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Laugh hard
Run fast
Be kind

Twelfth Doctor

We all change, when you think about
it.

We're all different people all through
our lives.

And that’s OK, that’s good,

you gotta keep moving,

so long as you remember

all the people that you used to be.

I will not forget one line of this, not
one day, I swear.

Eleventh Doctor

Siamo come nani
sulle spalle di giganti

Bernardo di Chartres

Ik maak steeds wat ik nog niet kan
om het te leeren kunnen

Vincent van Gogh
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Abstract

The Schrodinger problem is a statistical mechanics problem consisting in find-
ing the most likely evolution of a cloud of independent Brownian particles con-
ditionally on the observation of their initial and final configurations. Although
this problem had been already introduced back in 1932 by E. Schrédinger, in the
past decade it has become increasingly popular thanks to its connections with
(computational) optimal transport, statistical mechanics and stochastic optimal
control theory.

In this thesis, with the help of stochastic control theory, we show how solu-
tions to the Schrodinger problem provide good proxies for the optimal trans-
port map. Furthermore, we prove the exponential convergence of Sinkhorn’s
algorithm, which provides an efficient and fast way of explicitly computing
such solutions.

Lastly, we introduce an instance of the problem in a hypocoercive setting,
where the Brownian particles are replaced by independent particles following
the kinetic Fokker-Planck equation, and analyse the long-time behaviour of the
most likely evolution of the particle system.

Keywords. Schrodinger problem, entropic optimal transport, stochastic opti-
mal control, large deviations, Sinkhorn’s algorithm, hypocoercivity.

MSC2020: 49Q22, 60E15, 34K20, 93E20, 90C25, 47D07, 53C21, 49N05.
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Chapter 1

Introduction

Imagine finding yourself in front of a cloud of particles that evolves over time,
you may think of a cloud in the sky or smoke in an empty room. Maybe its
strange position and shape got your attention and you decide to take a photo.
Intrigued by what you have seen before, after some time, you decide to come
back and take another photo. You immediately notice that shape and posi-
tion do not meet your expectations at all, i.e., gas uniformly spread all over the
sky/room, based on your Statistical Mechanics 101 knowledge.

Then what you might have wondered, at least if you are a mathematician, is
“what happened to the cloud and how has it evolved over time so that it ended
up in this unexpected configuration?” or maybe you might also wonder “what
has lead to this unexpected final configuration?”. Since I am not a physicist, I
will not seek the cause of this unexpected behaviour. On the contrary, in this
thesis we are going to be interested in answering the first question, that is, in-
ferring the most likely behaviour of the random cloud system, conditionally on
its initial and final configuration.

This problem is not new at all and it dates back at least to the two sem-
inal papers Uber die Umkehrung der Naturgesetze [Sch31] and Sur la théorie rela-
tiviste de I'électron et 'interprétation de la mécanique quantique [Sch32] where Erwin
Schrodinger writes

“Imaginez que vous observez un systéme de particules en diffusion, qui
soient en équilibre thermodynamique. Admettons qu’a un instant donné
to vous les ayez trouvées en répartition a peu pres uniforme et qu'a t; >
to vous ayez trouvé un écart spontané et considérable par rapport a cette
uniformité. On vous demande de quelle maniere cet écart s’est produit.
Quelle en est la maniere la plus probable?”!

In view of this description, this problem is commonly referred to as the
Schrodinger problem (hereafter SP). In the next section we will see that Large

IDifferently to Schrodinger’s own words, in this thesis we will assume that the particles’ initial
distribution might be different from their thermodynamic equilibrium.
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Deviations Theory provides the proper mathematical framework to address
Schrodinger’s original question. The connection between Large Deviations
Theory and SP dates back to [F6188], where Follmer rigorously proved that
solving SP boils down to solving an entropic minimisation problem on the path
space, subject to two marginal constraints.

Despite the problem itself being quite old, it has gained much more at-
tention in the past two decades because of its deep connection with Optimal
Transport (OT) theory. This link, first established by Mikami in [Mik04], shows
that solutions to SP provide good proxies for optimal plans in the Monge-
Kantorovich optimal transport problem. We are going to further investigate
this connection in Chapter 3 and prove that the gradient of SP’s solutions can
be used as proxy for the optimal transport map. Moreover, in the past decade
OT has proven to be a useful tool in Machine Learning applications [PC19] and
consequently computing solutions to SP in a rapid way has become of primal
interest. We are going to show in Chapters 5 and 6 that indeed they can be ef-
ficiently computed via an algorithm, known as Sinkhorn’s algorithm, which
stems at the core of many OT applications in the Machine Learning realm.
Lastly, in the last couple of years, SP has found a tremendous use in generative
modelling [DBTHD21, SDBCD23], namely creating data from noise, which has led
to an increasing interest in Schrodinger bridges (i.e., SP’s solutions) themselves
seen as an alternative to diffusion generative models and score matching [Hyv05].

