conclusion follows by letting t — 0.

. Let v, and v, be optimal couplings in the definitions of W,,(t,v) and W,,(0, P, 6, P,)
respectively. Then notice that

W;(M]Dt, th) < Z d(ﬁ, y)p Z Vv (w7 Z)Vw,z,t(xa y)
x,y w,z
=D Yuw(w, )W (6w P, 6. F),

and so

Wo(uP,. vP,) — W (u, Wo(5,P,. 6.5, — d(w, 2)P
AP Z WD) o 5, ) PP Z 2

Taking the lim sup,_, o+ and denoting by % the upper Dini derivative (cf. Section 3.8)
we find that

d-‘r

It W;’(MB,VP,:)

t=0

d
S Z ’Yu,l/(wa Z)%

WI?((Stha (5,21375)

t=0

d
=3 sl 2) p(w, 21

w,z

<—Kp > yuu(w, z)d(w,z)?

:—KPW;?(M,V)’

Wp(éwpt’ 5th)

t=0

where we also used Corollary 3.5.16. Therefore,

d-‘r

t=0

and by Markovianity this extends to every t > 0, i.e.

+

i Wy (b, vP) < —KpWp(ubs, vF).

t=t

Noticing also that t — WZ(uP;, v ) is continuous by Corollary 3.5.14, we can apply
Lemma 3.8.1 to conclude that

Wz?(:upta VPt) < e_KptW;f(ﬂa l/)>

for any t > 0, as desired.
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3.5.3 Comparison discrete and continuous time

There is a natural way to construct a continuous time Markov chain from a discrete time one:
namely, for A > 0 and a stochastic matrix P, the generator is defined by L = A(P — I). On
the other hand, it is readily seen that, given a generator L, for any A > 0 big enough there
exists a corresponding stochastic matrix P = [ + %L (recall we are assuming finiteness of the
state space, so the entries of L are bounded).

Remark 3.5.22. Let P be a stochastic matrix and A > 0. In view of Definition 3.5.11, we
see that for p = 1 the Ricqc; and Ricc. ; notions of curvature are essentially equivalent for
the continuous time Markov chain with generator L = \(P — I) (and transition semigroup P;)
and the lazy discrete time Markov chain with transition matrix P := #. Indeed, it follows
from the identity in (3.5.5) with s = 5 that

z 1
Kc(zﬂ(%y) = ﬁKch(l',y), (3-5.8)

where above K C(lﬂ (x,y) is the curvature K4.1(x,y) for the Markov chain with transition
matrix P, not P. Notice that here it is fundamental to consider the lazy version with transition
matrix P. To see why, consider the following simple example: the state space is the two-point
space Q = {x,y}, the stochastic matrix is

01
r=(1)
and A\ = 1. Then we have Kéf&(x,y) =0 for P, Kflg(x,y) =1 for P and K...(z,y) = 2
for L = P — 1. Hence (3.5.8) is satisfied only when Kg4.1(x,y) is defined for P and not for P.

The next proposition shows that an analogous relation as the one described in the above
remark holds true also for Ricgc oo and Ricee oo.

Proposition 3.5.23. Suppose L. = \(P — I) for a stochastic matrix P and A\ > 0. Then the
following hold for any x # y:

1 Kepoo(,y) > AKSD (2, 9).

)

PEL - we have Kc(lfoo(x,y) >

2. For the lazy Markov chain with transition matrix P = 5

%ch,oo(xa y)

Proof. 1. Assume Kc(lf’())o(x,y) > 0, otherwise the claim is trivial. Let II(x,y,-,-) be an

optimal coupling in the definition of Kc(lzio(:z:,y) and define then the coupling rates

C(z,y,w,z) = X I(z,y,w,z). Itis easy to check that these coupling rates are
admissible and yield the first conclusion.

2. Again, assume K. (z,y) > 0, otherwise the conclusion is trivial. Let C(x,y,-,-) be
optimal coupling rates in the definition of K..(x,y). Notice that for L = A\(P — I)
and t = % we have

. . 1 .
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Therefore, since

M = ZC(x,y,v,w):C(x,y,x,y)—i— Z C(gj’7y’v7w)
vw v,w:(v,w)#(x,y)

S C(x7 y?x7 y) + Z C(‘/L‘7 y7 /U7w> + Z C<x7 y? U? w)

VWIVFET V,WWHEY
= Clz,y,2,y) + Y Qz,0) + Y Qy, w)
vFT w#y

< Clx,y,x,y) + 2,

(z,y,v,w) = {

Clearly, by the assumptions on C'(z,y, -, -) we have that

Z H(.flf, Yy, v, w)]ld(y,w)>d(m,y) = 0.

v,WEN

Moreover

Z (x,y,v,w)d(v,w) :(1 — ﬁ)d(x, y) + 21)\ %C(x, Y, v, w)d(v, w)

v, wWEN

<(1- ;‘f)d@;, y) + ;A<M — Koo, y)d(z, )

Keeoo(,y)
= <1 - 2)\> d(z,y).

This shows that Kflfio(x, y) > 35 Kee oo, y) for the lazy Markov chain P, as desired.
|
3.5.4 Applications and related problems

Recalling Definition 3.5.18 and Proposition [3.5.21, we see that for a continuous time Markov
chain on a finite state space {2 we have that Rice. o, > K > 0 if and only if for all neighbouring
states x ~ y € () there exist coupling rates C'(x,y, -, -) satisfying

" ZU,ZGQ O(I, Y, v, Z)]ld(v,z)>1 =0

" Zv,zeﬂ O(I, Y, v, Z)]ld(v,z):o > K.

Bearing this mind, we can see that in the examples of Section 3.4 the constructed coupling
rates immediately yield positive Ric..  curvature: more precisely, we have the following result.

Theorem 3.5.24. The following hold:

= Under the assumptions of Theorem|3.4.1, we have Ric.. ~, > k. for Glauber dynamics.
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= Under the assumptions of Theorem 3.4.5, we have Ric.. o, > L for the Bernoulli-Laplace
model.

= Under the assumptions of Theorem 3.4.12, we have Ric.c > k. for the hardcore
model.

In particular, by Proposition |3.5.21, under the respective theorems' assumptions for all
probability measures j1,v € P(Q2), p>1 andt > 0 we have

W, (1P, vP,) < e v ‘W, (1, v), (3.5.9)

ks«  for Glauber dynamics,
with K =< L for the Bernoulli-Laplace model,
ks«  for the hardcore model.

We remark here that the estimate (3.5.9) was already established in [Con22] only for the
specific case of interacting random walks on the grid of Section 3.4.4 (see Theorem 3.2 of
[Con22]), which doesn’t follow directly from the arguments of this section since we restricted
our discussion to finite state space Markov chains.

We also remark that Theorem [3.5.24 shows that, for some Markov chains, assumptions that
are strictly connected to positive Ric..  curvature are useful for establishing the modified
log-Sobolev inequality, positive entropic curvature, positive discrete Bakry—Emery curvature
and other related inequalities (cf. the discussion in Section 3.2). This suggests interesting
connections with some other open problems in the theory of functional inequalities and discrete
curvature for Markov chains, as we discuss next.

Peres—Tetali Conjecture One notable example is the following important unpublished
conjecture by Peres and Tetali, which links coarse Ricci curvature to the modified log-Sobolev
inequality in the setting of lazy simple random walks on finite graphs (see also [ELL17], Con.
3.1], [Fatl9, Con. 4], [BCCT22, Rmk. 1.1]).

Conjecture 3.5.25. There exists a universal constant o > 0 such that the following holds.
Let ) be a finite unweighted graph and consider the stochastic matrix P associated with the
simple random walk on this graph, P = % associated to the lazy simple random walk and
the generator L = P —1. If Ricqcq > K > 0 for the lazy stochastic matrix P (or, equivalently,
if Ricee1 > 2K for L), then MLSI(aK) holds.

In all the examples of Theorem 3.5.24 we have positive Ric.. ~ curvature, which implies in
particular positive Ricc. ; curvature by Proposition 3.5.21. Therefore, it is natural to study the
following problem related to the above conjecture: assuming a strictly positive lower bound of
RiCce0o (and under some additional assumptions), is it possible to deduce a lower bound of
the same order for the MLSI constant? In particular, if the additional assumptions are that we
are in the setting of simple random walks on finite graphs, this problem constitutes a weaker
form of the Peres—Tetali Conjecture.

Coarse and entropic curvature Another important open problem consists in comparing
the different notions of discrete curvature. For example, it is not known when a positive lower
bound for the coarse Ricci curvature implies a positive lower bound of the same order for the
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entropic curvature, or vice versa (and similarly for the discrete Bakry—Emery curvature). In
light of the results of this paper, the following is also a natural question: assuming a strictly
positive lower bound of Ric..~ (and under some additional assumption), is it possible to
deduce a lower bound of the same order for the entropic curvature? Interestingly, we remark
that positive lower bounds for the entropic curvature are linked to exponential contraction
with respect to the metric # . Precisely, if Ric, > K then

W (WP vP) < e S (1,v)

for all t > 0 and starting probability measures p, v (see [EM12, Prop 4.7] and cf. Proposition
3.2.1). This is of course reminiscent of the exponential decay of (3.5.9), which follows from
RiCee0o > K. However, not much is known about the relationship between % and W, (see
[EM12, Prop. 2.12, 2.14] for a lower(/upper) bound of # in terms of W;(/W53)), so it is not
clear how these exponential decay estimates are connected.

3.6 Proof of Proposition 3.2.2

Here, we work in the setting of Section 3.5/ and with that notation; recall in particular that
the state space is finite and the Markov chain is irreducible and reversible.

Proof. Suppose €2 is finite and Assumption 2 is satisfied and that (3.2.3) holds for all
p: 2 —=Rogand ¥: Q@ — R. Fix now p: Q — R and choose 1) = ¢’ o p. Notice then that

o (p, ¢ o p)
_ 1 (Ol () — p(y) Lo ) (4 2
=3 x,y:wg):#w(y) @R ) s ) = (o o) @ 2P — (@ e )]
=E&(p,¢ o p).
Moreover if 1(x) # 1(y) we have that
Vo(p(x), p(y)) = M[l —¢"(p(x)) 0(p(x), p(y)), =1 + ¢"(p(y)) 0(p(x), p(y))]-

It follows that

C(p. ¢ op) == m(2)Q(x,y)[(¢' 0 p)(x) — (¢ 0 p)(y)]

x7y

A

' {[1 —¢"(p(x)) 0(p(), p(y)), =1+ &"(p(y)) O(p(x), p(y))] - @%3) }

= ;5(% ¢'op) — ;5(/), (¢"op)- Lp)
= 2€(0. L(6' 0 p)) — 5E(p. (6" 0 ) - L),
P(p, o' o p) = 5 X w(2)Qw,)(plr) — pu)) (LD p)(x) — L&' 0 p)(v)
— (o, 1 o )
Therefore

Bp.(¢ 0 p)) = ~3€lp. (0" 0 ) - Lp+ L(6' 0 )]
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From this, letting p; = P;p, we see that

d
g Elped op)=—2B(p, ¢ op).
t=0
Therefore the inequality Z(p, ¢’ o p) > Ko/ (p, ¢ o p) is equivalent to inequality (3.2.6), from
which CSI,(2K) follows. [ |

Remark 3.6.1. In the particular case when 6 is the logarithmic mean, for any constant Z > 0
we have B(Z - p,) = ZAB(p,) and A (Z - p,p) = Z (p,)), so it suffices to consider the
case where p is a density with respect to m when proving inequality (3.2.3).

3.7 Proof of Proposition 3.3.2

In this section we prove Proposition 3.3.2, which gives the value of M from (3.3.10) for some
of the weight functions considered in Section 3.2,

Proof. Recall the definition

My — inf 0(s,s) +0(t,1t)

5,t>0: 20(s,t)
0(s,t)>0

€ [0, 1].

The statement about the arithmetic mean is trivial, while the one about the logarithmic mean
0, follows from equation (2.1) in [EM12]. Let us therefore consider the case of the weight
function 6,, which was defined in (3.2.5) with ¢ = ¢, as in (3.1.4), corresponding to Beckner
functionals. In other words, we have

a—1 s—t

o Sa—l _ ta—l

0(s,t) =

for s At > 0 and 0(s,s) = 532_"‘. Again, for & = 2 the result is trivial, so we assume

henceforth 1 < a < 2. Without loss of generality we can minimize over s > ¢ > 0, so that
substituting the expression of 6, from (3.2.8) the problem reduces to computing

1 (SQfa + t2fo¢) . (Safl _ tafl)

Mga = inf

s>t>0 2(a — 1) s—t
1 ] sa—th—a _ 82—ata—1
)\afl - /\2704
SN [ TN BN AN
2@—1){ T }
where we set \ = 2> 1 If o > % the conclusion follows by noticing that % > () for

A > 1 and by letting A — oco. Suppose hence now that o € (1, %) to conclude that in this
case My, = 1 it is enough to show that for A > 1
)\afl _ )\27a
A—1
Notice that equality holds as A\ — 17. By density of Q in R and by a continuity argument, it
suffices to show that for all A\ > 1 and all even integers p, s € N with p > s we have that

> 20 — 3. (3.7.2)

A—1 - p+s

s p
Apts — \pts — s
> p

Y
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1
where we used the substitution a = 1 + zﬁ' Rearranging this and renaming \ <— Ar+ we

need to prove equivalently that for all A > 1
P ..
> .
p+s p—S

Equivalently, dividing both sides by A — 1 and denoting by AM the arithmetic mean, we need
to prove that
AM(1,. A1) > AM(A, L A,

This last inequality holds true, since for A > 1 and integers 0 < ¢ < 7 we have that
N N> AT N

by the classical rearrangement inequality. |

3.8 Gronwall’'s lemma with Dini derivative

For a continuous function f: I — R, where I C R is an interval, we consider the upper/lower
Dini derivative, which are defined respectively by

+ —
d i ing L) — f@)
A

Clearly, ‘fl—;f(t) < %f(t). It may be useful to apply Gronwall’s lemma in absence of differ-

entiability, by considering instead the Dini derivatives. In particular, the following variant
holds.

Lemma 3.8.1 (Gronwall's lemma). Let I = [a,b) C R be an interval,with a < b < oo, and
consider real valued continuous functions u, 3: I — R. Suppose that for all t € I

(fl;u(t) < B(t)uld). (3.8.1)

Then for all t € I .
u(t) < exp </0 B(s)ds)u(a).

Proof. Set v(t) = exp(— fgﬁ(s)ds), which satisfies v(t) > 0, v'(t) = —/5(t)v(t). Notice
that for all ¢t € 1
d- [u(t + h) —u(t)v(t+ h) N u(t)[v(t + h) — ()]

@O OI= h h

_ [Cfitu(t)] v(t) + u(t)'(t)

<B(t)u)o(t) — u@)BE)u(t)
=0.

Next, we notice as in [DS08, Eqn. (3.8)] that this implies that the continuous function w(t)v(t)
is non-increasing on /. In particular, we have u(t)v(t) < wu(a), which implies the thesis by
substituting the expression for v(t) and rearranging. [ |
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CHAPTER

Improved Convergence of Score-Based
Diffusion Models via
Prediction-Correction

This chapter corresponds to the publication [PMM24].

Score-based generative models (SGMs) are powerful tools to sample from complex data
distributions. Their underlying idea is to (i) run a forward process for time 73 by adding
noise to the data, (ii) estimate its score function, and (iii) use such estimate to run a reverse
process. As the reverse process is initialized with the stationary distribution of the forward
one, the existing analysis paradigm requires 77 — oo. This is however problematic: from
a theoretical viewpoint, for a given precision of the score approximation, the convergence
guarantee fails as 7T diverges; from a practical viewpoint, a large 77 increases computational
costs and leads to error propagation. This paper addresses the issue by considering a version
of the popular predictor-corrector scheme: after running the forward process, we first estimate
the final distribution via an inexact Langevin dynamics and then revert the process. Our key
technical contribution is to provide convergence guarantees which require to run the forward
process only for a fixed finite time T}. Our bounds exhibit a mild logarithmic dependence
on the input dimension and the subgaussian norm of the target distribution, have minimal
assumptions on the data, and require only to control the L? loss on the score approximation,
which is the quantity minimized in practice.

4.1 Introduction

Score matching models [SE19, [SE20] and diffusion probabilistic models [SDWMG15, HJA20] -
recently unified into the single framework of score-based generative models (SGMs) [SGSE20]
— have shown remarkable performance in sampling from unknown complex data distributions,
achieving the state of the art in image [SGSE20, DN2I] and audio [PVGT21, IKPHT21,
CZZ721] generation; see also the recent surveys [YZS™23, [CHIS23|. The idea is to gradually
perturb the data by adding noise, and then to learn to revert the process. Both the forward
process that adds noise and the reverse process can be described by a stochastic differential
equation and, specifically, the reverse process is defined in terms of the score function (i.e.,
the gradient of the logarithm of the perturbed density at all noise scales, see Section 4.3 for
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details). This time-dependent score function can be learned with a neural network, using
efficient techniques such as sliced score matching [SGSE20|] or denoising score matching
[Vin1l]. Then, to start the reverse process, one would ideally need to sample from the
perturbed distribution, which is in principle unknown: instead, one runs the forward process
for a long enough time 77 so that the perturbed distribution pr, is well approximated by the
stationary distribution 7, which is known and can be readily sampled from.

A central theoretical question is to understand the quality of the sampling, i.e., measure a
distance between the output distribution of the reverse process and the true one. Three
sources of error are given by (i) starting the reverse process from the stationary distribution
m, rather than from the perturbed distribution pr,, (ii) approximating the score function
(e.g., with a neural network), and (iii) discretizing the reverse stochastic differential equation.
The quantitative characterization of such errors has been carried out in a number of recent
papers, see [SDME21] [KFL22, [LLT22| ICCL™23b), [CLL22, Bor22] and Section 4.2. However,
to achieve convergence of the output distribution to the ground truth, this line of work requires
to run the forward process for 77 — oo. This is due to the first source of error mentioned
above, i.e., the approximation of py; with 7. At the same time, large values of T} amplify
the other two sources of error and are also responsible for an increased computational cost
in the training procedure, because of the need to approximate the score function on a large
time interval [0, 71]. Thus, there appears to be a subtle trade-off between the precision in the
score approximation and the running time 77: on the one hand, one needs to take 77 — oo so
that pp, approaches 7; on the other hand, for a given precision in the score, the convergence
guarantees fail as 77 — o00,' which highlights the instability of existing results. For these
reasons, it is of great interest to characterize an appropriate time 7 where to stop the forward
process [YZS723| Sec. 8].

Main contribution. In this work, we address the trade-off in the choice of the running
time T3 of the forward process by considering a variant of the predictor-corrector methods of
[SSDK™21]. More precisely, after obtaining pr, via the forward process, we sample from pr,
via an inexact Langevin dynamics that leverages the approximation of the score at time 77.
Then, we use the resulting sample to start a standard reverse process. Our main convergence
result (Theorem 4.4.1) focuses on the deterministic reverse process, which has the form of an
ordinary differential equation (ODE), and analyzes the proposed algorithm: in particular, it
provides convergence guarantees in Wasserstein distance for a vast class of data distributions
and under realistic assumptions on the score estimation, which are compatible with the training
loss used in practice. We highlight that our bounds require a perturbation time 7} that
only depends logarithmically on the dimension of the space and on the subgaussian norm
of the target distribution, and not on the desired sampling precision. The mild logarithmic
dependence suffices to ensure the regularity — in the form of a log-Sobolev inequality — of
the perturbed measure pr,, which in turn allows the inexact Langevin dynamics to converge
exponentially fast.

Our analysis improves upon earlier bounds in Wasserstein distance [KFL22] by removing both
the need for Ty — oo and an assumption on the score estimator (more precisely, on its
one-sided Lipschitz constant, see the discussion after Theorem 4.4.1 for details). This comes
at the cost of requiring a control on a loss function for the score estimate at time 77, which
is stronger than the usual L? loss. To address this issue, we exploit the fast convergence

1See, e.g., [CCLT23b, Thm. 2] and note that the third term in the bound diverges when &g...c is fixed
and T — oc.
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of the forward process to its stationary distribution in order to correct the score estimator,
which in turn allows us to translate upper bounds for the L? loss into upper bounds for
the stronger loss (Theorem 4.4.2). Finally, when considering instead a stochastic reverse
process (SDE), we show how the algorithm is compatible with the existing analyses for the
convergence of the discretized reverse SDE in information-divergence metrics. This allows
us to deduce convergence guarantees in total variation distance for a discretization of the
algorithm. Consequently, we highlight some advantages over previous results that arise from
the choice of a fixed perturbation time T}, related again to the decreased computational cost
in the training procedure and to the stability of the error bounds.

Paper organization. Section 4.2 discusses related works. Section 4.3 sets up the technical
framework by recalling the formal description of SGMs. Section 4.4/ presents our main
contribution: after describing the algorithm, we state the convergence result in Wasserstein
distance. Section 4.4.1 contains a sketch of the proofs, with the full arguments deferred to
Section 4.8. Our main convergence results in Section 4.4 are stated in continuous time and
in Wasserstein distance. Then, Section 4.5/ contains a discussion about discretizations of the
algorithm, as well as a convergence result in total variation distance. Section 4.6| concludes
the paper with some final remarks.
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4.2 Related work

The empirical success of SGMs has led to extensive research aimed at providing theoretical
guarantees on their performance. Specifically, the goal is to give upper bounds on the distance
between the true data distribution p and the output distribution py of the sampling method.
Adopting the description of forward and reverse process in terms of stochastic differential
equations [SSDK™21|, an upper bound on the KL-divergence Dxi,(p|| ps) is provided in
[SDME21]: under some regularity assumptions, this KL-divergence goes to 0, as Ty — oo
and the score approximation error vanishes. In a similar vein, using the theory of optimal
transport instead of stochastic tools, an upper bound on the Wasserstein distance® Ws(p, ps)
is provided in [KFL22]. In many important situations, results in Wasserstein distance are
more meaningful than in KL-divergence or total variation: for example, under the manifold
hypothesis, it is not possible to obtain non-trivial convergence guarantees in those metrics,
as one has Dk (p||pg) = oo and [|p — pglltv = 1 (cf. [Bor22, ICCLT23b]). However, to
obtain convergence, [KFL22] imposes a strong assumption on the score estimator. A line
of work has focused on the discretization of the reverse stochastic differential equation.
Specifically, convergence in Wasserstein distance of order 1 is provided in [Bor22] under the
manifold hypothesis, but the results depend poorly on important parameters, such as the
sampling precision, the input dimension and the diameter of the support of p. The works

2For general data distributions y, v, there is no relation between Dxr, (v || ) and Wa(u,v), therefore
the results in KL-divergence cannot be translated trivially to results in W5, and vice versa. In particular,

the analysis in W, seems to be more challenging, because of an expansive term in the reverse process (cf.
[CCL™23bl Sec. 4]).
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[LLT23| ICCL™23b), [CLL22] provide convergence guarantees for general distributions in KI-
divergence and total variation (which is weaker by Pinsker's inequality). From these results,
bounds in Wasserstein distance are also deduced for some classes of distributions, including
bounded support ones. This improves upon [Bor22], but the improvement requires an extra
projection step and comes at the cost of a worse dependence on the problem’s parameters in
comparison with the bounds in KL-divergence and total variation. Other works have provided
convergence results for SGMs, but they suffer from at least one of the following drawbacks
[CCL™23b]: (i) non-quantitative bounds [Pid22, BTHD21] or poor dependence on important
problem parameters [BMR22], (ii) strong assumptions on the data distribution, typically in the
form of a functional inequality [LLT22, YYW23]|, and (iii) strong assumptions on the score
estimation error, such as a uniform pointwise control [BTHD21], which is not observed in
practice [ZC23].