Aside from its relation with OT theory and ML applications, SP admits a
stochastic optimal control formulation [CGP16b], which has led to different
practical uses of SP in control engineering [CGP16¢c, CGP16d]. For these rea-
sons, SP is nowadays a very popular problem at the crossroad of different dis-
ciplines. The objective of this thesis can then be summarised as finding new
results for SP and its applications to OT, while keeping in mind the stochastic
interpretation of the problem. In what follows firstly we are going to derive SP
mathematical formulation (cf. (1.1.4)) via Large Deviations Theory, then we are
going to show its connection with a regularised version of the Optimal Trans-
port problem and finally we will show that SP admits also a stochastic optimal
control formulation. In view of these equivalent formulations, the proof strate-
gies we are going to employ in this thesis will lie at the crossroad between Op-
timal Transport and Stochastic Optimal Control theories, where analysis meets
stochastics. Lastly, we conclude the Introduction with a thorough overview of
our main contributions.

1.1 From large deviations to the Schréodinger prob-
lem
Let us start our discussion by fixing a sequence of independent and identically

distributed (i.i.d.) Brownian motions (Bi)ieN in the Euclidean space R?. In this
thesis these random variables will represent the particles in our cloud, since



1.1. FROM LARGE DEVIATIONS TO THE SCHRODINGER PROBLEM 3

in practice we are not able to distinguish each particle from the others. Then,
for any fixed ¢ > 0 the random variable Bi is the position at time ¢ of the i
Brownian particle. Let us further fix a final time T > 0 and denote the space
of continuous trajectories as Q) := C([0, T], R%), so that B’ is a random variable
taking values in the path space (). For later reference, we will denote with
(Xt)te[o,1] the canonical process on (), that is X;(w) = w(t) for any w € Q.
Since we are not able to distinguish particles from each other, any informa-
tion we can deduce by observing the behaviour of the cloud will be a macro-
scopic observation. Mathematically speaking this means that any information
we can deduce from observations is encoded via the empirical density measure

N . 1 N
PN = N Y b (1.1.1)
i=1

which is a random variable taking values in the space of probability measures
over the path space, i.e., taking values in P(Q)). In the subsequent discussion,
let Prob denote the law of this random variable, or equivalently that PN ~ Prob.
Then, if the two probability distributions y, v € P(IR?) encode the unlikely
behaviour we have observed at the initial and final time, from a mathematical
point of view we would say that for N large (i.e., in the many-particles limit)

N 1 a N 1 A
Py =~ .2%‘586 ~poand Ppo= Z%(SBI.T ~v. (11.2)
1= 1=

This constraint can formally be translated as saying that the empirical density
measure PV, in the many-particles limit, does not take values on the whole
probability space P (), but rather in its subset of constrained path-space mea-
sures

{PeP(Q):Py=pand Py =v}, (1.1.3)

where Py, Pr are respectively the pushforward measures (Xp)4P and (X1)4P.

Given the above premises, let us try now to infer the most likely behaviour
of the cloud of Brownian motions. Without imposing any marginal constraint,
the Law of Large Numbers guarantees the convergence of the sequence of ran-
dom variables PV to the random variable constantly equal to R € M(Q), that
is the Wiener measure on () (or equivalently the law of a stationary Brownian
motion B on ). This means that without marginal constraints Prob = dg for N
large enough. Then, in order to take into account the fact that PV takes values
in the constrained set (1.1.3), we might rely on Sanov’s Theorem [DZ10, The-
orem 6.2.10], whose core message is that the likelihood of a given evolution P
is measured through the relative entropy with respect to the Wiener measure R
(i.e., the unconstrained limit, according to the Law of Large Numbers). More
precisely, for any nice subset A C P(Q)), for N large enough we have

Prob [PN € A} ~ exp<—NI;r€1£ff(P|R)) ,
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where the /7 (-|R) denotes the relative entropy functional with respect to R. We
refer the reader to Section 1.A for its formal definition and its properties. In the
Large Deviations Theory own words, the above identity states that PV satisfies
a Large Deviation Principle with rate function J#(-|R).

Then, the most likely evolution of our cloud particles system can be found by
minimising the rate function on the constrained set (1.1.3), that is solving the
minimisation problem

inf #(P|R) . (1.1.4)
{PGP(Q) : Pozy, PT:U}

We will refer to the above problem as to the dynamical Schrodinger problem,
since the minimisation takes place on the set of probability measures on the
path space. Under mild assumptions on the marginals y, v, in Chapter 2 we
will see that the above problem admits a unique solution, which we will denote
as PT and we will refer to it as to the Schridinger bridge from y to v (in time T).
In the rest of this introduction we tacitly assume the existence and uniqueness
of the Schrodinger bridge PT.

1.2 From the Schrodinger problem to Optimal Trans-
port

Remarkably, the previous dynamical problem (c.f. (1.1.4)), whose motivation
comes from statistical mechanics, is equivalent to a regularised version of the
classic optimal transportation problem. In this section we will explicit this
equivalence, by firstly considering a static formulation of SP.

Static Schrodinger problem. Consider the measurable map (Xo, X1): Q —
RY x RY which associates to any trajectory w € Q) the joint vector of starting
and terminal positions, i.e., (Xo, X7)(w) = (wo, wr). Then the additive prop-
erty of the relative entropy (1.A.4) reads as

H(PIR) = 7 (PorlRor) + [ #/(PYRY)dPor(x,y) (1.2.1)

where Py 1 = (Xp, X7)4P is the joint law of the random vector (Xo, X7) under
the law P (and similarly for R r), whereas PYY := P(-[(Xo, X1) = (x,y)) €
P(Q) is the conditional law of the random variable X conditioned to its initial
and final positions, also known as P-bridge from x to y, and similarly for R*/
which is also known as the Brownian bridge from x to .

Notice that the last integral term in the above identity does not depend
on the initial and final marginal law of P. Therefore, minimising the above
left hand side over the subset {P € P(Q): Py = u, Py = v} is equivalent to
minimising the integral term over all possible bridges P*¥ (which is an uncon-
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strained problem) while independently solving the finite dimensional minimi-
sation problem

inf f%ﬂ(ﬂ’lRO’T) . (1.2.2)

mell(p,v)

Here I1(p, v) is the set of couplings between p and v, i.e., the set of probability
measures on R?? satisfying 77(A x RY) = p(A) and 71(R¥ x A) = v(A), for any
measurable subset A C R?. This problem is known as the static Schrodinger
problem and for now let us assume that this static problem admits a unique
solution, to which we will refer to as the Schradinger plan and denote it as 7w’ €
P(RY x RY).

We observe that the minimisation problem concerning the integral term in
(1.2.1) is unconstrained and the relative entropies in the integral are all non-
negative and vanish if and only if P*Y = R* (cf. Lemma 1.A.1, since RY ¢
P(Q)). Therefore, the integral term achieves its minimum (i.e., it is null) when
PYY = RY for tT-a.e. X,y € RY; henceforth we have shown that

inf J(PIR) = inf 2 (7|RoT) - 1.2.3
{PeP(Q): Po=p,Pr=v} (PIR) nell(u,v) (7[Ro,7) ( )

Moreover, the solutions to the minimisation problems in (1.2.3) satisfy
(Xo, XT)#PT = 7TT and PT("XO =X, XT = y) =RY n'T—a.s.,

or equivalently, that for any Borel set A C () it holds

PT(A) = /]R LRY(A) A (x,y)

The above relation can be interpreted as follows: sampling the most likely evo-
lution of the Brownian cloud (i.e., sampling from the Schrodinger bridge PT)
is equivalent to sampling a travel plan, i.e., jointly sampling the couple (x,y)
(initial and terminal point) according to the Schrodinger plan 7r” and then con-
necting the two extremes x and y via the standard Brownian bridge R*Y between
initial and final position.