In most of these works, to guarantee convergence of py to p, it is necessary to have T} — oc.
In contrast, [BTHD21] introduces a different approach based on solving the Schrédinger bridge
problem (see also [CLT22, [SBDD22, [Son22]), which allows for a finite time perturbation
of the target measure; however, this strategy does not come with quantitative convergence
results under realistic assumptions. The work [FRY"23| adopts an approach closer to ours:
an auxiliary model is used to bridge the gap between the limiting distribution of the forward
process and the true perturbed distribution, which is then followed by a standard reverse
process. However, the design of the auxiliary model appears to be ad hoc for the data
distribution, and a theoretical convergence result for general data distributions is missing.
Our algorithm can also be considered as an instance of the predictor-corrector approach of
[SSDK™21]: there, the authors suggest to alternate one step of the reverse process with a
few steps of a corrector method based on the score function, such as Langevin dynamics,
and provide extensive empirical evidence showing an improved performance. In this work, we
consider instead the case where all the corrector steps (Langevin dynamics) are performed at
the beginning, and they are then followed by a standard (non-corrected) reverse process. We
remark that error bounds for (a different variant of) the predictor-corrector schemes were first
provided in [LLT22]. The results therein, however, impose strong assumptions on the data
distribution, in the form of a log-Sobolev inequality; the log-Sobolev constant enters crucially
in the derived bounds, which depend polynomially on it, and not just logarithmically.

Concurrent work. The concurrent work [CCL™23a| also studies the performance of a
predictor corrector scheme. Instead of our two-stage algorithm, [CCLT23a] considers an
implementation closer to [SSDK™21], that alternates deterministic predictor steps with corrector
steps based on Langevin dynamics. For this method, the authors provide convergence guarantees
in total variation distance: interestingly, they show that when the corrector steps are based
on the underdamped Langevin dynamics (rather then the classical overdamped version), it is
possible to obtain a better dependence on the dimension d. Contrary to our results, however,
the error bounds in [CCL™23a] still require T} — oo to obtain convergence, with analogous
disadvantages as we discussed for pre-existing results.

After the first version of our paper appeared online, further progress on the theoretical study
of SGMs has been made. The work [LWCC23| obtains convergence guarantees for both
the standard reverse SDE and the deterministic reverse ODE (without corrector), using
an approach based on studying directly discrete time methods rather than controlling the
errors in approximating the continuous time dynamics. The paper [BDBDD23] improves
the dimension dependence of convergence guarantees for the reverse SDE, when one does
not assume Lipschitzness of V log p;, by exploiting a connection with stochastic localization
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[EId13, Mon23]. The work [CDS23] proves convergence in KL-divergence without early
stopping when replacing the classical Lipschitzness assumption on V log p; with finiteness of
the relative Fisher information.

In general, these works can be considered complementary to the present contribution, in that
their analysis techniques can be combined with our methods to provide convergence results
for the two-stage algorithm under a set of different assumptions, gaining the advantage of a
fixed perturbation time T7. We refer the reader to Section 4.5 for an example of this.

4.3 Preliminaries

To sample from an unknown data distribution p on R?, the framework of SGMs consists in
perturbing p through a forward process that converges to a known prior distribution and then
approximately reverse this process. The forward process is described by a stochastic differential

equation (SDE)
X~
o (4.3.1)
dXy = f(t, X¢)dt + g(t) dBy,

where B, is a standard Brownian motion, f and g are sufficiently smooth, and the SDE
is run until some time 7} > 0. The law of X;, denoted by p;, correspondingly solves the
Fokker—Planck equation

Dbo =D,
{ Ope +V - [pt(f(t’ T) — #ngpt(m))} —0 (4.3.2)

Remarkably, under some regularity conditions, this SDE admits a reverse process, in the sense
that, for any smooth function M : [0,7] — Rx, the process (U;); defined by

UO ~ D1y,
{ dUy = —f(T1 — t,Uy) dt + MT(t)g(Tl —t)?Vlog pr, +(Us) dt + VM (t) = 1g(Ty — t) dBy,
(4.3.3)
is such that Uz, ~ p. Usual choices are M (t) = 2 or M(t) = 1 and, considering the latter,
the reverse process is deterministic, except for its initialization, see [SSDKT21), Sec. 4.3].
Below, we will first focus on M =1 for simplicity, but similar results can be readily deduced
for general M (t).

To simulate the reverse SDE (4.3.3) and sample from p, one needs to (i) approximately
sample from pr, to initialize the backward process, and (ii) estimate the score function with
sg(t,-) = Vlogp; for t € [0, T1]. For the first point, one chooses T} big enough so that pr, is
close to a known distribution 7 and samples from Yy ~ 7. For the second point, one learns a
function sy(t,x) that approximates V log p;(x) e.g. with a neural network: specifically, the
training loss considered in practice is

Jon(6.3) = | AR, [V log i — sot, )] (4.3.4)

for some strictly positive weight function t — A(¢). Notably, although the score V logp; is
unknown, this loss can be estimated with standard score-matching techniques [Vin11] SGSE20,
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SSDK™21]. When A(t) = g(t)?, which corresponds to the likelihood weighting of [SDMEZ21],
we simply write Jsy(#). The corresponding sampling algorithm simulates the process

Yo ~m,
{ dY, = —f(Ty — t,Y;) dt + 20g(T1 — t)2s9(Ty — t,Y;) dt + /M (t) — 19(T1 — t) dBy,
(4.3.5)
until time 77, and it takes Y7, as an approximate sample of p. This reverse SDE can be
approximated via standard general-purpose numerical solvers, or by taking advantage of the
additional knowledge of the approximated score function sy(t,-) ~ Vlogp;: for example,
the predictor-corrector methods of [SSDK™21] alternate one discretized step for the reverse
process (4.3.5) with several steps of a score-based corrector algorithm, such as Langevin
dynamics or Hamiltonian Monte Carlo.

For ease of exposition, we will focus on the popular Ornstein-Uhlenbeck (OU) forward process

Xq ~
o (4.3.6)
dX, = —X,dt + V2dB,,

which corresponds to a method known as Denoising Diffusion Probabilistic Models (DDPMs)
[HJA20], and is also referred to as Variance Preserving SDE in [SSDK™21]. Its Fokker—Planck

equation reads
Po=p, (4.3.7)
Ope + V- [pi(—x — Vg py(z))] = 0.

The standard Gaussian 7 is the limiting distribution of the OU process: more precisely, if
Z ~ 7 is independent of X, then X; ~ e Xy + /1 — e 2Z, and p, converges to v e.g. in
Wasserstein distance W5 and in relative entropy Dxr,(- || ) [Vil03, Chap. 9]. Restricting to
the OU process (or its time reparametrization) is commonly done in the theoretical literature,
see [LLT22, Bor22, ICCL™23b, [CLL22]; as for these works, our techniques can be extended to
other choices of the forward process, such as those considered in [SGSE20, Sec. 3.4].

Notation. We denote by ~,; the density of a normal random variable in R¢ with mean
y and variance tl;, and for compactness we write v, = 7, and v = ;. With abuse
of notation, we identify the law of a random variable with the corresponding probability
density. Given two probability measures pu, v, the KL-divergence is defined by Dk, (i || v) =
J log(j—‘lj) dp if p is absolutely continuous with respect to v, and Dky, (i1 || ¥) = 400 otherwise;
if i, have finite second moment, the 2-Wasserstein distance is defined by W3(u,v) =
infx~, vy~ E[||X — Y|]*]. We denote by P(R?) the space of probability measures on R?.
Throughout this paper, we denote by p the target probability measure and by p; its law
following the OU process; correspondingly, we consider random variables X ~ p, X; ~ p;. We
use the symbol < to denote an inequality up to an absolute positive multiplicative constant.

4.4 Improved Wasserstein-convergence in continuous
time via prediction-correction

Description of the algorithm. We consider the following predictor-corrector algorithm.
First, we run the OU forward process (4.3.6) until time 7} and, for 0 < ¢ < T}, we approximate
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V log pi(z) with s¢(t, x). Next, we approximate pr, by following an inexact Langevin dynamics
started at v until time 7T5:

{ Zo~ 7, (4.4.1)
dZy = so(T1, Zy) dt +V2dB,,  0<t<T.

We remark that the Langevin dynamics (4.4.1) is inexact as it uses sy(17,z) in place of

V log pr, (), since we have access to the former but not to the latter. The idea is that, as

these two quantities are close, the random variable Z, provides an approximate sample of

pr,, for sufficiently large 7,. Then, we approximate the original distribution p by following a

deterministic reverse process that starts from Zp,:

Y, =27
0 (4.4.2)
dY, = Yidt + so(Ty — t,Y,)dt, 0<t<T.

We let ¢, = law(Y;) for t € [0,T}] and o, = law(Z;) for t € [0,Ts]. In particular, we have
go = o1,. Here, the prediction-correction consists in starting (4.4.2) from Zr,, instead of .
We also note that this reverse process is deterministic except for its initialization Yy = Zp,.
This allows to use standard numerical methods for solving ordinary differential equations, and
in particularly exponential integrator schemes have shown remarkable performances [LZB722].
Finally, we take Y, to be an approximate sample from p. For stability reasons, we can
also choose a small time 0 < 7 < T and stop the reverse process (4.4.2) at time 7} — T,
taking Y7, _, as an approximate sample from p. This is commonly done in practice, see e.g.

[SSDK™21,, Sec. C].
Assumptions. Throughout this section, we consider the following assumptions.

(A1) The estimator sy: [0, 73] x R? — R? is Lipschitz continuous. Moreover, for t € [0, T}]
we denote by L,(t) € R the one-sided Lipschitz constant for sy(t, ), such that for all
r,y € RY,

(so(t,x) = so(t,y)) - (x —y) < L(t)]lz — ylI*.

(A2) X ~ pis norm-subgaussian.

Condition (A1) is mild: in fact, sy is typically given by a neural network, which corresponds to
a Lipschitz function for most practical activations. We emphasize that the requirement on the
Lipschitz constant of sy is purely qualitative, in the sense that it does not enter our bounds
(as opposed to the one-sided Lipschitz constant, which instead plays a quantitative role in the
bounds).

As for condition (A2), we recall that an R%valued random variable X is norm-subgaussian if
its euclidean norm || X|| is subgaussian (for details and a formal definition, see Section 4.7).
We denote by ||.X||sg the corresponding norm. Bounded random variables and subgaussian
ones (in the sense of [Verl8| Def. 3.4.1]) are norm-subgaussian, which covers most practical
cases (e.g., in image generation pixels are usually rescaled in [0,1]). Other properties of
norm-subgaussian random vectors are established in [JNG™19].
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Performance of the proposed algorithm. Our main result is stated below.
Theorem 4.4.1. Let Assumptions (A1)-(A2) hold, and let p; be obtained via the forward
OU process in (4.3.6). Pick0<d < 1,Ty >0, T) > %10g(2 + 172% + 2%) and a small

early stopping time 0 < 7 < min{Tl, 2Xd§G} Let pg = qr,—» = law(Yp, ), where Yp, ., is

obtained from the reverse process in (4.4.2). Consider the loss functions given by

1
b(t) = By, [V log e — so(t, )], eniar = log By, [exp( =V ogpr, — solT3, )]

Then, the distance between the output py and the target distribution p can be bounded as
follows:

Wa(p, po) < \/_+/FJ Yt + 1, (Tl)\/li(;(de a=om +25MGF> (4.4.3)

T 1-6)To
< V3rd + \/Jsg(é) /I;(t)2 dt + IT(Tl)\/lié (5e =y 25MGF) (4.4.4)

where I,(t) = exp (t — 7+ [FLy(r) dr).

The right-hand side of (4.4.3)—(4.4.4) consists of three error terms, due to (i) the early stopping
of the reverse process (4.4.2), (ii) the approximation of the score function sy (¢, -) =~ V log p; in
(4.4.2), and (iii) the approximation gy = o7, &~ pr, from the output of the Langevin dynamics
(4.4.1). A key feature of Theorem 4.4.1/is that, to have a vanishing sampling error, one does
not need T} — oo. In fact, consider a sequence of estimators satisfying the additional technical
assumption? limsup,, . [ exp(2 [FLy(r) dr) dt < co. Then, letting 7 — 0, Jsyu — 0,
emcr — 0 and T, — oo, with T} fixed, the convergence of py to p in W5 distance follows
from Theorem 4.4.1. We now discuss the roles of 77,75, 7 and of the free parameter §.

The role of T} is to ensure the regularity of pr,. Specifically, we show that pr, satisfies a log-
Sobolev inequality with constant at least 1 — 9, which leads to the mild logarithmic dependence
of T} on the subgaussian norm ||X||sq. In fact, the dependence on d can be even dropped

(although the subgaussian norm || X ||sq may still depend on d): if T} > ;log(Q + 172|X52SG>,

then (4.4.3) and (4.4.4) hold with £ exp( A=0T 5) ) in place of 6exp(—%> (see the last
term of the expression). Choosmg T1 > 0 is necessary, as performing Langevin dynamics
directly for p works poorly. This was already observed in [SE19] and served precisely as a
motivation for SGMs.

The role of 75 is to improve the accuracy of sampling from pp, and, due to the regularity
of this distribution, the convergence is exponential in T5. Taking 75 large, instead of 77, is
beneficial, as the neural network needs to approximate the score of the forward process only
until time 73 and, correspondingly, Jsu increases with 7. In contrast, [KEL22, Thm. 1, Cor.
2] requires 77 — oo to achieve convergence, and a full quantitative analysis of the dependence
of the bounds on 7T} is missing.

3This condition was implicitly needed in [KFL22] for the same reasons. To see that it is reasonable, notice
that L is upper bounded by the Lipschitz constant lip(sg), which is expected to be similar to lip(V log p;) as
Jsm — 0. The latter is well behaved by the regularization properties of the OU flow: if p has bounded support,
then fTTl lip(Vlogp;) dt < oo for all 0 < 7 < Ty [CCL™23b, Lem. 20]. Note also that the one-sided Lipschitz

constant can be negative (e.g., for 7, it is equal to f%) which helps with the convergence of the integral.
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The role of 7 is to allow for early stopping in the reverse process (4.4.2). If that is not needed
(since e.g. the distribution p is sufficiently regular), then one can simply take the limit 7 — 0
in (4.4.3)-(4.4.4)"

The role of § is to provide a trade-off between 77 and T5. We remark that the result of
Theorem 4.4.1 holds for any ¢ € (0,1), and smaller values of ¢ give a faster decay of the error
term coming from the Langevin dynamics, due to the larger log-Sobolev constant of pz,. This
improvement comes at the price of a tighter lower bound for T7.

We highlight that our convergence result does not need the condition lim,_,, Ls(t) = —1,
which was introduced in [KEL22|]. This requirement was heuristically justified by the one-sided
Lipschitz constant of the stationary distribution ~ of the forward process (4.3.6) being —1,
but obtaining a rigorous control on lim;_,, L,(t) only from the L? loss of the score estimation
remained challenging. To circumvent this issue, we instead introduce the additional loss e\igr
in Theorem [4.4.1, which concerns the score estimation only at time 1. By Jensen's inequality,
this is a stronger loss than the usual L? one (eyigr > %_(Sb(Tl)). However, a simple truncation
of the estimator sy¢(7}, -) allows us to control eygr in terms of b(T}). This is formalized in
the result below.

Theorem 4.4.2. Let Assumptions |(A1)-(A2) hold, and let p, be obtained via the forward
OU process in (4.3.6)) starting from X ~ p. Pick 0 < § <1 and T} > 10g<%d(||X||sc, + 1))
Define the estimator s5: R* — R? by

[so(Th, @)];,  if |—i = [so(Th, 2)];| < £,

[So(x)], = S —a; — ¢, if [so(Th, )], < —x; — ¢, (4.4.5)
—x; + 4, if [so(T1, )], > —x; + ¢,

where { = ((z) = 2(1+ ||z]|). Fix0 <e < 1. Then, for all 0 < 8 < 5, we have

log By, [exp(BI|V log pr, — 5]”)| < =, (4.4.6)
provided that
1 2

b(T)) < el T30, 4.4.7
(T1) < 3458 ( )

A combination of Theorems 4.4.1 and 4.4.2 gives an end-to-end convergence result in W5
distance requiring only a control on the L? loss {b(t)}+cjo,11], which is the object minimized in
practice. We regard the truncation of the estimator s4(77,-) carried out in Theorem 4.4.2
as purely technical. In fact, even if the estimator s4(77, ) explicitly minimizes the training
loss b(T}), one also expects the stronger loss e\gr to be small, when § is sufficiently small.
This is confirmed by the numerical results of Figure 4.1, for which we do not replace the
estimator sy(77,-) with 5. Specifically, the plots show that, having fixed T}, both W (p, pg)
(in orange) and Ws(pr,, qo) (in blue) decrease as a function of the running time T3 of the
inexact Langevin dynamics (4.4.1) for different standard datasets.

4.4.1 Proof ideas

Analysis of the reverse process (4.4.2). To obtain Theorem 4.4.1, we start with the
analysis of the reverse process (4.4.2). By adapting the argument in [KEL22], we derive the
following bound on the Wasserstein distance between p, and ¢, .

4This passage can be justified by an application of monotone convergence, after estimating the one-sided
Lipschitz constant L(t) with the Lipschitz constant of sy(t, -).
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Figure 4.1: Simulation results for an asymmetric mixture of two gaussians (left), the two
moons dataset (center) and the rescaled swiss roll (right). For fixed T} and variable T3, we
plot in blue the W, distance between the perturbed measure pr, and the output of (4.4.1),
while we plot in orange the W5 distance between the true distribution p and the output of the
algorithm py. As expected, both quickly decrease as T5 increases.

Proposition 4.4.3. Under Assumptions |(A1){(A2), for 0 < 7 < T, we have

Wa(pr, ari—7) < L(T1)Wa(pry, qo) + / " I(t)y/b(t) dt. (4.4.8)

For completeness we include a proof in Section 4.8, since compared to [KFL22] we consider
M(t) =1 (and not M (t) = 2), a different starting distribution for Y;, and early stopping. In
addition, we need the following short-time estimate on Ws(p, p,), which is proved in Section
4.8

d

2z, we have

Lemma 4.4.4. Suppose that M := [pa||z||*p(x)dx < co. Then, for0 < 7 <

Wa(p,p-) < V3rd.

Using the triangle inequality for W5, the combination of Proposition 4.4.3 and Lemma 4.4.4
readily gives

Wa(p, qry—r) < V37d + L (T))Walpr,, q0) + /Tl \/@IT(t) dt. (4.4.9)

This bound shows that to achieve convergence, we need (i) small 7, (ii) b(t) — 0 (which is
reasonable, since sy is obtained by minimizing the L? loss), and (iii) Wa(qo, pr,) — 0. The
latter condition corresponds to choosing a good starting distribution for the reverse process
(instead of «y), and it is ensured by the inexact Langevin dynamics (4.4.1), which will be
analyzed next.

Analysis of inexact Langevin dynamics (4.4.1). Recall the definition of the log-Sobolev
inequality.

Definition 4.4.5. A probability measure 1 satisfies a log-Sobolev inequality with constant
k > 0 (notation: LSI(k)) if, for all probability measures v,

Dia (vl 1) < 5T, (v), (4.4.10)
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where Z,,(v) is the relative Fisher Information, defined by

u(v) = /Rd 2d”:4/Rd ’v\/i

2
T dup, ifv < u and Z—ZGHl(p),
+00, otherwise.

’Vlogfll’:

(4.4.11)

Here, H'(11) denotes the weighted Sobolev space. If y satisfies a log-Sobolev inequality, we
use the notation Cg(u) for its optimal constant.

Remark 4.4.6. If ;1 satisfies LSI(k) for some k > 0, then it also satisfies the transport-entropy
inequality [OVO0Q] (see also [GL1O, Thm. 8.12] for an overview of related results)

Walw ) < | 2 Dra v ). (44.12)

It is well known that Langevin dynamics for a measure 1 converges exponentially fast in
KL-divergence if p satisfies a log-Sobolev inequality, see e.g. [Vil03, VWI9]. A similar
convergence result has recently been proved in [YYW23] for the inexact Langevin dynamics

T~
o (4.4.13)
dZ, = s9(Z;) dt + /2 dB;,

where sy approximates the score V log . For convenience, we state Theorem 1 of [YYW23]
below.

Theorem 4.4.7. Let p, v be probability measures with full support that admit densities with
respect to the Lebesgue measure. Suppose that i satisfies a log-Sobolev inequality and let
k = Crs(u). Then, the time-marginal law v, of the inexact Langevin dynamics (4.4.13)
satisfies, fort > 0,

1 1
Dia (vl 1) < e+ Dra (v | ) + 21og By exp IV log s = sul*) |

The application of Theorem 4.4.7| requires py, to satisfy a log-Sobolev inequality, as well as the
estimation of Cs(pr,). To ensure this, we notice that py, = law(e_TlX +V1—e2h Z)
where Z ~ ~ is an independent Gaussian, and apply recent results from [CCNW21| that
quantify the log-Sobolev constant of the convolution of a subgaussian probability measure
with a Gaussian having sufficiently high variance (cf. Lemma 4.8.3 and Theorem 4.8.4 in
Section 4.8). In this way, we deduce that Cps(pr,) > 1 — 9. Next, in order to apply Theorem
4.4.7 with o = pp, and v = -, we need an estimate of Dk, (v || pr,). This is provided by the
result below, which is proved in Section 4.8.

Lemma 4.4.8. Let p € P(RY) with M := [ga||z||* dp(x) < co. Then, fort > 0 we have

d (M
Dia(1l1p1) < 5 (e ™ + oulogor — oy +1),
20—15 d

with oy =1 — e~ . Thus, fort > max(log(ﬂ), log< (M + d/2)/5>), we have the upper
bound Dk (7 || p:) < 6, while for t > max(log(ﬁ), 10g(V3M)> we have Dk (7 || pi) < g.
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By combining the estimate on Dk, (or, || pr,) given by Theorem 4.4.7 with the transport-
entropy inequality (4.4.12) (which also uses Crs(pr,) > 1 — 0 > 0) and the above lemma,
we obtain an upper bound on Wy(op,, pry) = Wa(qo, pry). Combining this upper bound
with (4.4.9) gives the desired inequality (4.4.3). The inequality (4.4.4) then follows from
the Cauchy-Schwarz inequality, which concludes the proof of Theorem 4.4.1. The complete
argument is contained in Section 4.8.

Controlling a stronger loss (Theorem 4.4.2). It is not difficult to construct an estimator
sg(Th,-) such that b(Ty) is arbitrarily small and ey qr diverges. In fact, consider estimating
the score of the standard Gaussian ~, given by Vlog~y(z) = —x, via a sequence of estimators
of the form s3/(x) = —x1 ), <ap. Then, we have limy; o b(71) = 0, but epgr is infinite for
all M > 0. This might seem discouraging, but we can prevent such pathological problems by
leveraging our knowledge about the target score function. This allows us to fix predictions of
the estimator sy(71, x) that happen to be very far from the target value V log pr, (z). More
precisely, by choosing 77 according to the prescription of Theorem 4.4.2, we can ensure that
V log pr, () lies in a region around the score of the standard Gaussian Vlog~y = —z, i.e.,

5
|2 = Oilogpr,| < oo (L+ [lz]), forallie{1,....d},

see Lemma 4.9.2. This is illustrated in Figure |4.2, in one dimension: the green dashed line
represents V log~y = —x, and our choice of 7T} guarantees that Vlogpp, lies in the region
delimited by the blue and purple lines. Whenever sy returns a value outside this region, we
correct it by choosing the closest value on the boundary. This leads to the definition of the
estimator 3, given by (4.4.5). For this new estimator, we can now convert an L? error into an
upper bound for eygr, which gives Theorem 4.4.2. The argument crucially relies on the fast
decay of the tails of pp,, thanks to the similarity with the standard Gaussian «y, and exploits
the confinement knowledge to deduce a converse bound to Jensen's inequality, cf. Lemma
4.7.4. The complete proof is contained in Section 4.9.

0, log pr,
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N z
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N
\\\ y=Vliogy(z) = —x
N

Figure 4.2: The confinement region for V log pr, .
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4.5 Convergence of discretized schemes in total
variation distance

In practical implementations, the continuous time dynamics needs to be approximated by
a discrete time scheme. The existing literature for discretizations of the reverse process
[CCL™23b, [CLL22| [LLT?22] focuses on the reverse SDE instead of the ODE (i.e., M(t) = 2
instead of M(t) = 1 in (4.3.3)), and on information-divergence metrics instead of the
Wasserstein distance, as for the latter the analysis seems significantly more complicated
[CCL™23b, Sec. 4]. The two-stage algorithm (with a stochastic reverse process) considered in
this paper is compatible with such recent analyses: we illustrate this in the present section by
providing convergence guarantees for a natural discretization of the algorithm. The argument
proceeds in a similar way to Section 4.4, In particular, a key role is played again by Lemmas
4.8.3/ and 4.4.8: the first guarantees that pp, satisfies a log-Sobolev inequality with a good
constant, so that a discretization of the inexact Langevin dynamics performs well, while the
second ensures that the Gaussian distribution v is a good initialization for the algorithm.

For the discretization of (4.4.1), we consider following the inexact Langevin algorithm with
variable step sizes h; > 0:

7N~
0T (4.5.1)
Zi1 = Zy + hise(Th, Zi) + /2hy, By,

where (By) i N(0, I). This is run for a variable number of steps N», and we now denote
by o) the law of Z,.

Convergence guarantees for Z;, as k — oo can be obtained from the analysis in [YYW?23,
Thm. 2], which we slightly modify to take into account a decaying step size: this will give
a logarithmic improvement on the computational complexity, in the same spirit as [DK19].
As in Section 4.4 (and as in [YYW?23]), the analysis of the Langevin algorithm introduces a
modified loss &yiqr, Which is stronger than the standard L? error on the accuracy of the score
estimate. However, at time T} this loss can be controlled again thanks to Theorem 4.4.2 (cf.
also Remark 4.5.2).

As for the reverse process, to take advantage of the existing literature, we consider a discretiza-
tion of the reverse SDE instead of the reverse ODE (corresponding to M (t) = 2 instead of
M(t) = 1in (4.3.5)). The chosen numerical method is the popular exponential integrator
scheme [ZC23], so that the second stage of the algorithm is given by

Yo = Zn,,

Yy = Yiel + 259(tr, Yk)(BBk — 1) + \/ﬁék, (4.5.2)
te =T — X455 hi,

for a sequence of step sizes (hy)n'y" such that S0 ' Ay, < Ty and for (By)y N0, 1,).
The output Yy, is finally taken as an approximate sample from p, and we denote now by py
its law; under appropriate assumptions, we derive convergence guarantees of py to p in total
variation distance. In place of the integrated L? loss in (4.3.4)), for discrete time schemes it is
natural to introduce the analogous loss

N1
Jsm = Z hiEp,, |:||vlogptk = so(t, >||2}
k=0
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We can think of Jsy as an approximation of Jsy: it is a standard and realistic assumption
that Joy can be made arbitrarily small with sufficient data and model capacity. The errors
arising in the reverse process (4.5.2) (due to the inaccuracy of the score estimate and the
use of the discrete scheme) can be bounded thanks to the recent theoretical literature on
the performance of diffusion models, see e.g. [CCLT23b) [CLL22]; together with the analysis
of (4.5.1), this allows us to deduce end-to-end convergence guarantees for the two-stage
algorithm.

To illustrate this, we present below one such result which exploits the analysis of [CLL22, Thm.
1], and we refer the reader to Section 4.10 for the proof. Additional results under different
assumptions and choices of the step size can be deduced by adapting other arguments (e.g.
[CLL22, Thm. 2]). Specifically, we consider a constant step size for the reverse process and a
standard smoothness condition [CCL™23b), [CLL22].

Theorem 4.5.1. Under Assumption (A1), pick 0 < § < % and suppose that T} >

%log (2 + 172% + 2‘%) Assume in addition that V logp, is Li-Lipschitz for t € [0, T}]
and that sy(T},-) is Lo-Lipschitz with Ly, Ly > 1, and consider the modified loss at time T}

- 9
uor = 10g By, [exp (51 V log pr, — su(T1, ) )| (45.3)

R andhk:h:%gl,

Then, for the algorithm described above with step sizes hy = 57—t
16

we have that

dL3T2 LiLy \? dL2 .
lp — poll v < Jom + — 1+\l( ! 2) + 2 4 émer

N Ny +1 Ny +1
! ? ? (4.5.4)
— = LiLy \?2 dL3 .
— [ Tay + dL2Tih ( > .
sm+ adlily +\l Nyt 1 +N2+1+5MGF

Remark 4.5.2. To deduce convergence from the above result assuming only L? accuracy of
the score, we need to control éyiqr. This can be done again using Theorem |4.4.2, where we

now choose 3 = T and take 0 < § < 0.054 to fulfill 5 < 3652

Remark 4.5.3 (Complexity of sampling). Suppose that the goal is to achieve ||p — py||7v < €
for some 0 < e < 1. A typical assumption is to be able to control the L? error of the score
approximation; hence, by the remark above, we can assume that Jsy, énigr S €2, as needed
in the bound (4.5.4). Consequently, (4.5.4) shows that the algorithm needs at most N steps
to ensure ||p — pyl|| v < €, with

d
N=N+N <5 (L3log*(d + [ X [lse) + L3).

Remark 4.5. 4 If we choose also for the inexact Langevin algorithm (4.5.1) a fixed step size

h,=h< 24L o, we obtain instead the bound

dL3T?
Ip = poll v S \/Jsm+— Ve ¥z 4 Lo(Ly + Ly)dh + Euer.

In this case, for the number of steps N to achieve ||p — py||Tv < €, we have that

d 1
N=N+NS5 <L2log (d+HXHSG)+L2(L1+L2)log>
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4.5.1 Comparison with previous results

To highlight a few favorable properties of the predictor-corrector algorithm, we compare the
result above with [CLL22, Thm. 1], translated into total variation distance via Pinsker's
inequality. The authors of [CLL22| consider, under similar assumptions, the standard sampling
scheme based on a discretization of the reverse SDE without the prior Langevin algorithm
or any corrector; in other words, they consider (4.5.2) with constant step size initialized at
Zy ~ 7. For the corresponding output distribution py they prove the bound

dL2T?
N, (4.5.5)
_ \/(M + d)e=2T1 + Jopm + dL2Tyh,

Hp _@HTV ,S \/(M + d)e*2T1 + jS\l\/I +

where M is the second moment of p. Therefore, to achieve ||p — pg||tv < € the reverse SDE

needs at most IV steps with
dL? = (M +d
N 5 ? 10g 52 .

Comparing the bounds (4.5.4) and (4.5.5) shows some advantages of the predictor-corrector
schemes, arising from a fixed choice of 7T independent of the desired sampling accuracy .

1. The convergence result in (4.5.4), unlike (4.5.5), is stable with T7. In other words, for
a fixed choice of step size h in the reverse process, the bound in (4.5.5) explodes as
Ty — oo, which is however necessary to minimize the error (M + d)e™ 2™ arising from
the approximation pp, =~ . Thus, there is a trade-off between the choice of 7} and
the step size in the reverse process. In contrast, this problem does not occur for the
bound in (4.5.4), since T} is now fixed. For the specified choice of step sizes hy (which
is independent of the desired accuracy), the error goes to 0 as h — 0 and Ny — co. At
the same time, the bound is now stable for any choice of the variable quantities h <1
and N, > 1. [YYW23] is also aimed at obtaining stable convergence. However, the
results therein apply only to distributions satisfying a log-Sobolev inequality and under
stronger assumptions on the accuracy of the score.

2. To achieve convergence, the bound (4.5.5) requires learning the score Vlogp; on a
time interval which increases as 17 — oo: correspondingly, the error term Jsm increases
too with T}. For example, assuming that we have L?-accuracy of &2 at every time (i.e.,
b(ty) < &2 for every ty, cf. Assumption 3 of [CCL™23b]) we have that Jsy = %7}, which
diverges as T} — oo with fixed € > 0 (see also [CCLT23b, Thm. 2]). These problems
do not occur with the bound in (4.5.4), since T} is fixed; this simplifies the training
procedure of the neural network learning the score and contributes to the stability of the
convergence result. At the same time, this further pushes the observation by [CCL*23b]
that “sampling is as easy as learning the score”, in the sense that knowledge of the score
V log p; for all times ¢ suffices for efficient sampling. Indeed, Theorem 4.5.1 shows the
stronger result that, for norm-subgaussian distributions, knowledge of the score on a
fixed finite time interval is actually enough.

3. Finally, when looking at the dependence on the desired accuracy ¢, the bound of (4.5.4)
removes a factor of logz(é) in the number of steps required by the algorithm.
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4.6 Concluding remarks

In this work, we give convergence guarantees for a variant of the popular predictor-corrector
approach in the context of score-based generative modeling. Our analysis provides bounds
that (i) require running the forward process only for a fixed time 77, which does not depend
on the final sampling accuracy, (ii)) make minimal assumptions on the data (subgaussianity of
the norm), (iii) exhibit a mild logarithmic dependence on the input dimension and on the tails
of the data distribution, and (iv) allow for realistic assumptions on the score estimation, in the
form of a control on the standard L? loss integrated over the finite time 77.

4.7 Additional and auxiliary lemmas

Notation

Recall that a scalar random variable X is subgaussian if there exists a constant K > 0 such
x2 : . x2

that E[eﬂ} < 2. lts subgaussian norm is defined by || X]||,, = mf{t >0: E[e 2 ] < 2}-

Furthermore, an R%valued random variable X is said to be norm-subgaussian if its euclidean

norm ||.X|| is subgaussian. We define || X||s¢ = ||| X]|||4, Note that both ||-||,;, and ||-||sc
are norms and, if Supp X C B(0, R) for some radius R > 0, then ||.X||s¢ <

log(2)

For the convenience of the reader, in the table below we recall the relevant notation used in
the paper.

Notation Meaning
11X ) g Subgaussian norm of random variable
1 X Ise = I[IXI]],, Subgaussian norm of random vector
D Target distribution
Dt Perturbed distribution at time ¢
Do Output distribution of the algorithm
so(t, z) = Vlogpi(x) Estimator for the score function
Ly(t) One-sided Lipschitz constant of sy(t, -)
T2>0 Early stopping time
71, >0 Running time of the forward process
Ny >0 Number of steps for reverse process
T >0 Running time of Langevin dynamics
Ny >0 Number of steps for Langevin algorithm
b(t) =E,, “]V log py — s¢(t, )Hﬂ L>-error for score approximation
emcr =log K, 61—;\|v10ng1—se(T1,-)H2
2 ,7 | Stronger losses for the score at time T
émar =log £y, 125 ||V ogpr; —so (1) |
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4.7. Additional and auxiliary lemmas

Auxiliary lemmas
First of all, we recall the following classical properties of the Gaussian distribution.

Lemma 4.7.1. Let Z ~ ;. Then,
1Zlsa < 2Vdt.

Moreover, Crg(7,) > 1 for all z € R* and t > 0.

Proof. Without loss of generality, suppose that Z ~ 7 (i.e. ¢t = 1). Recalling the moment
generating function of the y2-distribution, we have that, for 0 < ¢ < i < %

[SI[oH
[a—

E[ecHZHQ} =(1-2c)2<

<2
1—2cd — 7

which proves the first claim.

The statement about the log-Sobolev constant is well known (it follows for example from the
Bakry—Emery criterion, cf. [Vil03, Thm. 9.9],[BGL14]). [ |

Lemma 4.7.2. For all t,c > 0, we have

/ e~ dr < Le’c"?.
t 2ct

Proof. As in [Verl8, Prop 2.1.2], we have

© 2 0 2 2 _2 [ _ 1 _ 0
/ e~ dp — / e c(z? 2wt +t )d{E <e ct / 20t g0 et
t 0 0 2ct

The next lemma provides some useful estimates for norm-subgaussian random vectors (cf.
[Verl8, UNG19]).

Lemma 4.7.3. Let X ~ p be a norm-subgaussian random vector. The following hold:

(1) Forall s >0,

2

P(|X| > s) < 2e Wi, (4.7.1)
Moreover,
2
E[[|1X|*] < 201X |3c- (4.7.2)
(13) Forany L >0 and 0 < ¢ < X2
X|ge \ ¥z
eI XI? 4 < 2<1 cl| X|gq ) (xSG
e p(xr) < + e .
/B(o,L)c (@) 1 — cf| X[]3q

(131) For any L > 0,

X2 S
/ |z|| dp(x) < (QL + HJSG>6 IXI2g
B(0,L)°
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Proof. (i) As in [Ver18| Prop. 2.5.2], we have

s2

< 2e ¥Iiq

Ix|2

2
e IX13g

Ix 12 &2 2
P(|X] > s) =P[e™5a > el¥lic | <e MR

where the first inequality follows from Markov inequality and the second uses the
definition of norm-subgaussianity. Using (4.7.1), we obtain

E XQ——/ P X2>kdk;<2/ ”X”2 dk = 2|| X||5q,
[” I } 0 (” [ ) =<, 56 1156
which proves (4.7.2).

(17) Let Y = eC”XHZ]l{”X”ZL}. Then, [p(. 1) e“IXIPp(x)dz = E[Y]. Moreover, the following
chain of inequalities holds:

: log k
< R(X| = D)+ [ <|X||2 o )dk:
C
<20 TG 40 T
ecL

_ 2<1 N || X3 >€_L2<x1|§G _C>

1 - C”XH%G

9

where the third line follows from point |(¢).

(447) Similarly to the proof of the previous point, let Y = || X||1x>z. Then,
[ IXlp(@)de = B[],
B(0,L)e
Moreover, the following chain of inequalities holds:
E[Y] :/ P(Y > k) dk
0
< L-P(X|>L) +/ (I1X]| > k) dk

< QLeﬂwxwwge +2/ G*HX\@G dk
L

2 2 2
< QLG_HXL\@G + HXLHSG e HxLugG

2
H HSG HXLHQ
2L + 7 sG,

where the second inequality follows from point |(z) and the third one follows from Lemma
4.7.2.

The next lemma will be useful to find an upper bound for ey in terms of b(7}); the
corresponding lower bound is easy and follows immediately from Jensen's inequality.
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Lemma 4.7.4. Consider a random variable F' such that 0 < F < M for some M > 0. Then,

E[e"] <1+ E[F).

Proof. By the mean value theorem, for x > 0 we have the bound e* < 1 + ze®. Hence,
el” <1+eMF, from which the conclusion follows by taking the expectation on both sides. W

4.8 Proof of Theorem 4.4.1

We begin with the proof of Proposition 4.4.3, which gives Ws-estimates for the reverse process
Y; satisfying (4.4.2). Its time-marginals ¢, = law(Y}) satisfy the continuity equation

go = law(Zr, ),
{ Oqe(x) + V - [qi(2)(x + 55(t, x))] = 0. (4.8.1)

o~

Here and below we use the symbol (-) to denote the time-reversal of a function on [0, 7],

~ —

&g Pr = pris Sa(t, ) = so(Ty — t,-), b(t) = b(T} — 1), Lo(t) = Ly(Ty —1).

Our goal is to obtain an upper bound for Ws(p,, gr,_-), where (p,), satisfies the Fokker—Planck
equation

{ Po=pri, A (4.8.2)
Oipe(w) + V- [pe(x)(x + Vog pi(z))] = 0.

Following [KEL22|], we apply the following well-known formula for the derivative of the
Wasserstein distance between two curves of probability measures, cf. [AGS08, Thm. 8.4.7,
Rmk. 8.4.8], [Vil09, Thm. 23.9].

Theorem 4.8.1. Let (Py(R?), W) be the space of probability measures on R? with finite
second moment equipped with the Wasserstein distance W5. Consider two weakly continuous
curves (i), (1¢); in P2(RY) that solve the continuity equations

Oppie + V- (&) = 0, Oy +V - (ét’/t) = 0.

Suppose moreover that, for some 0 < t; < ty < 00, we have

[ (Bl + 2]

Then, denoting by 7, an optimal coupling for Wy (pu,v¢), we have

ftHQDdt < 00.

i WQQ(:U’tv Vt)

- (G R GIORAO)

for a.e. t € (t1,t2).

To apply the theorem above and deduce a differential inequality, we first need to prove the
following result.
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Lemma 4.8.2. For0 < 7 < T} < 0o, we have

T —1

L B[l it ) 7] de < oo, (4823)
T, —1

LB [l + Vlog o)t < ox. (4.8.4)

Hence, the curves (q;)icio,r—+ and (P¢)cjo,r,—r) are absolutely continuous in (Pg(Rd), W2).

Proof. We start with (4.8.4). Recall first that for ¢t > 0,

Vlog —

—EDKL(pt 1) =Z,(pe) = dy

dt

| dpt

= Ep, [z + Viogpi(x)]%],

where, with abuse of notation, we have identified the probability measures p;,~y with their
densities with respect to the Lebesgue measure. Integrating this inequality between 7 and T}
we find

T
| B [llz + Vog @) ] dt < Preulpy [17) < oo,

where we used non-negativity of the KL-divergence and that Dk, (p- || v) < oo, cf. [Vil03,
Rmk. 9.4]. The conclusion follows by a change of variable in the integral.

As for (4.8.3)), we argue as in the proof of [Vil09, Thm. 23.9]. Note first that ¢y € P,(IR?), since
pry € P2(R?) and Wy(qo, pry) < oo. Let vi(x) denote the velocity field v;(7) = = + 54(t, x).
Since T3 is finite, it follows from our assumption (Al) in Section 4.4/ that there exists a
constant C' > 0 such that ||v(x)|| < C(1+]|z||) for all z € R® and 0 < t < T}. The Lipschitz
assumption on sy in our assumption (A1) in Section 4.4/ also implies that v is Lipschitz.
Therefore, there exists a unique trajectory map 7;: R? — R? associated to the continuity
equation (4.8.1), i.e.,

Tg( ) =x

@) =u(T()).
Then, by the conservation of mass formula [Vil09], we have ¢ = (73)xq, where # denotes
the pushforward of a measure by a map. Notice now that, for all 0 <t < T7,

7@ = o+ [ @] < ol + T3+ € [ 1T

Therefore, by the integral version of Gronwall's lemma applied to the continuous function
t — || Ty(z)]|, we deduce that

ITy ()]l < (2]l + CT1)e .

It follows that, for 0 <t < T3,

[ JelPade) = [ ITi@)]Pao(da) < e [ (2] + CT1)go(da) = € < oo,

thus the second moment of ¢, is uniformly bounded by C for 0 < t < T}. Replacing C' with
C +1, we note that also the first moment is uniformly bounded by C'. Therefore, recalling that
|z + so(t,x)|| = |lvr,—¢(z)|| < C(1+ ||z||), we obtain the following bound, for all 0 < ¢t < T3,

By |2+ so(t 2)|°] < C(1+Ey [[l2]?]) < C(1+ ).
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This implies the desired estimate (4.8.3).

Finally, the absolute continuity of the curves (g;)ico,1,—7 and (Pt)ico,r,—~ is an immediate
consequence of the bounds (4.8.3) and (4.8.4) in view of [AGS08, Thm. 8.3.1]. [ |

Proof of Proposition |4.4.3. Thanks to Lemma 4.8.2, we can apply Theorem 4.8.1. Let 7; be an
optimal coupling in W for p; and ¢, so that by definition we have E., [||z — y||?] = W2(p:, ¢:).
Then, we deduce that, for a.e. t € [0,T} — 7],

1d R
§&W22(pt>%)

= Er[(@—y)- (v = )] +Ex[(z = v) - (Viogpu(x) — 5(t,y))]
= WP, ¢r) + En[(x — ) - (So(t,2) — 55(t,9))] + Ex[(w — ) - (VIog fiu() — 5(t, )]
< W3 a0) + LB, [lo = 7] + VEx[llz — yl2] - /Ex, [V log pu(w) — 5(t, )]

= (14 L) WE(Brr a0) + v b(&) Walpr, ).
From this we deduce the differential inequality

d R — R <
G Welbe @) < (1+ La() Walprar) + (1),

We can solve this differential inequality by introducing the auxiliary function I(7,t) :=
exp(t —74 [ Ls(r)dr), which satisfies

t
t

I(r,r)I(r,t) = I(7,t), I(t,t)=1, and :Zit](T, t) = (14 Ly(t))I(7,1). (4.8.5)

Combining the latter identity with the differential inequality above, we find

d

(10T = OWalpea)) < 1T, T3 — o)

for a.e. t. Since the curve t — I(7,t) is Lipschitz by (A1) in Section 4.4, it is also absolutely
continuous. Moreover, the triangle inequality for W yields

\Wa(Pr, at) — Wa(Ps, gs)| < |Wa(Pr, at) — WaPr, gs)| + |Wa(Pr, as) — Wa(Ps, qs)]
S W2(qt7 QS) + WQ(ﬁhﬁS)'

Using the absolute continuity of py, g; in (P2(R%), W) (cf. Lemma 4.8.2) we deduce that
t — Wo(pr, q¢) is absolutely continuous too on [0,7} — 7|. Therefore, also the function

t— I[(T\, Ty — tO)Wa (P, qr)

is absolutely continuous on [0, 77 — 7]. Hence, we can apply the second fundamental theorem
of calculus for the Lebesgue integral and integrate the differential inequality between 0 and
Ty — 7. Doing this gives

T —1 ~
I(Ty, )Wa(pr, qr—) < Wa(pry, qo) +/0 I(Th, Ty — t)\/b(t)dt.