Entropic Optimal Transport. We will now explain a connection of SP with a
certain regularisation of OT, known as Entropic Optimal Transport (EOT). This
is immediate once we recall that the density (w.r.t. Lebesgue measure) for Ry
(i.e., the joint law at time 0 and T of a stationary Brownian motion) reads as

Ro,r(dx, dy) = (27T) %2 exp(—|x — y|*/or) dxdy . (1.2.4)

Indeed, after some algebraic manipulations one can easily deduce that for any
7 € I1(u,v) we have

_ 2
#(xlRor) — Ent() — Ent(v) — © log(2nT) = / %dn + Al @),
(1.2.5)
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with Ent(-) being the relative entropy w.r.t. the Lebesgue measure. Therefore,
solving (1.2.2) is equivalent to solving

/'x P 4re £ T (el o), (1.2.6)
neII yv)

which is known as Entropic Optimal Transport problem, since it is related to the
Kantorovich formulation of the optimal transportation problem (OT), namely

inf /' vy, (1.2.7)

mell(pv)

to which we have added the relative entropy term ¢ (7t|u @ v) as a regularising
term with the time-horizon T > 0 seen as a regularising parameter. Moreover,
the EOT formulation (1.2.6) clearly suggests its convergence as T | 0 towards
the Kantorovich-OT problem (1.2.7) and hence that (up to a rescaling factor
T > 0) SP converges to OT. In light of this and in analogy with the notation
adopted for the SP plan 77, we will use the symbol 7° to denote a OT plan
(i.e., a optimiser in (1.2.7)).

Optimal Transport. The first formulation of OT dates back to the seminal work
of Gaspard Monge [Mon81], where a worker faces the problem of moving a pile
of sand to a prescribed location, shaping it into a different configuration while
at the same time trying to minimise the cost of his efforts. This cost could be
either the fuel consumed by the construction trucks, the time spent on the job,
or the distance between the two configurations. In this thesis we will be mostly
interested in the (squared) distance cost. Mathematically speaking Monge’s
problem can be stated as minimising

. |x — T (x)]?
erlf / fdy, (1.2.8)

where the infimum runs over the set of all measurable functions 7 that trans-
port the distribution y into the target distribution v, i.e., such that Tau = v. If
the above infimum is attained at 7~ we will refer to it as to the optimal transport
map, or as the Brenier map (for the specific case of the squared distance cost).

Clearly the Kantorovich formulation introduced in (1.2.7) is a relaxation of
Monge’s original problem (1.2.8) since for any transport map 7 one could con-
sider the induced coupling 7w = (Id x T )gpu € II(p,v). Furthermore, a key
property of the Kantorovich problem (1.2.7) is that it admits a dual formulation,
often referred to as to Kantorovich duality, and it states that

inf /|x_y|2d7'c: sup </(pdy+/t,bdv> .
nell(pv) 2

<P€L1(H)MIJ€L1() pY<id(,
(1.2.9)
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Under mild assumptions, the optimisation problem on the right hand side of
(1.2.9) admits optimal solutions (¢", ¢°). These two functions are known as
Kantorovich potentials. We will later see that also SP admits a similar dual for-
mulation with a corresponding pair of (Schrodinger) potentials.

Let us conclude this section by mentioning a cornerstone result in OT the-
ory due to Brenier [Bre91] which gives sufficient conditions for the equivalence
between (1.2.8) and its relaxation (1.2.7).

Theorem 1.2.1 (Informal). Under mild regularity assumptions on the marginals,
(1.2.7) and (1.2.8) are equivalent. Formulation (1.2.8) admits a unique solution, the
Brenier map ‘T". Moreover, the OT plan r° is supported on the graph of the Brenier
map T, ie, 10 = (Id, T)sp. Finally T = 1d — V¢° where ¢° is a Kantorovich
potential, i.e., a optimiser in (1.2.9).

As the SP plans 7rT provide good proxies for the OT plan 7, we will in-
troduce at (2.2.14) measurable maps (the Schrodinger potentials) associated to
SP such that their gradients would eventually provide good proxies for the
gradients of Kantorovich potentials and hence for the Brenier map 7 (cf. The-
orem 3.2.3). We will further elaborate on and prove these claims in Chapter 3.

1.3 The Schrodinger problem and stochastic control

The dynamical formulation of SP given at (1.1.4) can be further translated into
a stochastic optimal control problem. More precisely, SP can be seen as the
control problem which aims at modifying the law of a diffusion process so as
to match specifications on marginal distributions at given times. This follows
from Girsanov’s Theorem [Léo12b, Theorems 2.1 and 2.3], which guarantees
that any probability measure P € P(Q)) with finite relative entropy w.r.t. R
(ie., such that #(P|R) < +o0) is the law of a semimartingale. Particularly,
if BR ~ R is an R-Brownian motion and we consider its associated canonical
filtration (F¢)sco,r), then there exists an R%-valued adapted process u. such
that P is a weak solution of the controlled SDE

dXt = Ut dt + dBP ,

where BY is a P-Brownian motion. Moreover, the Radon-Nikodym derivative
equals

d—R—]l{g%w}E(Xo) exp(/0 uy dBj _E/o |ug|~dt ) R-a.e.