Using the properties of I from (4.8.5) we find

Ti—T1 ~
W2(p7'7 QTl—T) < [(T7 Tl)W2(pT17 QO) + /0 I(Ta Tl - t) b(t>dt7

which yields the desired expression after a change of variables ¢’ := T} — t. |
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We now prove Lemma 4.4.4, which gives a well-known Holder continuity bound in Wasserstein
distance for the Ornstein-Uhlenbeck flow.

Proof of Lemma|4.4.4. Let X be a random variable with law p, and let be Z be a standard
Gaussian random variable that is independent of X. Then X, :=e¢ "X + V1 —¢727Z has
law p,. Using independence, we obtain

W2(p,pr) <E[|IX — X, ] =E[|(1 — e )X — VI— 2 2"]
= (L= e 7PE[IXP| + (1 - e E[|Z]’] < 7 M + 2rd,

which implies the result. |

As discussed in Section 4.4.1, to establish fast convergence of the approximate Langevin
dynamics in (4.4.1) we need a quantitative estimate for the log-Sobolev constant of pr,, which
is provided in the next result.

Lemma 4.8.3. Let (p:)i>0 be the law of the Ornstein—Uhlenbeck flow starting from a
norm-subgaussian random vector X. Then, p; satisfies a log-Sobolev inequality with constant

1
>
T 14 172|| X ||3ge 2

Crs(pr)

for all t > to := 1log(1 + 4[| X||3¢).

Consequently, for any 6 € (0, 1), the log-Sobolev constant of p, satisfies Crs(p;) > 1 — 9
whenever t > max (to, 3 log(172|]XH§G/5)).

The proof is based on the following recent result from [CCNW21, Thm. 2], which gives an
estimate for the log-Sobolev constant of Gaussian convolutions of sub-Gaussian distributions.

Theorem 4.8.4. Let i1 be a probability measure and o, Csq > 0 be such that

//ezzfﬁu(dx)u(dx’) < Csg- (4.8.6)

For all t > 02, the measure ju * v, satisfies a log-Sobolev inequality with the constant

o2 t — o2

t 2 2 !
CLs(,U, * 'Yt) Z <3t Lf— + Cstéo ‘| [1 + a log CSG]) . (487)

Proof of Lemma|4.8.3. Note that p, is the law of e7'X + /1 —e 227, with X ~ p and
Z ~ = independent. Consequently, p; = i * y1_o—2¢c, where u; denotes the law of e ' X.
Suppose now that 1+4|| X ||2¢ < € and define ¢ := v/2e7!|| X ||sg. Since 1 —e % —252 > 0,
we may proceed as in [CCNW21), Rmk. 3] and write

Pr = bt * Yag2 * V1_e—2t_942. (4.8.8)

We claim that y,; satisfies the assumption of Theorem 4.8.4 with Csq = 4 and ¢ as defined
above. Indeed,

flz—a’|? llx]|+ =" || 2
L Lo mtutdny < [ ] (o) (da)
(4.8.9)
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where the last step uses our definition of o. Therefore, an application of Theorem 4.8.4 yields
-1 -1
Cls(p * 7202) > [60*(2+ C)(1 +10g C)| > [860°] .

Using the subadditivity of C[g under convolution (cf. [WW16, Prop. 1.1]) and the estimate
Crs(71_e-2t_952) > Crs(y) = 1 from Lemma 4.7.1, we obtain using (4.8.8),

-1

1 1 -1
Crs(pe) > + > |860% +1|
Ls(p) Crs(pe * V202)  Crs(1—e21—202) [ }
which proves the first part of the statement. The second part follows immediately. |

Proof of Lemma |4.4.8. We proceed in two steps. Suppose first that p = J, for some = € R
Then p; = Ye-t40, is Gaussian with o 1= 1 — e~2t. An explicit calculation gives

d x||?
D (7 [ Veta00) = %, <€_2t||d” +oilogoy — oy + 1>. (4.8.10)

In the general case where p € R? has finite second moment, we condition on the initial value
using the disintegration formula

pe(dy) = /R e—tao (dy) pldz).
Using this formula, we employ the joint convexity of the KL-divergence and (4.8.10) to obtain
Dislrl1pm) = Dus (3] [, 2o tan dola) ) = Prc( [ v @) [ 30 o)
d (Ma(p) _o

< [ Dy 1etno) dp(a) = 5 (=526 + oilog o — oy 1),
Rd 204 d

where My(p) := [ ||z|* dp(z).

For the second claim, we use the scalar inequalities rlogr —r +1 < (r — 1)% for r > 0. Thus,
whenever e7* < 2, we have

Diayllpr) < 5 _de%) (Mi}p)e—” . ) . ( o)+ d)

This implies the desired result. |
We are now ready to prove Theorem |4.4.1.

Proof of Theorem 4.4.1. Note first that, by the triangle inequality for W5, we have

Wa(p, po) = Walp, gr—r) < Walp, pr) + Wa(pr, qry—r)-

The first term can be estimated with Lemma 4.4.4, the second with Proposition 4.4.3. Plugging
in these estimates gives

Walp. po) < VBT + L(T)Walprs,a0) + [ 1oty
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Therefore, to prove (4.4.3), it suffices to show that

2 (1-8)Ts
Wa(pry, @) < \/1—(5 (56_ 2+ 2<€MGF>~

To see this, observe that Cis(pr,) > 1 — 6 by Lemma 4.8.3: therefore, we can combine
(4.4.12) with Theorem 4.4.7 to deduce that

_(1-0)Ty

2
Wa(pry, qo) < \/1_5 (DKL(’V |pry)e = + 25MGF>.

Recalling that E[||X]|?] < 2|/ X||3¢ by (i) of Lemma 4.7.3, we can use the estimate
Dxr(v || pr,) from Lemma 4.4.8 to prove (4.4.3); an application of Cauchy-Schwarz in-

equality then gives (4.4.4). Finally, if we only know T} > élog<2 + 172X(|5|§G), then we can

instead estimate Dy, (pr, |7) < ¢, again by Lemma 4.4.8, which proves our claim in the

discussion on the role of T} after Theorem 4.4.1. [ |

4.9 Proof of Theorem 4.4.2

When starting an Ornstein—Uhlenbeck flow from a norm-subgaussian distribution, the distribu-
tion at time 77 will be norm-subgaussian too, and we can estimate its norm.

Lemma 4.9.1. Let (X;);>0 be an Ornstein—Uhlenbeck process (4.3.6) starting from a norm-

subgaussian random vector X. Then, if T} > log %, we have

1 X7 |lse < 3Vd. (4.9.1)

Proof. Let Z ~ 7 be independent of X. Then, X, is equal in law to e ™' X ++/1 — e 2117,
Consequently,

X llse = e X + V1= enz| <X s+ 1205 < 3V
SG
where in the last inequality we use Lemma 4.7.1 and the choice of T7. |

The following lemma gives an a priori estimate for V log pr, which can be used to correct
predictions of sy(77, ) that are far from the ground-truth.

Lemma 4.9.2. Let (pi)i>0 be the law of the Ornstein—Uhlenbeck flow starting from a norm-
subgaussian random vector X with law p. Fix0 < § < 1 and take T} > log(%d(HXHSG + 1))
Then, for all x € RY and i € {1,...,d}, we have

)
=i = 0, logpr, ()] < 5-(1+ o)

Proof. Let 1 be the law of e 71X and set 02 = 1 — e~21. By our choice of T}, we have

x| T (492)

<
SG — 16d 16d
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Notice that py, = 1 * 2. Therefore, for all x € R?, we can write as in [BGMZ18]

) = [ ero®) -t o1 utan) = oyt o (- (5wt )

where we set ,
log/ exp vzl wu(dz).
202

Taking the logarithm and differentiating, we find that

O;logpr, (x) = —lexi — O;Wy(x). (4.9.3)

Observe now that

fRd’fzz‘eXp( 202) (dZ) _ fRd|Zi”7$,o2(Z)H(dZ)
Jaexp(2F — L) u(dz) St Vo2 (2)a(dz)

020 W, ()| < : (4.9.4)

where, with some abuse of notation, v, ; denotes the density of a gaussian N (z,tI;). We

claim that O(1 4[|z u(dz
h 1+ ||z 4.9.5
/ |2i|Ye.02 (2)p(dz) < 7/ Va2 (2)1(d2), (4:99)
. 4d Rd

which we prove later. Using this bound in (4.9.4) we deduce that

(1 + [l]})
|81W0'<w)| — 4d0_2

Inserting this estimate in (4.9.3), it follows using (4.9.2) that

1—0 A+ al) _1+lz)[f 6\ o
|[=8ilog pr (2) — 2] < —5—|ai[ + =3 o? 16d) " 1d
)
< -1+ |z,

where in the last inequality we used that

(Y, 0 S T P
o? |\ 16d 4d| — 1 —e211 [ 256 d —1/2563d ~ 2d’
since 0 < § < 1 and 77 > log(16). This the desired estimate.

It remains to prove (4.9.5). To do so, we start by writing

/ Yooz (2)pu(dz) >/ 05)%02( 2)p(dz)
(=]l + )

202
(ll]| 4 0)*

202

> roy dexp - Jutz(0.9) (496)

> (2702) "% exp(— )[1 — 2 exp(—256)],
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where in the last step we use (i) of Lemma 4.7.3| and the estimate He*TlXH < 1% < 1%,

which holds in view of (4.9.2). We now split the integral in the left-hand side of (4.9.5) into
two terms that we will estimate separately. Set r = %. Then,

6(1 + l[])
i 2 < 2 < - = 77 5 )
/B(O’r)\zz!%,a (2)u(dz) < ?"/B(O’T) Va2 (2)p(dz) < ¥ /Rd Yooz (2)p(d2)

Therefore, recalling (4.9.6), to conclude the proof of (4.9.5) it is enough to show that

/B(o,r)c’2i|%,g2(2)/v‘(d2) < (S(l—gdnxn)[l — 2exp(—256)](27mz)7g exp (_W)

202

To do this, we write

@ro?)t [ el (2u(d) < / Nelluaz)

S N 7
25642 | P 52

26 5o ,
(8d<1+|| I+ a5 o) 0 (-400+ Lal)?)

35
20 (1 + o) exp (=401 + [l2])?),
2>

_8d

where in the second line we have used |(ii7) of Lemma 4.7.3. As ¢
and 3exp(—4) < [1 — 2exp(—256)], we have

by (4.9.2), 0 < 1,

1
2

3eXp(—4(1 + ||x||)2> < [1 — 2exp(—256)] exp (_(HxH—i—5)2>

202

for all z, which concludes the proof. [ |
We are now ready to move to the proof of Theorem 4.4.2.

Proof of Theorem |4.4.2. Notice that, thanks to Lemma 4.9.2 and to our definition of sy, for
all x € R we have

|V 10g pr () = Sp()|* < Z(l +IlzIl)’, (4.9.7)
[V 1og pr (x) = 5o ()| < ||V log pri () = so(Th, 7)1 (4.9.8)

As log(1 + ¢) < ¢, it suffices to show that

/Rd exp(ﬁHVlongl(x) - 55(:(:)H2) dpr,(z) < 1+e.

Now let us fix a radius R > 0, whose value we specify later. We will show that, for an
appropriate choice of R > 0,

/B(QR)C exp(5HVlogPT1 (x) — %(m)|]2) dpr, (z) < (4.9.9)

M\m

and
. 5
/ exp(ﬁ”VIong1 (r) — 39(:10)||2> dpr,(z) <1+ =, (4.9.10)
B(0,R) 2
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thus concluding the proof.

First, we consider (4.9.9). Notice that

exp (B town () = 55)?) < exp 5% 1+ )

52 52
< exp (225 ) exp 22 el

4552 2362

< (14227 exp 21
d

< 2exp g lel?)

< 2exp 184 x| ).

Here, for the first inequality we use (4.9.7); for the third inequality, we use that e* < 1 + 2s
for 0 < s <1 and the condition on [3; the condition on [ is used again for the last inequality.
Therefore, we deduce that

— 2 1
/ o P8IV 1081 (2) = Sal@) ) dpri () < 2 /. o eXp<18 el >de1<$)

_R?
< 8e 184,

where for the last inequality we use (iz) of Lemma 4.7.3 and Lemma 4.9.1. Therefore, picking

/ 16
R = 4/18dlog ~

readily gives (4.9.9). With this choice of R, we now consider (4.9.10). Let us define the
random variable

F = 5HV1ngT1(XT1> - §0/<XT1)||2]I{||XT H<R}7

where X7, ~ pp, as usual. We note that
L0 0 (Bl 0271, = 3l o (@) < E[e"].

It remains to estimate E[GF}, which we will do using Lemma 4.7.4. To show that F' satisfies

the conditions of Lemma 4.7.4, we check its boundedness. Using (4.9.7) and the constraint
on [ we obtain

0<F<55—2(1+R) <1 4368071 E M
=5 =0 184 8 '

Furthermore, using (4.9.8) and (4.4.7) we can estimate E[F]] by

2
E[F] < BE,,, [IIVlogpr, — so(Ti,)|P] < " +20%",
Notice also that
M _ o184163680° o—36557 < 166%5—366627

where we used once more the constraint on 3. We can now apply Lemma 4.7.4/ to deduce that

oo"—‘

16e1
34
which concludes the proof. ]

E[e"] — 1 < eME[F] < e <

[\D\F‘)
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4.10 Proof of Theorem 4.5.1

The first step of the argument in the proof of Theorem 4.5.1 consists in giving an upper bound
for ||p — pal|Tv which allows to control separately the errors originating from (i) taking Zy, as
an approximate sample from pr,, and (ii) approximating the reverse process with a discretized
scheme and with an L? accurate score. To do so, we follow the strategy of [CCL™23b| [CLL22].
Let us denote by S the Markov kernel which associates to a probability measure j the law of
the random variable Uy, where (U,), satisfies the true backward SDE initialised at y, i.e.,

UO ~ W,
{ dU, = U,dt + 2V log pr, _(Uy)dt + /2dB,.

In particular, we have p = pp,.S. Similarly, we denote by S the Markov kernel which corresponds
to following the approximate reverse process in (4.5.2) initialised at u. In particular, we have
po = on,S (recall that o, = law(Z)). The following chain of inequalities holds:

lp — pollrv = llpn, S — UN2S'HTV
< |lpn,S _pTl‘SA’HTV + HpTlg - UNQSHTV

S \/DKLO?TlS | p2S) + Ipn, ows v

S \/DKL<I?T15 HPT1§> +/Dxw(on, [ pr)-

(4.10.1)

In the above, we have used the triangle inequality for the total variation distance, Pinsker's
inequality and the data-processing inequality. This achieves the desired decomposition, so that
we can study the two processes (4.5.1), (4.5.2) separately.

Convergence of inexact Langevin algorithm.

To control the error term Dky,(on, || pry), we need to study convergence of the process (4.5.1).
This is done by adapting the results of [YYW23] to the case of a decaying step size. In
particular, we prove the following

Proposition 4.10.1. Suppose that Assumption |(A2) holds and pick 0 < ¢ < % and Ty >
% log (2 + 172% + 2%). Assume in addition that V log pr, is L1-Lipschitz and that s¢(T, -)
is Lo-Lipschitz, with Ly, Ly > 1. Then, for the inexact Langevin algorithm (4.5.1) with step

sizes hy, = m, we have that
16

Dxi(on, [ pr) S (

LiLy \? dl?
! 2) 2_ | Ever, (4.10.2)

Ny +1 Ny +1

where éyqr is defined in (4.5.3).

The proof is postponed to the end of this section. Using Proposition 4.10.1| gives the desired
upper bound for the second error term in (4.10.1), when using a decaying step size. For the
analogous result with a constant step size, see [YYW23, Thm. 2].
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Analysis of the reverse process.

It remains to give an upper bound for the error due to the discretization and approximation
of the score in the reverse process, corresponding to the first term in the right hand side of
(4.10.1). This has been analysed in a number of recent works, under different assumptions. We
recall in particular the following results, proved in [CLL22| building on the Girsanov framework
developed in [CCLT23b].

Lemma 4.10.2. Suppose that p has finite second moment and that V log p; is Li-Lipschitz
for t € [0,T1] with Ty, Ly > 1. Then, choosing a constant step size hk = Tl <1 gives
dL?T?

N,

Di (o 05) = .5 ) < T+
Inserting this bound in (4.10.1) concludes the proof of Theorem 4.5.1.

Proof of Proposition 4.10.1

The proof of Proposition 4.10.1] is based on the results of [YYW23], and in particular on
Lemma 6 therein, which upper bounds the relative entropy after one step of the inexact
Langevin algorithm and which we recall below.

Lemma 4.10.3 (Lemma 6 of [YYW23]). Let u, vy be probability measures with full support
that admit densities with respect to the Lebesgue measure. Suppose that i satisfies a log-
Sobolev inequality and let 0 < k < Cys(u). In addition, suppose that sy is an approximation
of Vlog u, that sg is Lo-Lipschitz and that V log u is Li-Lipschitz with Ly, Ly > 1. Set
Zy ~ vy and

Zl = Zo + hS@(Zo) + \/ﬁB

where B ~ N(0,1;) is independent of Zy and 0 < h < mm{ BL Iy 21}{} Then, letting
v = law(Z;), we have

Din(v || 1) < e " Dyp (v || 1) + 144L3L,dh? + 24dL2R2 + hg logE,, [e%Hse—VloguHQ

With this lemma at hand, we can prove Proposition 4.10.1.
Proof of Proposition 4.10.1. By the choice of T}, we have that Cis(pr,) > 1—0 >
particular, the step sizes (hy)r2," defined by

1

he = —————rr
© T 4L, Ly + BT

satisfy the constraint in Lemma 4.10.3| with © = pg, and sy = s¢(71,-). We can therefore
apply the lemma to deduce that, after each step of the inexact Langevin algorithm,
_1 .
Dv(0k11 | pry) < e 5" Dy, (o || 1) + 30dL5RE + hiéncr,

for 0 < k < Ny — 1. By iterating the above result we find that

No—1 N1

Diw(ow, || pr) < e # 20 g 30 {(30dL§h§+hiéMGF) e 8 Limin } (4.10.3)
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where we have also used that Dy, (0 || pr;) < 9 <1 by Lemma 4.4.8.

Now, notice that, for 0 < j < k, we have the bound

>

=7

dr = 161log ———>—16_ (4.10.4)

. /k+1 1 2411 Ly + 522
"= J; 24L L, + = 24L1L2+J1+61

and .
Pt > hy 24111y + 35 S 1

hy ~hy 24LiLy+L T2
Using this in (4.10.3), we find that

1>

Dxi(on, || pry)

UL Ly + L \?  Nezl 241, Ly + 2\
< 16 30dL2h? + h;é :
_<24L1L2+Ni§ 1) R hver) \gip e

2

2 9 Na—1 2 No—1 hN
<" | +30dL2 Y h2 0 g Evar Y. hi
1 T 384]2# ;] hl2+1 Z hi+1
2 ? (4.10.5)
2 N,
<[ —"—| +120dLiN; - | ——— | +2¢ R
U+ mirs w <Q4L1L2 + Q%) MOE S oL Ly + N
2
2 dLQ
<| —T— | +30720—2- 4 32¢
=115+ 3845}[/# NQ +1 MGF
Ly Ly )2 dL? 3
<
(N2+1 +N2—}-1+€MGF’
This concludes the proof of the proposition. -
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CHAPTER

Heat flow, log-concavity, and Lipschitz
transport maps

This chapter corresponds to the preprint [BP24].

In this paper we derive estimates for the Hessian of the logarithm (log-Hessian) for solutions
to the heat equation. For initial data in the form of log-Lipschitz perturbation of strongly
log-concave measures, the log-Hessian admits an explicit, uniform (in space) lower bound.
This yields a new estimate for the Lipschitz constant of a transport map pushing forward
the standard Gaussian to a measure in this class. Further connections are discussed with
score-based diffusion models and improved Gaussian logarithmic Sobolev inequalities. Finally,
we show that assuming only fast decay of the tails of the initial datum does not suffice to
guarantee uniform log-Hessian upper bounds.

5.1 Introduction

Let d > 1. We say that a function V: R? — R U {400} is a-convex, and that a probability
density p € L (R?) is a-log-concave, if, respectively, z — V() — 2||z| is convex, and
p(x) = e V@ for some a-convex function such that [pae ™V @dr =1. Incase a =0, p is a
log-concave probability density; if & > 0, u is strongly log-concave. We also consider the heat

flow over R?:
{ f=3Af1,

5.1.1
lim o f(t,-) = p. ( )

Taking i = ¢y, the Dirac delta centered in zero, then the fundamental solution to (5.1.1) is
ft,2) = p(z) = (2mt)~ Y2 e Iel/2t

where -, is the isotropic Gaussian density with zero mean and covariance matrix equal to t1,.
Any other solution to (5.1.1) is then given by pu * 7y, where x is the symbol of convolution:
(91 % g2)(z) = [ga g1(x — y) g2(y) dy. Denote by (F;); the corresponding heat semigroup, i.e.

Pip:=p*xy, t>0, (5.1.2)

which is induced by the flow of (5.1.1). As solutions to (5.1.1) are Gaussian convolutions of
the initial datum g, it is expected that those would inherit some features from the Gaussian.
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There is a vast literature on the subject, which can be roughly classified into three types of
results.

(1). Properties holding as soon as ¢t > 0. For example, for all ¢ > 0, f(¢,-) is smooth [Eva22].
(2). Asymptotic behaviour, in the limit t — oo, for which we refer to [BE8S, [DT15| Vaz17].
(3). Properties which are satisfied by f(t,) for ¢t > T, after a finite time 7" > 0.

5.1.1 Log-concavity in finite time

Observing that the fundamental solution to (5.1.1) is log-concave for all t > 0, we pose the
following, in the spirit of (3).

Question. Given a probability measure ;. on R?, does there exist a time T > 0, such that the
solution f(t,x) to (5.1.1) is log-concave for t > T"?

In general, we cannot expect instantaneous creation of log-concavity, as suggested by the
example = 1(0(1) + 6(—1)) € P(R), see [Bri23]. In addition, some hypotheses on the
behaviour at infinity of 4 shall be required, as suggested by [Her99]. On the other hand, our
question has a positive answer in two known cases.

» If u is already log-concave, the solution to (5.1.1) is log-concave at all times, see
[SW14, [Pre73, [Lei72l, BL76]. Then, by the semigroup property, if a solution to (5.1.1)
is log-concave at a time 7" > 0, this property will be propagated to all ¢ > T.

= If 1 is supported in B(0, R), then f(t,-) is log-concave for all t > R?, as pointed out
first in [LV03]. More precisely, in [BGMZ18] it is shown that for all ¢ > 0

9 1 R?

—V=log(p * ;) = : 1—— I (5.1.3)
One aim of ours is to extend the class of measures for which creation of log-concavity in
finite time holds, beyond the compactly supported case, motivated also by the series of papers
[IST21] IST22, Ish23, IST24], concerning various concavity property of solutions for the heat
flow.

An analogous question can be posed in the context of functional inequalities satisfied by the
Gaussian distribution. Starting from the case of compactly supported measures, previously
analysed in [Zim13, WW16, BGMZ18|, Chen, Chewi, and Niles-Weed prove in [CCNW21]
that if u is subgaussian, i.e. for some ¢, C > 0

/R el ) < K (5.1.4)

then the solution p; := f(¢,-) dz to (5.1.1) satisfies a log-Sobolev inequality, for ¢t > T'(¢, K).
Moreover, the subgaussianity assumption is also necessary. Indeed, if pr satisfies a log-Sobolev
inequality for some 7" > 0, then ur is also subgaussian [BGL14, Prop. 5.4.1], which implies
that y is subgaussian in the first place. On the other hand, strongly log-concave measures do
also satisfy a logarithmic Sobolev inequality, see [BE85]. Then, one might wonder if (5.1.4)
would be sufficient for a measure to become log-concave along the heat flow. The following
theorem implies that this is not the case.
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Theorem 5.1.1. For all non-decreasing function W: R>o — R, there exists an explicit
probability measure on R such that

v [pe?@p(dr) < oo;
= for allt >0, infxeR{—j—; log 1 * %} - —0.
Remark 5.1.2. Similar conclusions hold in arbitrary dimension, as it can be seen by considering

the product probability measure (1 X 69 X ... X 0y, with y given by Theorem 5.1.1.

Our result shows that the creation of log-concavity cannot be guaranteed by assuming only
some control on the tails of the distributions ;. Therefore, we restrict our analysis to a
perturbation regime, i.e. we take measures ;1 which are close to being strongly log-concave,
and we show that they become log-concave after a finite time along (5.1.1). More precisely,
we prove the following

Theorem 5.1.3. Suppose that ;1 = e~ V1) € L1 (R?), where V: R? — R U {400} is
a-convex and H: R? — R is L-Lipschitz for some o € R, L > 0. Then for every t > 0 such
that at +1 > 0 we have

2
1 1( L 1 1
—l1-= I, < -V < -1, 515
t t(Oé+1+ a‘i‘i) d Og(lu*%f) td ( )

2
In particular, for o > 0 and t > (§ + \/g) , we have that p x v, is strongly log-concave.

Equation (5.1.5) goes beyond the problem of log-concavity, yielding interesting consequences,
as explained in the next subsections.

5.1.2 Application to Lipschitz transport maps

In a seminal paper [Caf00], Caffarelli showed that the Brenier map [Bre91] from optimal
transport between the standard Gaussian v and an a-log-concave probability measure p is
(1/y/«)-Lipschitz. This result is useful because Lipschitz transport maps transfer functional
inequalities (including isoperimetric, log-Sobolev and Poincaré inequalities) from a probability
measure to another one, and it is typically much easier to prove these inequalities for the
Gaussian measure in the first place. For example, suppose that a probability measure j4 satisfies
the log-Sobolev inequality LSI(C') for some C' > 0, i.e. for all regular enough probability
measures p << (4

" du, (LSI(C))

dp dp
P og P du < 2 /‘ J
/du ogdudu_ C [ |Vy/dp/du

where the two sides of the inequalities go under the name of relative entropy and relative Fisher
information, respectively. Suppose, furthermore, that 7: R — R? is L-Lipschitz and consider
the pushforward probability measure v := T'#pu. Then, v satisfies LSI(L? - C'). Therefore,
Caffarelli's result (together with the Gaussian LSI [Gro75]) immediately implies that strongly
a-log-concave probability densities satisfy LSI(1/«), recovering the celebrated result by Bakry
and Emery [BE85]. Further details and many more applications of Lipschitz transport maps
are discussed in [MS23] [CEQ2] and the references therein.
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More recently, Kim and Milman [KM12] generalized Caffarelli's result by constructing another
transport map, which is obtained by reverting an appropriate heat flow, and is referred to
as the heat-flow map (notation: T™°"). Other Lipschitz estimates for this transport map
were then provided in [MS23], where the authors considered different types of assumptions
on the target measure v (namely, measures that satisfy a combination of boundedness and
(semi-)log-concavity and some Gaussian convolutions).

Several works dealt with the study of Lipschitz transport maps [KP21}, [CF21, IDGH™23, [MS21]
She24, [CFJ17, [CES24]| [CP23]; the recent paper [FMS24] in particular considers an analogous
class of target measure as in the present contribution. For comparison, we recall below its
main result in the Euclidean setting.

Theorem 5.1.4 ([FMS24], Theorem 1). Let = e~ V*+H) 1 = ¢~V be probability densities
on RY such that for all x € R? we have

IVH| <L, VV(@)>al, |[VV(@)(ww)|<K  foralwes'

for some o > 0, L, K > 0. Then, there exists a transport map T: R¢ — R? such that

TH#Hv =p and T is exp(% + MTZL + 2L£>—Lipschitz.

Since Lipschitz transport maps can be composed, this result (coml:iined with Caffarelli's
theorem [Caf0Q]) implies in particular the existence of transport map 7" such that T#y = p
and T'is Lipschitz with constant

1 5L 5yrL LK
. 5.1.6
\/anp< o Va +2a2> (5.1.6)

On the other hand, we will prove in Section |5.3| that our Theorem 5.1.3/ implies new upper
bounds on the Lipschitz norm for the heat-flow map from v to u.

Theorem 5.1.5. Let iy = e~ V*+) € L1 (RY) be a probability density on R? such that V is

a-convex for o > 0 and H is L-Lipschitz for L > 0. Then, there exists a map T : R? — R?
. 2 . .

such that T4~ = 1 and T is ﬁ exp(g—CY + 2%)—L/psch/tz.

Remark 5.1.6. Consider the case where d =1, V(z) = 32? and H(x) = L|z| + log(Z) for

a normalizing constant Z, so that the assumptions of Theorem |5.1.5 are satisfied with oo = 1.

Then, it was observed in [FMS24] that the Lipschitz norm of any map T such that T#~ =

2
is at least ¢'s . Hence, the dependence on L? in Theorem 5.1.5 is sharp.

The estimate for the Lipschitz constant of 71" in Theorem 5.1.5/ improves in particular on
the value in (5.1.6), yielding the best available bound in this setting. Moreover, Theorem
5.1.5 does not need any assumption on V3V,

On the technical side, in Theorem 5.1.5 we transport directly v to u via the heat-flow map,
and our proof only exploits elementary log-Hessian estimates for the heat semigroup, as in
Theorem 5.1.3. On the other hand, [EMS24] employs a construction based on reverting the
overdamped Langevin dynamics targeting the measure v = e~V this requires estimates for the
corresponding semigroup (cf. [EMS24, Proposition 2]), which is less explicit and needs more
sophisticated arguments. We remark that the results of [FMS24] are of independent interest,
due to the construction of a Lipschitz map transporting v to u therein, and the extension to
some non-Euclidean spaces.
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5.1.3 Score-based diffusions models and the Gaussian LSI

To further motivate our results, we briefly describe here two more applications of Theorem
5.1.1 and 5.1.3l

Score-based diffusion models A similar construction as in Section 5.1.2, based on reverting
an ergodic diffusion process, has also recently found application in the machine learning
community, within the framework of score-based diffusion models [SSDK™21) [HJA20]. Let
11 be a probability measure, from which we want to generate random samples. Consider the
Ornstein—Uhlenbeck process (initialized at 1)

Xo~p,  dX,=—X.dt +V2dB,,

and denote by (); the associate semigroup, i.e.
Quf (z) = /f(e_t:(: +V1-— e—Qt)y(x) dx. (5.1.7)

The key observation is that this process can be reverted, i.e. for 77 > 0 the reverse SDE
dp
Yo ~ law(Xp,),  dY, = =Y, dt +2Vlog Q, & (Y;)dt + /2d B, (5.1.8)

is such that Yy, ~ pu, see [And82, [CCGL23| ISSDK™21]. Therefore, one can simulate the
process (Y;); until time T} to sample from px. A common assumption in theoretical works

aimed at analysing this method is some control on the Lipschitz constant of V log Qt@—’;)

[CCL™23al ICCLT23b, [CLL22] or on the one-sided one [KFL22, [PMM24]. These assumptions
are indeed useful to control the discretization errors when employing a numerical scheme to
simulate the process or some sort of “contractivity” along the reverse dynamics. On the one
hand, Theorem 5.1.3 enlarges the class of distributions p for which these assumptions can be
justified, by implying bounds on the Hessian V2 log Qt<%> (cf. Corollary 5.3.2), beyond the
setting where the initial distribution i has bounded support.

On the other hand, Theorem 5.1.1] shows that, for some distributions p, such assumptions can
be too restrictive. Thus, complementary analysis is needed, as done in [CDS23| BDBDD23,
CLL22].

Improvements in the Gaussian LSl The standard Gaussian measure ~y satisfies LSI(1).
Henceforth, let v < v be a probability measure, and set u? := % € L'(~): then

1
/IR{d IVul? dy — B /Rd u? logu®dy >0, ifu € H(dy). (~v-LSI)

The Gaussian logarithmic Sobolev inequality was written first in [Gro75], although it can be
deduced from [Sha48]. The related literature is wide: see [BDS23b] for a recent review, and
[RV08| [Car91] for accurate historical comments. The constant C' = 1 is optimal, with extremal
probability measures belonging to M = {v,;, = e®*®2) 5 a € R, b € R}, according to
[Car91]. Then, one may investigate whether the constant in the Gaussian LSI can be improved
on a subclass of measures v, under orthogonality constraints. Contributions in this direction
appear in [FIL16, BDS23b], and they are closely related to stability inequalities, for which
the reader may refer to [DEFT22, IDEFT24, BDS23a, [BDS24, [K21], and references quoted
therein.
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In [BDS23b, Theorem 1], an improved Gaussian LS| is shown: for all ¢, IC > 0, there exists a
constant (e, K) > 0, such that for all probability measures v = u? v satisfying [pa xv = 0,
and (5.1.4), we have

1
/ |Vul?dy — = / u? logu® dy > 77/ (Vul? dy, if u e H'(dy). (5.1.9)
R4 2 Jgrd R4

The core of the proof for (5.1.9) is showing that — after a finite time 7' > 0 — the solution
f(t,-) = v=*y to (5.1.1), starting at v, satisfies a Poincaré inequality:

/]Rd o(x)? f(t,x)dr — </]Rd o(x) f(t,x) d:zc)2 < Cp /]Rd |Vo(2)|* f(t, ) dr,

for all functions p € H'(f(t,) dz), and some constant Cp > 0. Condition (5.1.4) guarantees
such a Poincaré inequality in finite time, see [CCNW21|]. Then, [FIL16, Theorem 1] applies,

and an improved inequality like (5.1.9) holds for u(T,-) = +/f(T,-)/~, after a finite time.
The proof is completed by integrating backwards in time via [BDS23b, Lemma 2].

= We notice first that, if v = e~ (V+#) is a log-Lipschitz perturbation of a strongly log-
concave measure, then the ideas of [BDS23bl, Theorem 1] apply, since (5.1.4) holds true.
Alternatively, one could estimate the Poincaré constant of f(¢,-) = v %y, for any t > 0,
either via the Lipschitz transport map of Section 5.3, or by a perturbation argument
[CG22], and apply [FIL16, Theorem 1]. Finally, one can optimise the resulting constant
in (5.1.9) over the parameter ¢ > 0.

= The scheme of proof for [BDS23b, Theorem 1] can be adapted to measures v = u? dy
which become a-log-concave in finite time along (5.1.1), for & > 0. In this case, the
Poincaré inequality is given by the Bakry-Emery method [BES5].

= The same can be done for measures v which become just log-concave (a = 0) in finite

time along (5.1.1), provided an a priori bound on the second-order moment . |z|? v,
see [Bob99] and the discussion of [BDS23bl Section 2].

5.1.4 Structure of the paper

The proof of Theorem 5.1.3|is given in Section 5.2, followed by Subsection 5.2.1, where
sufficient conditions in order to apply Theorem [5.1.3 are discussed. In Section 5.3, we detail
our main application to the existence of Lipschitz transport maps, with the proof of Theorem
5.1.5. Finally, in Section 5.4, we prove the negative result for the creation of log-concavity in
finite time, namely Theorem 5.1.1.
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5.2. Log-Lipschitz perturbations of log-concave measures: proof of Theorem 5.1.3

5.2 Log-Lipschitz perturbations of log-concave measures:
proof of Theorem 5.1.3

Let 1 be a probability measure on R?. For ¢t > 0 and z € R¢, define the probability measure

,uz,t by
(2 x |lz]?
[zt X €Xp| —— —

t 2t

)mx) o poa(@)ule), (5.2.1)

where v, is the Gaussian density with mean z and covariance matrix tI;. We will make
frequent use of the following well-known probabilistic characterization of the Hessian of
log (1 * ), cf. [BGMZ18| [KP21]:

1 Cov,,,
—V2log(p* ) (2) = n ([d - t’”) (5.2.2)

Consequently, bounds on VZlog(u * ;) are given by bounds on covariance matrices. For
this purpose, we provide the following lemma, which gives an upper bound for the covariance
matrix of a probability measure y in terms of the covariance of another probability measure v
and of the Wasserstein distance between the two.

Lemma 5.2.1. Let i, v be probability measures on R%. For any unit vector w € S%~1

(w, Cov, w) < (Wg(u,u) + 4/ (w, Cov,, w)>2. (5.2.3)

Proof. Let (X,Y) be an optimal coupling for Wy (1, v). Fix a unit vector w € R? and let
Xy = (w,X) and Y,, :== (w,Y’). We have that

(w, Cov, w) :]E{(X - E[X, ])2}
< E[(X, — E[Y.]) ] = E[(Xy — Yo + Yo — E[Y])?]

< <\/E[(Xw \/E Y, — E[Yy]) D (by Cauchy-Schwarz)

< <W2(u, +\/IEJ Y, — E[Y])D :<W2([L,l/)+ <va0Vuw)>2'

Proof of Theorem5.1.3. The upper bound in (5.1.5) is well known, and holds for arbitrary
probability measures p (cf., for example, [EL18, Lemma 1.3]); alternatively, it follows from
(5.2.2) and the fact that covariance matrices are positive semidefinite. Let us then turn to
the first inequality. Fix ¢ > 0 and z € R Define the probability density v,, € L’ (R
by v.; o e Vv, Notice that v,; is (a + %)—Iog—concave: therefore, Cov,,, < oa%l]d
by the Brascamp-Lieb inequality [BL76] (cf. also [EL14, Lemma 5]). Moreover we have
ey o< e Hu, 4 it follows from [KMP24, Corollary 2.4] that

L

oz—i—%'

WQ(,UZ,ta Vz,t) S Woo(,uz,ta Vz,t) S
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We are now in position to apply Lemma 5.2.1: for any unit vector v € R? we have

2
<U, COV,uz,z U> < (WQ(/*’LZ,t7 Vz,t> + <U7 COVVz,t U))

2
L 1
< T+ T -
Oé—i-; Oé+;

2
This shows that Cov,,_, < ( L+ ‘/a—+1-1> I4, and the conclusion follows from (5.2.2). W

a+

Remark 5.2.2. In the proof of Theorem 5.1.3, we estimated from above Wy (1,4, v, +) with
the L>°-Wasserstein distance Woo(pi,t, V2t). Alternatively, we could have achieved the same

conclusion as follows, using that v, , satisfies LSI(#H). First, a transport-entropy inequality

[OV00] allows to estimate W(j1.4,v.4) in terms of the relative entropy of ., with respect
to v,,, then, the relative entropy is bounded from above by the relative Fisher information
using the logarithmic Sobolev inequality of v, ,, finally, the relative Fisher information is easily
estimated using that ji,; e_HyZ,t and H is L-Lipschitz.

5.2.1 Sufficient conditions

By Theorem 5.1.3, log-Lipschitz perturbations of strongly log-concave measures become
log-concave in finite time along (5.1.1); by Theorem [5.1.5, they are the pushforward of
the Gaussian measure via a Lipschtzt transport map. The purpose of this subsection is to
give sufficient conditions for a measure i to be a log-Lipschitz perturbation of a strongly
log-concave measure.

Example 5.2.3. Suppose that ;i is a probability measure supported on the Euclidean ball
B(0, R) for some radius R > 0. Then, proceeding as in [BGMZ18], for any s > 0 we can
write

poxys =e
where H: R* — R? is £-Lipschitz. By 1-log-concavity of ~,, Theorem 5.1.3 applied to i ~,

and t > 0 yields that )

2
1. 1{ R/s 1 , 1
—|1—-- — I; < —-V7l s) 1.
t t(l/s—|—1+ 1/3+1) ¢ 08K * Tits) t+s

By letting s — 0, we recover the classical estimate

1 R? 1
" (1 — ) Iy < =V2log(p*v) < < 1a,
t t t
cf. [BGMZ18, Sec. 2.1]. In this sense, we can say that the class of densities considered in
Theorem 5.1.3 contains both log-concave ones (taking L = 0) and the ones with bounded
support.

Consider now a probability density y = e~V € L. (R?) for some U € C?*(R?). The following
result asserts that, if we have a uniform positive lower bound for the Hessian of U outside some
Euclidean ball, then we can rewrite 1 as a log-Lipschitz perturbation of a strongly log-concave
measure.
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Lemma 5.2.4. Let U € C*(R%) be such that for some o, 3, R > 0 it holds that

ViU (x) = aly if |z|| > R,
V2U(z) = —pI;  if|z| < R.

Then there exists V, H € C*(R?) such that U =V + H, V is a-convex and H is 2(a + 3) R-
Lipschitz.

Proof. Let H: R? — R be defined by

—H(z) = (a +B)Hx”2 if [z < R,
2(a+ B)R||z|| — 2(a + B)R?  if ||z| > R,

and set V(z) = U(x) — H(z). Then we have that U =V + H, V € C*(R?) is a-convex and
IVH|| < 2(a+ B)R, as desired. [ |

The above lemma can be useful to study linear combinations of strongly log-concave densities,
via the following

Proposition 5.2.5. Consider a measure . = Zf\il a; e Vi for some N > 0, weights a; > 0
and potentials U; € C*(R?) such that e”Yi € L} (R?%). Assume VU, = K1, for all i and
some K > 0. Then
Zi>j OéiOéje_Ui_Uj (VU,L — VUJ')(X)Q

112

U, — \®2

o K1, — Z (V VU]) ‘
57 (24 el 4 Qi)

~V2log pu = KI; — (5.2.4)

(5.2.5)

Proof. Notice that
—V2log p=p (V@ Vi — uVep).

Set p1; := a;e™Y so that = SN | y;. By construction

Then,
®2
2 (SN, VUim) = (N, ) (S (= VUi + VU; @ VU ;)
—V7log p = 2
uXN VU s — Sy pi iy (VU; @ VU, — VU, @ VU;)
_ u2
C K, Yisj ity (VU; = VU;)#?

12

which shows (5.2.4). The crude estimate

N
Pe = = 20 g+ i 4 s for i £

I,m=1

then gives (5.2.5). [ |
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From the above proposition, it is clear that when the right-hand-side of (5.2.4) is uniformly
positive definite outside a Euclidean ball, then by Lemma 5.2.4/ we can recast p as a log-
Lipschitz perturbation of a strongly log-concave measure. Therefore, the assumptions of
Theorem [5.1.3 are satisfied, and 1 * +; becomes strongly log-concave in finite time along the
heat flow (5.1.1). We illustrate this in the following example, where i is a finite mixture of
Gaussians in dimension 1.

Example 5.2.6. Let 1 be a linear combination of one-dimensional Gaussians, i.e. p =
Zfil a; e Ui for some N > 2, weights o;; > 0 and potentials U; of the form

Ui(z) = (- m) ;nl)

03

for some m; € R, o7 > 0. Without loss of generality we can assume that U; # U; fori # j.
By Proposition |5.2.5, we have that

(Ui = U;)?
—wlogﬂkﬁ—z ’

; U aj U\
max; o; (2 + SieUi~Ui 4 2ieli U]>

It is then not difficult to see that the argument of the sum in the right-hand-side converges to
0 as |z| — oco. By the previous discussion, it follows that the assumptions of Theorem 5.1.3
are satisfied for some L, > 0: hence, a finite linear combination of Gaussian densities on R
becomes strongly log-concave in finite time along the heat flow.

5.3 Lipschitz transport maps: proof of Theorem 5.1.5

Construction of the heat-flow map. Let ;€ L) (R?) be a probability density on R%.
Assume, furthermore, that p has finite second-order moment. We begin by sketching the
construction of the heat-flow map, and refer the reader to [KM12, IMS23] for details. The
idea is to interpolate between y and v along the Ornstein—Uhlenbeck flow

Xo~p,  dX;=—X,dt +/2dB,. (5.3.1)

Let us denote by ); the associated transition semigroup (5.1.7) and by p; the law of Xj.
Then, u; satisfies the Fokker—Planck equation

d
O — V- [,utVlog Qt (;)] =0.
2

Correspondingly, we can consider the flow maps (S;):>o obtained by solving

So(w) = , gSt(x) = —Vlog Qt(iilf;)

dt
for all z € RY. Under some regularity assumptions (cf. [KM12, IMS23| [OV00, Vil03]), this
defines a flow of diffeomorphisms such that S;# = ji;; conversely, T, := S; ' is such that

Ti#11; = p1. The heat-flow map is then heuristically defined by 7% = lim,_, ., 7} and is such
that TM°%4~ = ;1. To make things rigorous, we recall /adapt the following result from [MS23].
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5.3. Lipschitz transport maps: proof of Theorem 5.1.5

Lemma 5.3.1. Suppose that € L. (R?) is a probability density with finite second-order
moment. Suppose, furthermore, that for all t > 0 there exist 0", 0" € R such that

0", < V? loth< 7) < 071, (5.3.2)

and for all s > 1

sup max{\@{""’L ]9t’"ax|} < 0.
%<t<s

Then, provided that L := limsup,_,. [1 0™dt < oo, there exists a map T: R? — R? such
t
that T#~ = u and T is e*-Lipschitz.