and it holds

A(PIR) = #/(Po|Ro) +  Ep UOT |ut|2dt} .
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As a direct consequence of the above stochastic representation, solving the
dynamic SP (1.1.4) is then equivalent to minimising

T
min Ep { / |ut|2dt} (1.3.1)
u.cA 0

where A denotes the set of admissible controls, i.e., the set of R%-valued adapted
control processes u. such that if P denotes the law of the controlled process

{dX}‘:utdt+dBt, 132)

Xo ~u,

then it holds P7 = v. Equivalently, we can say that a control process u. is
admissible if it steers the controlled diffusion process (1.3.2) from X§ ~ u into
the target final measure X ~ v.

For exposition’s sake here let us assume that (1.3.1) admits a unique solu-

tion u!, then the Schrédinger bridge coincides with the diffusion process xu!
controlled via u7, that is PT = P*". Moreover we have

# (PT|R) = Ent(u) + %JEPT VOT |utT|2dt} : (1.3.3)

In Chapter 2 we will further characterise the optimal control process u! as

a feedback control and provide the reader with its explicit expression in (2.3.2)
(see also Lemma 2.3.2).

Throughout this thesis, we will often employ this stochastic control inter-
pretation either in our proof strategies or as a starting motivation for our dis-
cussion.

1.4 Overview of the main contributions

In this thesis we study a wide class of Schrédinger problems, where the ambi-
ent space considered is a (possibly unbounded) Riemannian manifold and the
reference particles’ dynamics R is a Langevin diffusion process. Under some
regularity assumptions on the state space and on the reference measure, namely
a curvature-dimension condition (cf. Section 2.1.1) SP still admits unique dynamic
and static solutions PT and 77 respectively and moreover there exists a couple
of potentials known as Schroédinger potentials ¢ and ¢ such that

dp’ dr”

RO = (0 Xn) = exp(—gT(0) —9T0Xn) ). 4
These two potentials play in SP a role analogous to the one of the Kantorovich
potentials for the Kantorovich-OT, since also the former can be seen as opti-
miser of a dual formulation (cf. Proposition 2.2.2).
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Convergence to the Brenier map. Our first contribution is showing in Chap-
ter 3 that the gradients of the Schrodinger potentials can be used when approx-
imating the Brenier optimal transport map 7. More precisely, we show in The-
orem 3.2.3 that in the small-time limit these gradients converge to the gradients
of Kantorovich potentials:

el L2(p) 0 B ;W) 0
¢ —— V¢~ and TV —— V. (1.4.2)

Our proof strategy relies in proving gradient estimates for the Schrodinger po-
tentials and their (backward-in-time) evolution along Hamilton-Jacobi-Bellman
equations?, by showing in Proposition 3.1.2 that

1 1 2 _
||TVuo||i2( < T#(P'R) where {atut afur+ 5| Vul= =0
") ur = 1PT .
Such estimates are referred to as corrector estimates because they provide sharp
bounds for the L2-norm of the optimal control process u! in the stochastic op-
timal control formulation. These estimates were already known in literature in
the Euclidean setting and, under stronger regularity assumptions, were used
for studying the long-time behaviour of Schrodinger bridges [Con19]. Here we
firstly generalise their validity to Riemannian manifolds and most importantly
we show their sharpness in the small-time asymptotics as well. These qualita-
tive convergence results are proven in [CCGT23]. In Chapter 3 we are further
able to provide unpublished quantitative convergence rates for (1.4.2) in the
Euclidean setting, based on convexity and functional inequalities ideas.

The gradient estimates employed in the convergence towards the Brenier
map find a different application in Chapter 4. There we provide novel quanti-
tative stability estimates, published in [CCGT23], which allow to measure how
sensible Schrédinger bridges and plans are to perturbations of the two marginal
constraints. The bounds we provide are expressed in terms of (symmetric) rela-
tive entropies and negative order Sobolev norms ||-||;-1. Particularly, if r# "7
and 7t/ 77T denote the Schrodinger plans between the couple of marginals y, v
and p, ¥ respectively, then we show in Theorem 4.2.2 that

A (et ) S o™ (v, 0) + T2 (v = 0llgea) + 17 = Vi)

where 77%Y™ is the symmetrised relative entropy (cf. (4.0.1)) and where a < b
whenever there exists a positive constant C > 0 such thata < Cb.