Proof. Notice first of all that u; is a smooth density for every ¢ > 0. Fix s > 0: by the
assumptions in the Lemma and by [MS23, Lemma 2 and 3] there exists a map 7 which
is exp(ﬁ o dt) Lipschitz and such that T, #us = fi1. Since ps — v and py = in
Wy-distance (hence weakly) as s — oo, the conclusion follows from [MS23, Lemma 1. m

New estimates. In view of Lemma 5.3.1, the goal is to provide estimates on V2 log Qt(‘;—’;),

for some classes of probability measures i on R?. The Ornstein—Uhlenbeck semigroup @,
is related to the heat semigroup P, in (5.1.2)) by the identity Q,f(z) = Py_.—2 f (e x) for
f € L'(v). Combining this with Theorem 5.1.3 yields the following

Corollary 5.3.2 (Corollary of Thm. 5.1.3). Let u = e V=" € L! (R?) be a probability density
on R? such that V is a-convex and H is L-Lipschitz, for some o, € R, L > 0. Then for every
0 < t such that at +1 > 0 we have

1

dp
2
T I1 V7 log Q; (ch)

-« 22 2Le* A3
S (a(e” -1)+1 * (a(e? —1)+1)2 + (e2 — 1) (afe2 — 1) + 1)3/2\5 #)

Proof of Theorem 5.1.5. We integrate the upper bound in (5.3.3). An elementary computation
using the change of variable 7 = ¢* — 1 shows that

00 11—« 2tL2 2L€2t
L o + e dr
0o \aEe—-1)+1 (a(e®*—-1)+1)2 (€2 — 1) (au(e2 — 1) + 1)3/2

©/f1—-a« T+1 T+1
= L? 2L
/0 (Toz—|—1+ (7'04+1)2+ Toz+13/2>27'+1 ’
1 L? L
— e Nl
og(oz)—l—%(—l-

2 Va

The desired conclusion then follows from Lemma 5.3.1. |
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5.4 The negative result: proof of Theorem 5.1.1

Before proving the actual theorem, we give some heuristics behind the proof. The leading
idea is the following. If one considers (5.1.1) with i = d, then the solution is immediately
log-concave for t > 0. However, this behaviour is not stable.

Proposition 5.4.1. Fix o € R. Let u= %%50 + a%ﬂéxo, for some o, 3 > 0. Then, pu* y;

is log-concave (if and) only if t > 1a3.
Proof. We prove only the only if part, since the other implication follows directly from (5.1.3).
It is not difficult to see that with zq,t, o, 5 > 0 fixed, there exists z € R for which

z2 (z—x()?
0467% = 6@7 2t

Then, using (5.2.2), we have that
d? 1 3
(T loguxm)(2) = t( - 475)7
which is negative if ¢ < z2/4. |

From equation (5.1.3) we see that a compactly-supported distribution becomes log-concave
along (5.1.1) after a time T'= O(R?). Proposition 5.4.1 gives a simple account of this time
scale being correct. In addition, we see that the time needed for the measure p of Proposition
5.4.1 to become log-concave along (5.1.1) does not depend on the mass of the perturbation
dz,- Exploiting these observations allows us to create mixtures of Dirac deltas with arbitrarily
thin tails, which never become log-concave along (5.1.1).

Proof of Theorem|5.1.1. For i > 0, set x; = i(’;l) > 0. Define the probability measure p on
R by
s (xZ)(S
x e .
a ; (i +1) i

and let X ~ p. It is immediate to check that E[e‘l’(x)] < 0o. Let us now fix ¢t > 0. Recall

from (5.2.2) that
d? 1 Var i, ,
—ﬁlogﬂ*%@) = t(l - t)’

where

N

zz _x” > 1 —( .)Jrﬁ,ﬁ
i(r) et T2 pu(x) o« , e T TR, .

Therefore, it suffices to prove that, for every M > 0, there exists z such that Var pu,, > M?.
To this end, fix M and choose j > V2M so that

o —xj " = 5 = 2MP.
To conclude, it suffices to show that there exists z € R such that
1
pa([0:251]) = 5 = pzi([25, +00)). (5.4.1)
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5.4. The negative result: proof of Theorem 5.1.1

Indeed, the above implies that Var u,; > M?. Notice now that (5.4.1) is equivalent to finding
a solution to the equation F'(z) = 0, where

‘7_1 ) zT; T2 0 ) zT; T2
Vo+=t -5 — V(@)+= =5, 5.4.2
> D e (542)
It is straightforward to check that F'(0) > 0, e.g. using that 1 > >-° (G5B and that ¥ is non-
decreasing. Moreover, F' is continuous, since for any compact mterval [a b} C R, the series in
(5.4.2) converges uniformly in C([a, b]). To conclude, we show now that lim,_,,, F'(z) = —o0.
To this end, notice that
2T _q 1 22 L.
F(2) < e YO+ — _ ef\p(mj)72—§+73
#=) G+ 17
(G +1)? ’
which vyields the desired conclusion since 5 > 0. |
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CHAPTER

L°°-optimal transport of anisotropic
log-concave measures and exponential
convergence in Fisher’s infinitesimal
model

This chapter corresponds to the preprint [KMP24].

We prove upper bounds on the L>°-Wasserstein distance from optimal transport between
strongly log-concave probability densities and log-Lipschitz perturbations. In the simplest set-
ting, such a bound amounts to a transport-information inequality involving the L°°-Wasserstein
metric and the relative L>°-Fisher information. We show that this inequality can be sharpened
significantly in situations where the involved densities are anisotropic. Our proof is based
on probabilistic techniques using Langevin dynamics. As an application of these results, we
obtain sharp exponential rates of convergence in Fisher's infinitesimal model from quantitative
genetics, generalising recent results by Calvez, Poyato, and Santambrogio in dimension 1 to
arbitrary dimensions.

6.1 Introduction

Upper bounds on transport distances to log-concave probability densities play a central role
in the theory of optimal transport and in applications in high-dimensional geometry and
probability.

One fundamental example is Talagrand'’s inequality [Tal96], which provides a remarkable upper
bound for the 2-Wasserstein distance to the standard Gaussian measure . For all probability
measures v having finite relative entropy Dy, (v || v) = [log j—f{(m)du(m), Talagrand's inequality

asserts that Ws(v,y) < 1/2Dkr(v || 7). More generally, Otto and Villani [OV00] showed that

Walv, 1) < iDKL@ ) (6.1.1)

for all v, whenever 1 satisfies a logarithmic Sobolev inequality with constant x > 0. This
includes in particular the class of all k-log-concave densities. (A probability density y is said
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to be k-log-concave for some x € R, if u = e~V where U : R — R U {+0c0} is k-convex;
i.e., x> U(z) — §|z|* is convex.) The main reason for the great interest of this inequality is
that it implies dimension-free Gaussian concentration for p.

Another seminal result of a similar flavour is Caffarelli’s contraction theorem [Caf00], which
asserts that any 1-log-concave probability density 11 can be obtained as the image (or push-
forward) of the standard Gaussian measure ~y under a 1-Lipschitz map T : RY — RY. In fact,
the optimal transport map for the Ws-distance (the so-called Brenier map) does the job. This
theorem is a powerful tool to transfer functional inequalities from the Gaussian measure to
the large class of 1-log-concave measures.

6.1.1 L°°-optimal transport of log-concave densities

This paper deals with yet another class of bounds on the transport distance to a log-concave
reference density, involving the transport distance W, instead of the more common distance
W,. For probability measures p, v on R?, W, (11, v) can be defined in probabilistic terms by

—

Woo(p,v) = n}f/ { esssup | X (w) — Y(w)\} ,

weN

S

where the infimum runs over all R%valued random vectors X and Y defined on the same
probability space (€2, F,P) with law(X) = p and law(Y') = v.

Our goal is to obtain quantitative bounds on the transport distance W, (u, ) to a log-concave
reference density p for a large class of measures. The following result is a prototypical example,
which we obtain as a consequence of our main result; see Corollary 6.2.4 below.

Proposition 6.1.1. Let ;1 and v be probability densities on R%. Suppose that i is k-log-
concave for some k > 0, and that v = ey, where H € C(R?) is L-Lipschitz for some
L < oco. Then:

Weo(p,v) < —. (6.1.2)

= |

This bound is sharp, as can be seen by considering two shifted isotropic Gaussian measures.
Under the more restrictive assumptions that both densities ;4 and v are k-log-concave, supported
on a Euclidean ball and bounded away from 0 on it, such a bound was recently proved in
[CPS23| Prop. 3.1] by completely different methods.

Proposition |6.1.1 can also be formulated as a functional inequality involving the L*° relative
Fisher information Z..(v || i) defined by

dv
To(v|p) = |v1 ()
wilw = |Vios( 5
for sufficiently regular densities v < p. Indeed, Proposition 6.1.1 asserts that any probability
density u € L}F(]Rd) that is x-log-concave for some x > 0 satisfies the L°° transport-information
inequality

Lo (R4, )

1

for all sufficiently regular probability densities . This inequality can be viewed as an L*°-
analogue of well known L2-based transport-information inequalities; see Section 6.2/ for more
details.
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One of the main contributions of this paper is the insight that the estimate (6.1.2) can be
improved significantly when the involved probability densities are anisotropic. Anisotropic
densities are ubiquitous in applications, e.g., when densities are concentrated near a lower-
dimensional manifold. To formulate the improved estimate, it will be convenient to introduce
some more notation.

Let K € R¥? be a symmetric matrix. A function U : R — R U {400} is K-convex
if z — U(z) — 3(z, Kz) is convex. If U € C*(R%), then U is K-convex if and only if
V2U(z) = K for all z € R%. A function p € L (R?) \ {0} is said to be K-log-concave
if 1 = e~Y for some K-convex function U. The special case K = kI, corresponds to the
notions of k-convexity and k-log-concavity introduced above. If K = 0, we recover the usual
notions of convexity and log-concavity.

Let A and B be orthogonal subspaces satisfying A & B = R", and let P4 and Pg denote the
corresponding orthogonal projections. The following result (see Corollary |6.2.7| below) is a
generalisation of Proposition 6.1.1, capturing different behaviour of the involved measures on
the subspaces A and B. In the special case where A =R" and B = () we recover (6.1.2).

Theorem 6.1.2. Let ;. and v be probability densities on R%. Suppose that 1 is K -log-concave
where K = kP4 + kpPp for some k4, kp > 0, and that v = e "y, with H € C(R?)
satisfying, for some L < oo,

|H(x) — H(y)|| < LalPalz —y)| forall z,y € RY .

Then:
La
W, v) < { A .
R UL [ — fra> 265.
2y/kB(KA—KB) Mha = kB

if iy < 2kp,

In the regime 1 < Z—g < 2, observe that the constants in the denominator depends only on
the directional log-concavity constant k4, and not on the uniform log-concavity constant k.

Proposition 6.1.1 and Theorem 6.1.2 will be proved as corollaries to a general criterion
(Theorem 6.2.1). The proof is based on a probabilistic argument using careful estimates for
Langevin dynamics for p and v.

While our main results are general, our investigation is partly motivated by applications to
the long-term behaviour of Fisher's infinitesimal model from quantitative genetics, as will
be discussed in Section 6.1.2. The improvement of Theorem 6.1.2| over Proposition 6.1.1 is
crucial to obtain sharp rates of convergence in this model, as we will discuss below.

6.1.2 Application to Fisher’s infinitesimal model

Fisher's infinitesimal model from quantitative genetics describes the distribution F,, € L% (R?)
of a d-dimensional trait z € R? in an evolving population at discrete times n € Ny. The
trait distribution evolves according to the rule F, ., = T[F,], where T = S o R consists of
a reproduction operator R and a selection operator S acting on L}r(Rd). The reproduction
operator R is Fisher's infinitesimal operator given by

$1+1‘2>F($1)F($2)d$ e
— 1dws

RIFl(z) = /Md@("’” 2 11
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for £ € L1 (R?) and x € R?, where G(z) = (2m)~%? exp(—|z|?/2) is the standard Gaussian
kernel on RY. We use the natural convention that R[0] = 0. This operator describes sexual
reproduction in a mean-field model where individuals mate independently and produce offspring
whose traits are (isotropic) Gaussian centred at the average traits of their two parents. The
operator R preserves the size of the population: ||R[F]||z: = ||F| 1 for all F € L (R?).
Selection effects are modelled using the multiplication operator S, which is given by

S[F)(z) = e ™@ F(z)

for a fixed mortality function m : R? — [0, 00). This operator reflects the idea that individuals
with certain traits have a higher survival probability than others. In this paper, m will be
strictly convex, which means that individuals with intermediate trait values have a higher
survival probability. This is the regime of stabilising selection.

Fisher's infinitesimal model was introduced in [Fis19] and explicitly formulated in [Bul85].
Though the model has been influential in quantitative genetics since it was proposed, it was
proved only recently that the model emerges as a limit of models subject to the laws of
Mendelian inheritance when the number of discrete loci tends to infinity [BEV17]. We refer to
[WL18, Ch. 24] for the biological background of various different infinitesimal models.

Long-term behaviour

Significant recent progress has been obtained in understanding the long-term behaviour of the
model as n — oo under suitable assumptions on the mortality function m. In particular, it is
natural to ask whether there exists a (unique) probability distribution F' that is quasi-invariant
in the sense that 7 [F] = AF for some XA > 0. Then one may ask whether the renormalised
densities F,, /A" converge to F for a general class of initial probability distributions Fj, and to
quantify the speed of convergence using suitable metrics or functionals.

A comprehensive investigation has been carried out in the special case of quadratic selection,
namely m(z) = $|x|* for some a > 0 [CLP24]. In this situation, the model preserves the class
of Gaussian distributions and it is shown that there exists a unique quasi-equilibrium F, which
is an explicit Gaussian distribution. Moreover, the authors prove exponential convergence to F

(in the sense of relative entropy) for general initial data.

The remarkable recent paper [CPS23| treats more general uniformly convex selection in
dimension 1. Namely, under the assumption that m : R — [0, oo satisfies m” > « for some
a > 0, the authors show the existence of a (non-explicit) -log-concave quasi-equilibrium
F', without establishing its uniqueness. The parameter § > max{%, «} depends on « in an
explicit way. Moreover, [CPS23] uncovers a remarkable central role played by the L relative
Fisher information. The authors show that the one-step contractivity estimate

To(TIFI|F) < (3 +58) To(F | F) (6.1.3)

holds for all F € L. (R?). This inequality immediately yields the exponential convergence
bound Zoo (F, || F) < (2+8) "Zo(Fy || F) for all initial distributions Fy with Z. (Fy || F) < oc.
Observe that the latter condition is a strong assumption on the initial datum Fj; e.g., if G and
G’ are 1-dimensional Gaussian distributions with different variances, then Z,.(G || G') = oc.

Proof of the one-step contractivity

Let us briefly discuss the strategy of the proof of (6.1.3) from [CPS23]. After proving
the existence of a (-log-concave quasi-equilibrium F, the authors consider the renormalised
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densities u,, := F,,/A"F, which satisfy the recursive equation

Un (1)U (72)
n = i P(x1, 79, x)dwd2o
tn+1() /Rded |unF| 11 Ry (21, 22; 7)dardzs

where P(z1,x9;x) denotes the weighted transition rates from parental traits (x,z2) to a
child with trait . These rates are given by

b
Z(x)

P(zy, 205 1) = (6.1.4)

F(:):l)F(:JcQ)G(x _nt ‘7”2) ,

where Z(x) = [paypd F(xl)F(a:Q)G(x — %)dxld:@ denotes the normalising constant

which ensures that P(-;z) is a probability distribution on R? x R? for all z € R

The proof of the one-step contractivity estimate (6.1.3) relies on two key inequalities. Firstly,
for all strictly positive initial data ug € C'(RY) and all z,7 € R?, it is shown in [CPS23,
Lem. 2.4] that

[log us (x) — log us (%) < ||V log ug| )Woo,l(P(-;x), P(+)). (6.1.5)

oo (RY
Here, W, 1 denotes the co-Wasserstein metric over the base space R2? endowed with the norm
|(x1,22)|1 := |z1] + |22|, with |z;] denoting the euclidean norm of x; € R? for i = 1,2. While
(6.1.5) is stated in [CPS23] for d = 1, the proof extends verbatim to arbitrary dimensions.

The second key inequality from [CPS23] is a sharp bound on the W, ;-distance appearing in
the above inequality. Namely, in the special case d = 1, it is shown that, for all 2,7 € R,

Waoa (P(2), P(:8)) < (24 5)  |e— . (6.1.6)

The inequalities (6.1.5) and (6.1.6) combined yield the crucial one-step contractivity inequality
(6.1.3) for the L> relative Fisher information.

However, as pointed out in [CPS23, Rem. 1.6], there are non-trivial obstacles that prevent
an extension of the proof of (6.1.6) to higher dimensions. The reason is that this proof
employs the Brenier map (the optimal transport map for the Ws-distance), which satisfies
the Monge-Ampeére equation. The required L>°-bound on the Brenier map between P(-; x)
and P(-;) € L} (IR?) is then obtained by using a maximum principle for the Monge-Ampére
equation in convex but not uniformly convex domains, exploiting recent progress on the
regularity theory for the Monge-Ampere equation in two-dimensional domains with special
symmetries [Jhal9].

Results

In this paper we obtain a sharp multi-dimensional version of (6.1.6) by a completely different
(probabilistic) method, as a consequence of Theorem 6.1.2. Using the notation from above, we
first establish the existence of a quasi-invariant distribution in the multi-dimensional setting.

Theorem 6.1.3 (Existence of a quasi-equilibrium). Let m € C*(RY) be a-convex for some
o > 0. Then there exist A\ € (0,1) and a probability density F € L. (R?) such that

T[F| = AF. Moreover, F is [3-log-concave, where (3 > max{%, 04} satisfies f = o +

2.
5+6
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The proof of this result adapts the arguments from [CPS23], where the corresponding result
was obtained for d = 1. The key technical tool is the L*-transport bound from Theorem
6.1.2, which yields a Cauchy property for a sequence of iterates, and hence a candidate
quasi-equilibrium. The properties of the L™ relative Fisher information require us to work first
with a localised problem on a bounded domain, and subsequently identify a quasi-equilibrium
for the original operator 7 by an approximation procedure. The extension of this argument to
higher dimensions brings additional technicalities to deal with the boundedness of the domains
and to show tightness of a sequence of quasi-equilibria.

As Theorem 6.1.3 yields the existence of a quasi-equilibrium F, we can define the weighted
transition kernels P(-;z) by P(z1,x9;7) = %F(mﬁF(@)G(m - MT“) as in (6.1.4),
where Z(x) denotes a normalising constant. Using Theorem |6.1.2 we obtain the following
d-dimensional generalisation of (6.1.6).

Theorem 6.1.4 (W, -contractivity). Let m € C(R?) be a-convex for some a > 0. Then:

Wao(P(2), P(:5)) < 272(4 4 8) o - 7]

for all z, % € R?, where 3 > max{3, a} satisfies § = a + ;iﬁ-
2

Since Wy 1 < v/2W,, in view of the trivial inequality |(z1, z9)|1 < V2 ||(x1, 22)|, this result
implies the desired bound (6.1.6). Consequently, the main conclusions of [CPS23] carry over
to multi-dimensional traits. The following result summarises these conclusions.

Corollary 6.1.5. Let m € C'(R?) be a-convex for some o > 0, and let (\,F) be as in
Theorem 6.1.3. Take 0 # F, € L1 (RY) with Z.(Fy || F) < oo, and set F,, = T"[Fy] for
k > 0. Then:

(i) (Convergence of the relative L*>°-Fisher information) For all n € N we have
Lo(FalF) < (34 8) Zu(F || F).

(ii) (Convergence of the relative entropy) There exists a constant C' > 0 depending on Fj
such that for all n € N we have

[Fallz
| Fll

F> <c(t+p) " and )\’ <o(t+p)".

F,
Dk, <"
[ Fll 21

One may wonder whether analogues of the contraction property in ((i)) hold with the same rate
for functionals other than Z (- || F), such as the relative entropy and the relative L*-Fisher
information. In Section 6.4/ we show that this is not the case, not even in the setting of
quadratic selection (m(x) = |z|*) and Gaussian initial data. We refer the reader to Section

2
6.4 for the details.

6.1.3 Structure of the paper

Section 6.2 deals with L>°-optimal transport bounds for perturbations of log-concave densities,
containing a general criterion (Theorem 6.2.1) and the proofs of Proposition 6.1.1/and Theorem
6.1.2. The applications to Fisher's infinitesimal model, and in particular the proof of Theorems
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6.1.3/and 6.1.4/ and Corollary [6.1.5 can be found in Section 6.3. The discussion after Corollary
6.1.5 is expanded in Section 6.4, which deals with the relative L2-Fisher information and the
relative entropy instead of the relative L°>°-Fisher information. Finally, Section 6.5 contains two
lemmas on log-concave distributions that are used in the proof of Theorem 6.1.3/in Section
6.3.

6.1.4 Notation and preliminaries

Let L! (R?) denote the cone of non-negative functions in L'(R?). Throughout the paper, we
identify (probability) densities in L! (R?) with the corresponding (probability) measures.

Weak convergence of densities (or measures) denotes convergence in duality with bounded
continuous functions. We will frequently use that (u,v) — W (u, v) is jointly continuous
with respect to weak convergence of probability measures. This follows from the corresponding
result for W), since W, — W, pointwise as p — oo; see [GS84].

Definition 6.1.6. Suppose that 1 € L (R?) is a k-log-concave density for some k € R, not
necessarily normalised, so that Supp 1 is closed and convex. If v € L (RY) satisfies v <

and 10g<j—Z> = f p-a.e. for some Lipschitz function f: Supp u — R, then

[f(x) = f(¥)

(vl ) = sup{ ot

: x,y € Supp i, x%y} (6.1.7)
Otherwise, T, (v || 1) := +o0.

Remark 6.1.7. In particular, if v < p and log(%) = f p-a.e. for some f € C'(Supp ),
then Zoo(v || 1) = IV fll Lo e,

The relative entropy (or Kullback-Leibler divergence) of a probability density v with respect to
a probability density p is defined by

/delogpdu if v < pwith p:= %’

400 otherwise .

Du(v | pn) = (6.1.8)
B,.(x) denotes the open ball of radius 7 > 0 around = € R%. Its closure will be denoted B, ()

7,.c denotes the centred Gaussian density with mean p € R? and covariance matrix C' € R,
If & =0 we simply write y¢.

The following well-known property of log-concave densities will be useful in the sequel; see,
e.g., [SW14, Thm. 3.7.2].

Lemma 6.1.8 (Preservation of log-concavity). Fori = 1,2, let u; € L) (R?) be K;-log-
concave for some matrix K; € R with K; = 0. Then p1 * uy is K-log-concave with

K'=K'+K*'.

We also use the following well-known result in the reverse direction; see [EL18, Lem. 1.3].

Lemma 6.1.9 (Log-convexity along the heat flow). Let i be a probability measure on R.
For any t > 0 the probability density ju; := [ * Vi1, is (—%)-/og—convex, in the sense that, for
all v € R,

V2(—log u(x)) < 11(1. (6.1.9)

149



6.

L*°-OPTIMAL TRANSPORT AND FISHER’S INFINITESIMAL MODEL

Acknowledgement

This research was funded in part by the Austrian Science Fund (FWF) project 10.55776/F65
and the Austrian Academy of Science, DOC fellowship nr. 26293.

6.2 L°-optimal transport of log-concave measures

In this section we present several bounds for the co-Wasserstein distance W, (i, v) between a
log-concave measure 1 and a log-Lipschitz perturbation v. Unless specified otherwise, the
Wasserstein distance is taken with respect to the Euclidean distance on the underlying space.
Our bounds will be derived from the following general criterion.

Theorem 6.2.1. Let ;1 and v be probability densities on R satisfying the following assump-
tions:

(i) 11 is K-log-concave for some matrix K € R¥? with K = 0.
(i) v =e " u with H € C(R?) satisfying
|H(y) — H(z)| < l(x —y) forall z,y € R?,

for some positively 1-homogeneous function { € C(R?).

Then we have
W, v) < M,

where
M = sup{|z| c (2, Kz) < E(z)}

z€R4

Remark 6.2.2. Note that the assumptions imply that H is Lipschitz continuous with Lipschitz
constant L := sup,,._; £(z). A possible choice of { is given by {(z) = L||z||. However, it is
important to allow for other choices of { which take anisotropy into account. This will indeed
be crucial to get optimal bounds in our application to the Fisher model. When H € C'(R?),
the assumed bound on H can be written equivalently as

(VH(x),2) < {(2) forall z,z € R%.

Proof. The proof consists of three steps.

Step 1. Suppose first that u = e~V for some U € C*(R?) such that VU is Lipschitz, and
that H € C'(R?). It then follows from the standard theory of stochastic differential equations
[KS91, Thm. 5.2.9] that there exists a unique strong solution to the following system of SDEs,
driven by the same Brownian motion By, for all times ¢t > 0:

dX, = —VU(X,)dt + V2dB,, Xo~v, (6.2.1)
dY; = —VU(Y;)dt — VH(Y;)dt 4+ v/2dB; Yy = Xo. (6.2.2)

Subtracting these equations in their integral form we note that the Brownian term vanishes,
and since X and Y have a.s. continuous sample paths, we infer that the sample paths of
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Z = X —Y are continuously differentiable a.s. Using the chain rule and our assumptions, we
find

1d
5|47 = —(Xi =Y. VU(X) = VU(Y)) + (X, = Y., VH(Y)))

< —(Z, K Z,) + U(Z) .

Observe now that, for any differentiable function h: R>y — Rs( with ~2(0) = 0 we have
sup h = sup,so{h(x) : W'(x) > 0}. Applying this identity to h(t) = 3|Z,|?, we obtain

|1 X: =Y <M forallt>0. (6.2.3)

Since p is strongly log-concave and X has finite second moment, law(X;) converges to p
in Ws-distance as t — oo, hence weakly. Using the joint lower semicontinuity of W, with
respect to weak convergence [GS84] we deduce that W (u,v) < M.

Step 2. We now remove the extra assumptions on p. To this end, set i, = p1* y1;, and
define the probability density v, oc e~ j1,,. Note that U,, = — log y1,, is smooth with

1 \7! 1
Kom (K740 0) < VU<
n n
by Lemma 6.1.8 Therefore, we are in a position to apply Step 1 and we obtain the bound
Woo (tns Vi) < M, where

M, = sup{\z\ (2, Ky2) < ﬁ(z)}

2z€R4

Note that u,, — p weakly. Moreover, Lemma 6.2.3| below implies that v,, — v weakly too.
Hence, using again the joint lower semicontinuity of W, with respect to weak convergence
we find

Weo(p,v) < lirrbgiorgf Woo(ttn, V) < liminf M, .

n—o0

It thus remains to show that M,, — M.

For this purpose, we define the sets

C, = {z cR?: (2, K,2) < ﬁ(z)} and C = {z eRY: (2, Kz) < E(z)}

Vv

Since ¢ — ¢! is operator monotone (see, e.g., [Carl0, Lemma 2.7]), we have (z, K, z)
(z, Ky,—1z) for all z, hence C,, C C,,_; and M,, < M,,_1. Moreover, since (z, K,,z) — (z, Kz)
monotonically for all z, we have C' =, C,,.

Using the continuity and the positive 1-homogeneity of ¢, we infer that the sets C), are non-
empty and compact. Consequently, there exists z, € C,, C C; with |z,| = M,,. Since C is
compact, we may extract a subsequence {an}k converging to some Z € (. Since each (), is
closed, and since z,, € C,, whenever n; > m, it follows that 2 € C,,, hence 2 € N,, C,, = C.
Therefore, M > |Z| = limy o0 |20, | = limy_o0 M,,,. Since M < M,, < M, for all n, it
follows that lim,,_,., M,, = M.

151



6.

L*°-OPTIMAL TRANSPORT AND FISHER’S INFINITESIMAL MODEL

Step 3. We remove the differentiability assumptions on H. Write

L := sup {(z) < o0,
[[zf|=1

so that H is L-Lipschitz. Let j: R? — R+, be a smooth mollifier supported in the unit ball
of R%. We write j,(z) := n%j(nz) and H, := j, * H, so that

Ho() =’ [ H = y)jty)dy = [ H(e=2)jw)ady.

Since Suppj C B;(0), we have for all 2,y € R?,

L

() = H(x)| < (6.2.4)
|Hy(2) — Hu(y)| < Uz —y) < Lz —y|. (6.2.5)

Define the probability measures v, x e
an application of Step 2 yields

. Since H,, is a smooth function satisfying (6.2.5),

Weo(pt,v) < M.

Hence, since W, is jointly weakly lower semicontinuous, it suffices to show that v, — v
weakly. For this purpose, it is in turn sufficient to prove that e~ converges to e in L(u),
which we will do next.

Fix £ > 0. Since p is s-log-concave with x > 0, we have —log u(z) > 4|z — z|* for some
7 € R% Furthermore, since |H (x)| < |H(0)|+ L|z|, (6.2.4) implies that |H,,(z)| < C'+ L||z||
with C' :=|H(0)| + L. Therefore, there exists R > 0 such that, for all n > 1,
—H -H €
e ndy + e du < =
v/BR<o>c s Br(0)° =3

Furthermore, since the function x — e~* is uniformly continuous on bounded intervals, (6.2.4)
implies that there exists n > 1 such that for all n > n,

Hn(z) —H(z)

sup ‘e’ <

z€BR(0)

— €

DO ™

Consequently, for n > n,

e

which implies that e » — e=# in L(1) as n — . [ ]

et — e’H’du < / e ndpu +/ e Hdu + sup He*H” — e’HH <e,
Br(0)° Br(0)° Br(0)

Lemma 6.2.3. Let u € L! (R?) be a K-log-concave probability density for some matrix
K € R™ with K > 0, and define i, = j1 % y1;, forn >1. Then

[ fdu = [ fa
for all continuous functions f: R? — R satisfying | f(z)| < Cexp(C||z||) for some C > 0.
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Proof. We show first that the integrals above are finite. Let f be as in the statement, let
X ~pand Z ~ v, be independent, and set X,, = X + %

Let k > 0 be the smallest eigenvalue of K, and fix ' € (0, k). It follows from Lemma 6.1.8
that p, is ’-log-concave for all n sufficiently large. Therefore, the Bakry-Emery criterion
implies that the measures i and p,, satisfy a logarithmic Sobolev inequality with the same
constant. Using this, the growth assumption on f, and the fact that E[X,,| = E[X], the so-
called Herbst argument [BGL14, Prop. 5.4.1] implies that f(X,) € L? and that the sequence
{f(X,)}n is bounded in L2, In particular, f(X), f(X,,) € L', hence the integrals above are
finite. It remains to show that

E[f(Xo)] = E[f(X)].

For this purpose, note first that X,, — X in probability. Since f is continuous, f(X,) — f(X)
in probability as well; see, e.g. [Kal21, Lem. 5.3]. Therefore, to conclude that f(X,) — f(X)
in L' it suffices to show that {f(X,)}, is uniformly integrable; see, e.g. [Kal21, Thm. 5.12].
But this follows from the fact that the sequence {f(X, )}, is bounded in L?, which we proved
above. |

6.2.1 Isotropic case

The simplest non-trivial case of Theorem 6.2.1] is the following estimate, which we stated as
Proposition |6.1.1 above.

Corollary 6.2.4. Let ;i and v be probability densities on R%. Suppose that y is k-log-concave
for some k > 0, and that v = e, where H € C(R?) is L-Lipschitz for some L < oc.
Then:

= |

Woo(p,v) < —. (6.2.6)

Proof. This is an application of Theorem 6.2.1 with K = kI, and ¢(z) = L|z|. |

The following result is a reformulation of Corollary 6.2.4| as a functional inequality.

Theorem 6.2.5 (co-Transport-Information Inequality). Let u € L1 (R?) be a k-log-concave
probability density for some k > 0. Then the transport-information inequality

Wl v) < Tl 1) (62.7)

holds for all probability densities v € L% (R?).

Proof. Suppose that Z..(v || u) < +o0o; otherwise there is nothing to prove. In view of
Definition 6.1.6 there exists a Lipschitz function A : Supp u — R with Lipschitz constant
L = Z(v| p), that agrees with log(g—;:) p-a.e.. By the Kirszbraun theorem, h can be
extended to a Lipschitz function H on R? with the same Lipschitz constant L. Since
V= e*Hu, the result follows from Corollary 6.2.4. [ ]
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Remark 6.2.6. The inequality (6.2.7) is an L°°-analogue of the well-known L?-based transport-
information inequality

Wl 1) < Tl 1) (6.2.8)

where I, (v || 11) denotes the L*-relative Fisher Information, i.e. Iy (v || 1) := HVIog(g—Z) 22( :

for sufficiently regular densities v.

The latter inequality holds under the assumption that y satisfies a logarithmic Sobolev
inequality Dy (v || 1) < +TI(v || 1), and thus for every k-log concave measure 1 by the
Bakry—Emery criterion. To prove (6.2.8), note that the logarithmic Sobolev inequality implies
the transport-entropy inequality Wa(u,v) < \/2Dky(v || i) by the work of Otto and Villani
[OV00]. Combining these two inequalities immediately yields (6.2.8). For a systematic study
of transport-information inequalities we refer to [GLWYQ9].

6.2.2 Anisotropic case

We will now develop a more refined criterion, that yields improved bounds in situations where
the measures behave differently in different directions. Let A and B be non-empty subspaces
of R that are orthogonal and satisfy A @ B = R?. Let P4 and Py be the corresponding
orthogonal projections.

Corollary 6.2.7. Let i and v be probability densities on R? satisfying the following assump-
tions:

(i) w is K-log-concave, with K = kP4 + kpPp for some k4, kg > 0.
(i) v =eu with H € C(R?) satisfying, for some L < oo,

|H(x) — H(y)|| < LalPalz —y)| forall z,y € R< .

Then:

La

W (ILL V) < { ra L4 .
COMT - | —=A— f > 2Kp.
2y/kB(ka—KB) Mha = 2kp

Proof. Applying Theorem 6.2.1 with K = k4P 4 + kpPp and ¢(z) = L4|P4z|, we infer that
Weo(p, v) < M, where

M = sup {\/2124—1-2]23 : IiAZi—l-IiBZ%SLAZA}. (6.2.10)

24,2520

I'f:‘iASQKB, (629)

Performing the maximisation over zp first, we observe that

1 L4
M? = {2 —(Laza —ka2%) : 0< <}
sup ZA+/€3( AZA EAZA) < zx < iy
1

L
= SUP{p(ZA) 1 0< 24 < A},
KRB RA

where p(z) = L4z — (ka4 — p)2%. We now distinguish two cases.
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If k4 < 2kp, then p is non-decreasing on the interval [0, L4/k4]. Therefore, the supremum
of pon [0, La/ka] is attained at the right endpoint of this interval, hence

1 /L L?
M? = p<A) .y
KB \Ka K4
If ka > 2kp, then p attains its global maximum in the open interval (0,Ls/k4), at z :=

z(nff@)- Therefore,

kg \2(ka4 — KB) Akp(ka — KB) 7
as desired. u

Remark 6.2.8. Note that the right-hand side of (6.2.9) involves the the ratio of a “directional
Lipschitz constant” and an “effective convexity parameter’. In this sense, the bound has
the same form as (6.2.6). The bound (6.2.9) is sharp for k4 < 2kp, as we will see in the
application to the Fisher model below.

We finally state a corollary that will be used in the application to Fisher’s infinitesimal model.
Let ' = e~V be a x-log-concave probability density on R?? for some x > 0. For z € R? we
consider the probability density P(-;x) on R?? defined by

1

1
P(ry,29;7) = ZGXP<—V($1,$2) )

_l‘l—f—SCQ
2

2) , (6.2.11)

x
where Z, > 0 is the normalising constant which ensures that P, is a probability density. The
transition rates appearing in the Fisher model are precisely of this form; see Theorem 6.1.4.

Corollary 6.2.9. Let F' be a k-log-concave probability density on R?¢ for some k > % Then,
for any x, & € RY,

1 |z — 7

1
§+l€ \/§

Wao(P(12), P(52)) < (6.2.12)

Before proving this result, we first show that an application of the isotropic criterion from
Corollary 6.2.4  yields a suboptimal result. For ease of notation, suppose that V € C?(R??).
Fix z,7 € R? and let us write p, = eV := P(-;x) and pz = e ¥ := P(-;Z). Then:

Id Id _1 Tr —
([d Id) and VH($1,$2)—2($_ )

Taking into account that V2V = kI, by assumption, we have the bounds
(6.2.13)

S

1
VzU(iL‘l, 1’2) :V2V(ZL‘1, $2) + Z

SN

|z — 2|

V2

An application of Corollary 6.2.4 then yields the estimate W (ptz, p1z) < % which is weaker
than the desired inequality (6.2.12). (In particular, in the application to the Fisher model,
where k = (3, the comparison of norms |z|; < \/2|x|y implies that W, 1 (pte, p1z) < ‘x’%x‘
which is weaker than the desired inequality (6.1.6).)

V2U(x) = klyg and |VH(z)| <

The following proof crucially exploits anisotropy to obtain the sharp constant.
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Proof of Corollary|6.2.9. Consider the orthogonal decomposition of R?? into symmetric and
anti-symmetric vectors: R?! = R2? @ R2?, where

R2 :{(i) e R a:e]Rd} and R :{(_@ e R . xERd}.

The corresponding orthogonal projections Py, P, : R?¢ — R2? have the form

p. (%1 _ Lzt and P, (% (- .
T2 2 \11 + 2 T2 2 \T2 — x2
The crucial observation is now that the isotropic bounds (6.2.13) can be replaced by more

refined estimates that take into account how U and H behave in symmetric and anti-symmetric

directions. Namely, since (g g) = 2P, we have the following improvement over (6.2.13):

|z — 7|

V2

(The first inequality holds when V' € C?(R%*@). In the general case, the corresponding
nonsmooth statement holds, which asserts that U is K-convex with K = (% + li) Ps + kP..)
Therefore, an application of Corollary 6.2.7 to A = R?¢ and B = R?? with parameters

1
Vﬁ%ﬂ¢<2+@Pﬁwmaam (VH(z),z)| < Pz

/fA=§+/<, kp=#kK, La=

yields, if k > %

which is the desired inequality. |

Remark 6.2.10 (Optimality). The constants in (6.2.12) are sharp. In fact, it was observed
in [CPS523, Remark 2.7] that equality holds in the context of Fisher’s infinitesimal model with

quadratic selection in dimension 1, which means that m(x) = %mQ with o > 0. In this case,

we have V (z1, 1) = 2(23 + 23), with B > 1 as in Theorem 6.1.3. The measures P(-;x) are
then Gaussian with mean (3 + 3)7'(%, %) and the same covariance matrix. The W.-distance
between two such measures is simply the euclidean distance between the respective means,

which corresponds to the right-hand side in (6.2.12).

To show that this bound can not be improved, take arbitrary densities (v and v with finite first
moment, and random variables X and Y with marginals ;v and v respectively. Then:

’/xd,u(:c) - /xdy(x)

J adp(e) — [ wdv(@)] < Wa(s,v).

= [E[X - Y]| <E[lX - Y]],

which implies that,

6.2.3 Boundedness of the forward-flow transport map

In this subsection we sketch an alternative argument to prove the transport bound of Corollary
6.2.4. Instead of constructing a suitable coupling, we provide an upper bound on the
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displacement of the forward-flow map, whose inverse is the so-called Langevin transport
map. The Langevin transport map and the forward-flow map were introduced by Kim and
Milman [KM12] in their work on generalisations of Cafferelli's contraction theorem [Caf00].
Subsequently, there has been a lot of interest in Lipschitz bounds for the forward-flow map
[MS23| [EMS24, [Nee22| [KP21], as such bounds allow one to transfer functional inequalities
from log-concave measures to their image under the forward-flow map. Here we show that
L>-bounds can be obtained as well.

As we already provided a rigorous proof of Corollary |6.2.4 by a different method, we keep the
arguments in this section formal, so as not to obscure the main ideas. In particular, we do not
discuss the delicate issues of existence of flow maps. For more details on the construction and
rigorous justifications we refer the reader to [OV00, KM12, [MS23| [FMS24].

Construction of the forward-flow map Consider probability densities ;1 and v. Here we
assume that u = e~Y and v = e~ with smooth U, H: R? — R. Moreover, 1 is assumed
to be k-log-concave (i.e., VU > kl4) for some k > 0 and v is a log-Lipschitz perturbation
(i.e. |[VH| < L for some L < o).

We shall briefly and informally describe the construction of the forward-flow map S: R? — R¢,
which pushes-forward v onto p (i.e., Syv = ), referring the reader to the aforementioned
references for details.

The key idea is to interpolate between v and p using the Langevin dynamics
Xo~v, dX,=-VU(X,)dt+V2dB;.

Denoting p; := law(X};), we have py = v and p; — p weakly as t — co. Moreover, p; satisfies
the Fokker-Planck equation, which we formulate here as a continuity equation

Opr =V - (Vg f;) = 0, (6.2.14)
where f; = (}i—‘:’. Since fy = % = e, our assumptions imply the pointwise bound

|Vlog fo| = |[VH| < L. We will show that
|Vlog f;| < Le " (6.2.15)

for all ¢ > 0.

For this purpose, let (P;):>o be the transition semigroup associated to the Langevin dynamics,
and note that f; = P, fy by reversibility. Since u is k-log-concave, the Bakry-Emery theory
[BGL14, Thm. 3.3.18] implies the pointwise gradient estimate

VP f| < e ™PR|Vf]| (6.2.16)

for all sufficiently regular f : R¢ — R. Using this inequality, the inequality |V fo| < Lfo, and
the positivity of P;, we obtain

V.| < e PIVfo| < Le™Pyfy = Le ™ f,,
which yields the claimed bound (6.2.15).

For t > 0, consider the flow map S; : R? — R? associated to the vector field (t,z) —
—Vlog fi(z), which satisfies

So(x) ==, (ist(x) = —Vlog fi(Si(x))
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Then, by construction, (S;)xv = p;, and for 0 < s <, (6.2.15) yields

¢ L
1S, — Sill e g/ [V 10g(fy o 8, [1edr < Z(e7 = e7). (6.2.17)

Passing to the limit, it is now simple to deduce that the forward-flow map S = lim; ., S; is
well-defined, that Sy = p, and that

1S — I|| poo(may <

= |

. (6.2.18)

This is the desired bound, which immediately implies the bound W.(1,v) < £ from (6.2.6).

The inverse of the forward-flow map S is known as the Langevin transport map. In general,
these maps do not coincide with the Brenier map [Tan21), [LS22], except in dimension 1. An
analogous bound to (6.2.18) was proved in [CPS23, Prop. 3.1] for the Brenier map, under
the stronger conditions that i and v are k-log-concave, supported on a euclidean ball, and
bounded away from 0 on it.

6.3 Applications to Fisher’s infinitesimal model

Throughout this section, we fix @ > 0 and an a-convex mortality function m € C1(RY). We
assume that m > 0 and m(0) = 0. These assumptions are without loss of generality, except
for the claim in Theorem 6.3.2 below that A € (0,1). We also fix 5 > 1 through the identity

b =a+ liﬁ' as in Theorem 6.1.3,

The following result is taken from [CPS23, Lemma 2.4]. For the convenience of the reader we
include their proof. Recall that the metric W, was defined after (6.1.5).

Lemma 6.3.1. Let ¢ > 0, and let P(-; x) be a probability density on R?? for each x € R%.

Suppose that ug, u; € C(R?) are strictly positive functions, that loguq is L-Lipschitz, and
that

uy(z) = C/de P(xy,x9; x)ug(x1)up(xe)dade, (6.3.1)

for all x € R%. Then we have
log us () — log uy (%) < LWaon (P(52), P(; ) (6.3.2)

for all x,% € RY.

Proof. Fix x,7 € R, and let v € P(RQd X RQd) be an optimal coupling in the definition of
Woor (P(52), P(+)). For (a1, 22), (1, %2) € R* we have

log(uo(xl)uo(xg)) — 10g<U,O(‘fl)UQ(§f2)>
=log up(x1) — loguo(Z1) + log ug(z2) — log uo(Z2)
<L(jwy — 1] + |22 — o) -

158



6.3. Applications to Fisher's infinitesimal model

Writing W := W1 (P(-; x), P(+; f)) it follows using the bound above that

uy(z) = C/RM wo(x1)ug(x2) y(dzy, dre, dZy, dZs)
S C,/]Rﬁld exp(L(|J;1 - Zi1| + |l’2 — 532|>)U0(i'1>’l£0(1~]2) ’}/(dl‘l,dfbg,dj}l,dfg)

< ceW » uo(Z1)uo(Z2) y(day, dae, dZy, dTs) = eLWul(x) )

The desired conclusion follows after exchanging the roles of x and 7. |

6.3.1 Analysis of a localised problem

As in [CPS23, Sec. 4], we study an auxiliary localised problem. Specifically, for R > 0, we
consider the localised selection function

mg(z) =m(z) + X5,

where x denotes the convex indicator function, i.e.,

(2) 0 ifre A,
) =
A +00 otherwise.

The corresponding localised operator is given by

G(x Tt x2> F(xq1)F(x9)

Tr[F(z) = e‘mR(m)/ : Tl

R2d

dxldl'g .

In this section we establish the existence of a quasi-stationary distribution for the localised
problem, adapting the proof of [CPS23, Thm. 4.1(i)].

Theorem 6.3.2. Let R > 0. There exists Ag € (0, 1) and a [3-log-concave probability density
Fr on R? that is bounded away from 0 on its support By, and satisfies

TrlFr] = ArFr.

The following result, proved in [CPS23, Lemma 2.2, 2.3], is an immediate consequence of the
fact that log-concavity is preserved by convolution (Lemma 6.1.8) and pointwise multiplication
with log-concave functions.

Lemma 6.3.3 (Preservation of log-concavity). Let R > 0. If F' is k-log-concave for some
k > 0, then T[F] and Tg|F] are r'-log-concave with ' := o + 1_25%. In particular, if F'is
[-log-concave, then T[F] and Tg[F] are 3-log-concave as well.

The key ingredient in the proof of Theorem 6.3.2) is the following contractivity estimate.

Lemma 6.3.4. Define Fy, € L. (R?) by Fy(z) = exp(—gHycH2 ~ XBr(0) (a:)) and set F,, | =
Tg[F,] forn > 0. Then, for all n > 1:

Tu(Fur 1 Fa) < (34 8) ZulFo | Faca).
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Proof. Set Br := Bgr(0) for brevity, and define u,, = FFZ for n > 1. Note that u,, is strictly

positive and of class C!' on Bg. Using the identities

—mp(x)
Fn(x> = 67/ Fn—l(II)Fn—1<x2)G<x — 11 + $2>d$1d$27
[ Freillzr Jr2a
e~ ma(®) T+
Foii(z) = 7/ Fn—l($1)Un($1)Fn—1(xz)un(xz)G(x _— 2>dx1dx2,
|l Jr2d
we obtain the recursion relation
F,_
Upi1(x) = HlHLl/ P, (1, x9; )ty (1) Uy (22)dzday (6.3.3)
[ Fall gy Jr2d
for € By and n > 1, with n-dependent transition rates
1 T+ x
Pn(l’17$2;$) = anFnl($l)Fn1(x2)G<$ - 2) )

where Z,(z) > 0 is the normalising constant ensuring that P,(-;z) is a probability density for
all x € R?. Arguing as in the proof of Lemma 6.3.1, we infer that

108 tn 1 (%) = 10g t 41 ()| < [V 10g tn | oo ) Woet (Pal52), Pl 2))

for all z, % € Bg. Since F), is 3-log-concave by Lemma |6.3.3, Corollary 6.2.9 yields, in view
of the elementary comparison of norms |(zy, z2)|1 < V2|(21, 22)| for z1, x5 € RY,

Woot (Pa(32), Pa(12)) < V2Wao (Pa( ), Pa(57)) <
Combining these inequalities, we find

1 -1
HVIOgun+1HLoo(§R) < (5 + 5) HVIOgunHLW(ER) ’

which is the desired inequality. |

Proof of Theorem|6.3.2. Set Fy = %exp(—ng'HQ — Xﬁ) as in Lemma 6.3.4/ and define
Foi1 = Tg|[F,] for n > 0, and write V,, := —log F},. Clearly, the restriction of F}, to By
(which will simply be denoted by F,, as well) is bounded away from 0 and it belongs to
CY(Bg) for all n > 0. Adapting arguments from [CPS23], we will show that log(Fn/HFnHLl)

converges in C'(Br) as n — oo. This statement will follow from two claims.

Firstly, we claim that Vlog(Fn/HFnHLl) = —VV,, converges in C(Bg) as n — oo. To prove
this, we observe that Lemma 6.3.4] yields

To(Funi | Fo) < (54 8) " Iu(F1 || Fy).

Since Zoo (Frp1 | F) = IVVa = VVariill oy - the sequence VV;, is Cauchy in C(Bg), hence
convergent.

(0)

”Ll

Secondly, we claim that ”1;2 converges in R as n — oo. To show this, we use the identity

F(z) JB7xBn G(x - %) exp(—m(m) — vy (z1) — Un<l’2))dl’1d$2
|l 21 V5w BrxBn G(m’ - MQ“;Q) exp(—m(m’) — Up (1) — vn(xg))dxldxzdx’ 7
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where we write v, (z) = V,,_1(z) — V,,—1(0) for brevity. Note that the artifically introduced
factors "1 cancel out. Writing v,(2) = = - [, VV,,_1(02)d6 we infer from the first claim
that v,, converges uniformly. Therefore, the second claim follows using dominated convergence.

The two claims combined imply that log(Fn/HFnHLl) converges in C(Bg) as n — oo. Let

—V i be its limit, and define Fp := exp(—VR — XE)' It remains to verify that Fr has the
desired properties.

Since V is bounded, it follows that Fy is bounded away from 0 on its support Bp.

To prove the identity Tr[F| = AgFr we write

Fuslle _ [ g, Fale) Pt
R A P TA P

dxlde s

where H(zy,20) = fﬁe_m(x)G(x - iﬁ)dx is bounded. Since Hp is bounded and
[Fnt1llp1
[l AR

— F in C(Bg), it follows that E{“F i } — Tr[F]. On the

F./||Fy||L: converges uniformly by the first part of the proof, we infer that

for some A > 0. Since
other hand,

— )\RFR

E, F, v B,
Tl ]:H il P

[ Fll £ [Fallr | Fsa e
as n — oo. This yields the desired identity 7z[F] = AgFg.

Since Fy is a [-log-concave density, so are all F}, by Lemma 6.3.3. Therefore, the functions
—log(Fn/HFnHLl) are [J-convex, and so is their uniform limit Vz. It follows that Fy is
[-log-concave.

Finally, we will show that Ag € (0,1). Indeed, since Fy is quasi-stationary, we have

o ( T+
ARFR(x)e r(z) = /RMG(I— ! 5 Q)FR<J]1)FR(I2)dJZ1dZL‘2.

From this, it is immediate to see that Az > 0, by choosing z = 0. To see that Az < 1, it
suffices to integrate over z € R? on both sides. Indeed, there exists a small § € (0, R) such
that ¢; := [p,(0) Fr(z)dz < 1. But then, using the assumptions on m,

/ emR@F p(x)dr > ea52/2/ Fgr(z)dr + Fr(z)dz = cse® /% + (1 —c5) > 1,
Rd B;(0) B;(0)¢

while

/]Rd /Rm ( nr x2>FR("B1>FR($2)dx1d$2 de=1.

Consequently, Ar € (0, 1). [ |

6.3.2 Existence of a $-log-concave quasi-equilibrium

The following second-moment bound is an analogue of [CPS23| Prop. 5.1], but the proof
is based on different arguments that seem more convenient in the multi-dimensional setting.
In particular, we use various properties of maxima of strongly log-concave densities, that are
proved in Section 6.5.
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Proposition 6.3.5. For R > 0, let Fr be a solution to the localised problem given in Theorem
0.3.2. Then:

sup [ |z]*Fr(z)dr < .
R>0JR?

Proof. Let ur = [pa tFg(x)dx be the barycenter of Fz = e~ V£, Since the measures F are
[-log-concave, it follows from the Poincaré inequality [BGL14l Prop. 4.8.1] that

d
sup | | — pr/*Fr(z)dz < — < 0o
R>0JR? g

Therefore, it suffices to show that supp. |ur| < cco. Let vg € R? be the unique minimizer of
V. Since Fg is $-log-concave, Lemma 6.5.1 implies that

d
\UR—MRIS\/;-

Define G := R[Fg] and write G = e Y%, The barycenter up of Fy is also the barycenter
of Gr, since G can be written in probabilistic terms as G = law<% + Z), where

XR,XR are independent random variables with law £z and Z is standard Gaussian, and we
have E[% + Z} = E[XR]. Moreover, Lemma 6.3.3 implies that G is T-log-concave with

T = 5/(% + f3). Therefore, another application of Lemma 6.5.1 yields

d
lur — pr| < \/:, (6.3.4)

where up € R? denotes the unique minimizer of Usg.

Since T[Fg] = AFg, it follows that Vg = mpg + Ug + log Ag. Recall that mp has its unique
minimizer at 0 and satisfies V2mp = al;. Observe that Lemma 6.1.9/implies that V2Uy < 1.
Therefore, Lemma 6.5.2 implies that

afup| < (1+ a)lug — vgl.

Combining the three inequalities above, we find

| ’<| - ’<| - | | - |<\/* -
U U v U + v + .
1 R| > |UR R| > |UR — MR R — HR| > 3

Another application of (6.3.4) implies that supy. |tr| < oo, as desired. [ |

To prove Theorem 6.1.3, we can now follow the argument from [CPS23, Thm. 5.2].

Proof of Theorem|6.1.3. It follows from Proposition 6.3.5| that the family of probability mea-
sures {Fr}r>o is tight. Therefore, there exists a sequence of radii (R,), with R, 1 oo and a
limiting probability measure F such that Fr, — F weakly. Then, proceeding as in the proof of
[CPS23| Thm. 5.2], it follows that A, converges to some A € [0, 1], that F is 3-log-concave,
and that the pair (A, F) satisfies T [F] = AF. Proceeding as in the proof of Theorem 6.3.2
we also find that A € (0,1). [ |
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6.3.3 Exponential convergence to quasi-equilibrium

Proof of Theorem6.1.4. Recall from (6.1.4) that

1 1 2
P(x1,29;2) = —F(21)F(x2) exp(— z— T2 ) : (6.3.5)
Ly 2 2
where F' is a -log-concave quasi-equilibrium obtained in Theorem 6.1.3. Therefore, the result
follows from Corollary 6.2.9. ]

Proof of Corollary 6.1.5. We follow the proof of [CPS23, Thm. 1.1]; for the convenience of
the reader, we reproduce the argument here.

((i)): Take 0 # Fy € LL(R?) with Z.(Fy || F) < co. Then we can write Fy = uoF for
some strictly positive ug € C(R?) such that logug is L-Lipschitz with L := Z.(Fy || F).
Fn

For n > 1, set u, = 32%. We will show by induction that logu, is L,-Lipschitz with

L, = (% + 5)_nIoo(Fg | F), which implies ((i)) in Corollary 6.1.5. To this end, recall that

we have the recursion

U (1)U (22)
— SV AP = cx)dzd
un—H(I) /Rde‘i HunF||L1 (x17m2’$> L1482

for all z € R?. Therefore, Lemma 6.3.1 implies
og i1 (1) = og tn 41 (w2) || < Zoo(F [| F) Weo 1 (P(52), P(; )

for all 21, 29 € R? with 21 # 5. Using the elementary bound Wen < V2W., and Theorem
6.1.4, we obtain

. = . ) < 122
Combining these inequalities, we find Z.(F,,;1 | F) < (% + B)ilIoo(Fn | F), which implies

the desired conclusion.

((ii)): For brevity, write F, := F,,/||F,||;1. Since F is -log-concave, it satisfies a logarithmic
Sobolev inequality by the Bakry—Emery theory [BGL14, Cor. 5.7.2]). Using this and the trivial
bound Z,(- | F) < Zoo(- || F)*, we deduce that

1 To(Fy | F)°
Zo(F, | F)* < —2n-
28 26(% + )

As for the last conclusion, set ¢ := e ™ x G € C,(R?), and note that

Fy ! 1+ T2\ A .
W:/de¢< : ) 2>Fn($1)Fn(l‘2)dx1dx2’

D] ) < 57 ( F) <

A = gb(xl +x2>F(IE1)F(J]2)dZE1dJ]2,
R2d 2

hence, by Holder's inequality,

|||Fn+1HL1
[
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Using Pinsker's inequality, the tensorization of the relative entropy, and the previous step we
deduce that

o ho-verl, < [oulhon|ror) < fpulhln) < SEIE,
2

which gives the desired conclusion. |

6.4 Other information metrics

In view of the crucial contraction estimate Z. (T [F] || F) < (% —I-B)_IIOO(F | F), it is natural
to ask whether analogous inequalities hold for other functionals F, such as the relative entropy
Dxi(- || F) and the L? relative Fisher information Z,(- | F), which play a central role in the
Bakry—Emery theory for diffusion equations.

Here we consider the case of quadratic selection m(z) = §|z|* for some a > 0 in dimension

d = 1, which has been analysed in detail in [CLP24]. In this case, the operator 7 maps
Gaussian densities to multiples of Gaussian densities. Indeed, for 4 € R and o > 0, we have
1+ %
and &%= —22, (6.4.1)
1+ a(l + %)

i
1+a<1+%2>

7-[%,02] X Va2, Where [i=

see (3.5) in [CLP24]. Moreover, the unique quasi-stationary probability distribution F is the
centered Gaussian density with variance % where 5 > % is the log-concavity parameter in

Theorem 6.1.3; see (1.12) and (1.13) in [CLP24].

To analyse the behaviour of the three functionals under 7, we consider the renormalised
operator 7 given by T[F] := T[F|/||T[F]||z: that preserves probability densities. Let us
first consider the case where G, := Vi is a Gaussian density having the variance % of the
quasi-equilibrium F with arbitrary nonzero mean p» € R. Then 7A'[G“] is Gaussian with variance
L as well, and the three functionals contract with the same rate:

B
D (TIG| F) _ (TG F) (Ioo (7164 F))Q _(

DxL(G.|F) L(G.|F) | Z.(G.|F) 5+ 5) <1l. (64.2)

These equalities readily follow from the following Gaussian identities, which hold for u, u € R
and 02,52 > 0:

L((p—p)° o’ o?
IDKL(%L,U2 || '7;2,62) = 5 (5_2 + log 52 -1+ =3 ) (6.4.3)
(M _ ,EL)2 (0.2 o 6.2)2
Iz(’mo? | ’Vﬂ,aQ) = 54 + Y (6.4.4)
T _ lu—pl . o . B
oo (Vo2 || Va,52) = p if o =0; otherwise, Zoo(7,02 || Vags2) = +00 . (6.4.5)

Next, let us suppose that G = v, ,2 is a Gaussian density with arbitrary mean € R and
variance 02 # % In this case, Zoo (G || F) = Z(T[G] || F) = +00. However, the relative
entropy and the L? relative Fisher information are finite, so one might wonder whether these
functionals contract under 7 with the rate suggested by (6.4.2). The following result shows
that this is not the case.
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Proposition 6.4.1. Let m(z) = %|z|* for some a > 0, and define 3 > max{%,a} by

g=a+ lLiﬁ as in Theorem 6.1.3. Then there exist Gaussian probability densities G € L' (R)
2

such that

L, (IﬁG] H F) 1 -2 D, (?[G] H F) 1
FAteT I A I S et ) Tl CR)

-2

Proof. Let F be either Dy (- | F) or Zy(- || F). Using (6.4.1) we observe that

. f(%h,u,a?]) o2 -2
Jim —e Nt = <1+a(1—|—7)> .

Consequently,

. . F(?[7M702]> —92
(}%glo !}L)I{.lo m = (1 + Oé) . (646)
Since (1+a) > (3 4 3)~2 the claim follows. [ |

We illustrate the behaviour of the contraction factor C'x(u, 0%) ;== —=——= in Fig. 6.1,
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Figure 6.1: Heatmaps of Cx(u,0?) for (a) F = Iy(- || F) and (b) F = Dkyi(- || F). The
chosen parameter value is o = 0.45, and the variance of the Gaussian quasi-equilibrium is
1/6 = 0.87. This value is indicated by the grey line. The corresponding contraction factor is

-2
(% + ﬂ) ~ (.37 as computed in (6.4.2). As 0? — 0 after ;1 — oo, the contraction factor
Cx (1, 0?) approaches (1 + a)™2 ~ 0.48, as computed in (6.4.6).
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6.5 Peaks of strongly of log-concave densities

The following standard result asserts that strongly log-concave distributions concentrate around
the minimizer of their potential. Since we apply the result for general log-concave densities
(not necessarily having full support on R?), we provide a detailed proof.

Lemma 6.5.1. Let ;1 = eV be a r-log-concave probability density on R? for some x > 0.
Assume that V' is lower semicontinuous, and set & := argmin V. Then we have

d
— 32 < = 5.1
/de; PP p(r)de < © (6.5.1)

Proof. Note first that since V is lower semicontinuous and x-convex, it indeed admits a
minimizer. The proof then consists of two steps.

Step 1. Assume that V: RY — R is of class C? and such that VV is Lipschitz. In this case,
V2V 3= kl; and there exists a solution to the Langevin equation

dX, = —-VV(X,)dt +V2dB,, X,=72.
Using 1t6's formula, the k-convexity of V/, and the fact that VV/ (%) = 0, we find

1d
STE[IX —a] = —E[VV(X) - (X, — &) +d < —rE[|X, = &]"] + d.

Hence,

E“Xt - iﬁﬂ < Z
forall ¢ > 0. As E{HXt - :Te||2} = Wy(law(X}), d;)?, the conclusion follows by passing to the
limit t — oo, since Wa(law(X};), ) — 0; see e.g., [AGS08, Thm. 11.2.1].

Step 2. We remove the additional assumptions on p. To this end, define p,, := p % v1, set

V= —log pn, and &, := argmin V;,. Then p,, is 2*-log-concave by Lemma 6.1.8. Using

the triangle inequality in L?(u,) and an application of Step 1 to p,, we find

1/2 1/2
</|x—:i“]2un(x)da:> g(/]x—fcn\zun(a:)dx> + |8 — 3]

1/2
< <d”+ﬁ> +lan— 2.
nKk

Since f1,, converges weakly to u, and = — |z — Z|? is continuous and bounded from below, we

have
1/2
(/ l — £|2u(x)dx> < liminf </ lz — ;ﬁm”(m)dx>

Thus, to obtain the desired result, it remains to show that ||z, — Z|| — 0.

1/2

For this purpose, fix € € (0,1). It remains to show that there exists 7 > 1 such that pu,
attains its maximum in a ball of radius € around Z whenever n > 7.

Let 0 > 0 be a small parameter, only depending on ¢, that will be specified later.
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6.5. Peaks of strongly of log-concave densities

First we will argue that p,, attains a large value near Z. For this purpose, observe that dom(V')
has non-empty interior, since y is a log-concave density. Take z € dom(V)°. Since V is
continuous on its domain, V' is bounded on an open ball around z. Therefore, by convexity of
V', we can find y € Bs(2) Ndom(V)° and a radius h > 0 such that p(x) > u(2) — 0 for all
r € By(y). Without loss of generality, we choose h < min{d, 5}. Observe now that there
exists a constant 7 > 1 depending only on h and the dimension d, such that

/ yi(z)de >1—h (6.5.2)
B (0)
for all n > . Hence, for n > 1, (6.5.2) yields

pa(y) > (n(@) = 6) (1= h) > (u(@) — 5)(1-95). (6.5.3)

Next we will quantify the fact that p,, decreases fast if |x — Z| increases. Indeed, since V' is
k-convex and & = argminV, we have V(z) > V(&) + 5|z — £|? for all z € R, hence

_Elp—3|? A
pla) < e ().

Therefore, if |z — 2| > ¢, another application of (6.5.2) yields, taking into account that & < §,

pn() < sup p(y) +hsup p(y) < sup p(y) + hp() < (€755 +6)u(#) . (65.4)
ly—z|<h y€eRd ly—2|>5

Choosing 6 > 0 small enough (depending on ¢), it follows by combining (6.5.3) and (6.5.4)
that

pn(y) > sup (),

T|z—F|>e
hence #,, € B.(Z) whenever n > 7, which completes the poof. |

Lemma 6.5.2. Let V,U: R? — R U {+o00} be strictly convex functions such that

(i) V is lower semicontinuous and a-convex for some o > 0;

(i) U belongs to C*(R?), it admits a minimizer, and VU is 3-Lipschitz for some 3 > 0.
Define x = argminV, y = argmin U, and z = argmin(V + U). Then:
s =yl 2 max {511z = all, ——lly — 2}
—l||z — max < —|z —z| ,——lly — || ;-
a vl = o} a+f Y
Proof. Note first that since V + U is lower semicontinuous and a-convex, it indeed admits a
minimizer.

Step 1. Assume additionally that V' € C'(R?). Then one of the two desired inequalities

follows from
allz —z|| < [[VV(2)|| = [[VU(2)]| < Bllz —yll.

The other one follows by combining this inequality with the triangle inequality ||z — x| >
ly — =l = llz = yll.
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6.

L*°-OPTIMAL TRANSPORT AND FISHER’S INFINITESIMAL MODEL

Step 2. We now remove the additional assumption that V' € C*(R?). For A\ > 0, we consider
the Moreau-Yosida approximation V) of V' defined by

Vate) = int {v ) + 5l — ol

yeR

It is classical that V) is of class C'!' and aj-convex with a, | a > 0 as A — 0 (cf. [CIé09,
Prop. 3.1]). Clearly, = argmin V).

Write z) := arg min(V) + U). An application of Step 1 yields

*1 H - H > {1 H - || 71 H - ||}
Z max Z T x .
[herefore, to derive the desired conclusion, it remains to prove that 2\ — Z as A — 0.

To show this, define Z) := argmin, {V(y) + 5xlly — Z,\HQ}, so that

- 1 N
Valza) = V(2y) + 5”% — a7, (6.5.5)

We claim that there exists a compact set C such that zy, Z, € C for all A € (0,1]. Let us show
this. Since V), <V, z\, = argmin(V), + U), and (6.5.5), we obtain

V() + U(2) 2 Valz) + U(=) 2 Valea) + Ulea) 2 V(o) + 5 llon = 5+ Ula).

(6.5.6)
Using this inequality and the fact that + = argmin V' and y = arg min U, we find
1 -
V(=) +U(z) 2 V(@) + 5yl = 2l + U )
Consequently,
2a — 2| < 2AM,  where M := V(2) + U(z) — V(z) — U(y). (6.5.7)
Since x = argmin V' and V is a-convex, y = argmin U, and (6.5.6), we deduce
Lo e e 2o 2 2
2|z,\ 2P <|Zy =zl 4|z — 2 < aV(zA) + |z — 2|
2 . 1 .
< (V) + g5l = Bl + Ulz) - U@) +1a - 2
o 2\
2
< (V) +UG) - Ul)) + o — 2P
Together with (6.5.7), this estimate yields the claim.
Fix € > 0. Since U is uniformly continuous on C, there exists 0 € (0, ) such that
ag?
U(z1) = Ulwe)| < —- (6.5.8)

for all 21,2z, € C with ||z — 25| < 6. Define \ := min{l, %} To complete the proof, we

shall show that ||z — z,| < ¢ whenever A < ).
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6.5. Peaks of strongly of log-concave densities

Note first that |[zy — Z)|| < & for all 0 < XA < A by (6.5.7) and the definition of \. Using
(6.5.6), (6.5.8), the a-convexity of V + U and the fact that z = arg min(V + U), we further

deduce that

V() +U(:) 2 V(E) +U(2) 2 V(3) + UG - -
> V() +U) + Gllz = &P - =

This implies ||z — Z)|| < 5. Since |[zy — Z,|| < d < 5, we obtain the desired result. [ |
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