2Here we have considered the Hamilton-Jacobi-Bellman equation associated to the classical SP;
see (5.1.2) for the Hamilton-Jacobi-Bellman equation for the general SP associated to a general
Langevin dynamics reference.
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Exponential convergence of Sinkhorn’s algorithm. In our second main con-
tribution we have analysed how Schrédinger bridges and potentials can be
efficiently (and rapidly) computed. The starting point is noting that, since
nT € T1(p,v), by integrating out either the first or the second variable in (1.4.1),
we may deduce that the Schrodinger potentials satisfy

¢ = Uy + log Prexp(—¢")

T = U, +log Prexp(—¢T),
where Uy, Uy, are the negative log-densities of the two marginals y, v, while
Pr is the heat semigroup at time t = T. This suggests that the above system,

also known as the Schrodinger system, can be solved via a fixed point iterative
algorithm, namely by considering the iterates

qo”“ = U, + log Pr exp(—y™")
"t = U, +log Prexp(—¢"*1),

which are commonly referred to as Sinkhorn’s iterates. The exponential con-
vergence of Sinkhorn’s algorithm has been widely studied in discrete settings
[Sin64, SK67, PC19] and for compactly supported marginals [CGP16a, DdBD24,
Ber20]. When considering unbounded settings, i.e., non-compactly supported
marginals with unbounded densities, much less is known. Particularly, prior
to the results presented in this thesis, the most recent contribution [GN22] has
solely shown convergence rates that are polynomial in the number of iterates.?
In this thesis we provide the very first exponential convergence estimates in
the Euclidean unbounded setting. Moreover, the approach we present here
is quite novel since we mainly focus on the convergence of the gradients along
Sinkhorn’s algorithm and then deduce the convergence of the iterates as a corol-
lary. The main reason behind adopting this strategy stems from the fact that in
practice one would like to compute the gradients of the Schrédinger potentials,
since we have shown that those provide good proxies for the optimal transport
map, which is eventually the mathematical object one is interested in finding in
optimal transport applications.

More precisely, we provide two different approaches.

The first is a perturbative approach and we employ it in Chapter 5 where
we have adapted to the unbounded setting results coming from [GNCD23].
In Chapter 5, we consider as underlying particle system an ergodic Langevin
dynamics

dX; = —VU(X;)dt + 2dB;
Xo ~ m(dx) o< exp(—U(x))dx,

3We refer the reader to the Bibliographical Remarks section to Chapter 6 for a far more exhaus-
tive literature review on the convergence of Sinkhorn’s algorithm, where we also take into account
the most recent developments.
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with U strongly convex, and we ask the marginals’ densities to be log-Lipschitz
(i.e., the marginals are log-Lipschitz perturbations of the underlying equilib-
rium measure m). Then, if (P;);c|o 1] denotes the semigroup associated to the
Langevin dynamics, by considering for any Lipschitz function & the function

Z/ltT’h = —log Pr_;exp(—h),

we immediately notice that Sinkhorn’s algorithm equivalently reads as

q)nJrl — uy _ ugfl/’"
T n+1 (1.4.3)
lpn+l — uv _ u() /P .

This gives a dynamic interpretation of Sinkhorn’s algorithm since Z/[tT'h solves
the Hamilton-Jacobi-Bellman equation

144
wr=h, (1.4.4)

{atut +Aup — VU - Vuy — |Vu|> =0
and therefore one step of Sinkhorn’s algorithm can be interpreted as consid-
ering the backward-in-time evolution of (1.4.4) combined with one of the two
marginal constraints. Then, by exploiting the link between Hamilton-Jacobi-
Bellman equations and value functions for stochastic optimal control problems
(cf. (6.1.3)), we show in Lemma 5.1.1 that Lipschitzianity backward propagates
along (1.4.4) and hence, in view of (1.4.3), that Lipschitzianity propagates along
Sinkhorn’s algorithm. By reasoning in a similar way, we are then able to show
that

Lip(¢" — ¢T), Lip(¢" —¢7) < ™",
where v < 1is the convergence rate, explicitly given in Theorem 5.2.6. From the

above Lip-convergence we are then able to deduce the exponential convergence
of the algorithm in Theorems 5.2.6 and 5.2.7.

The second approach is non-perturbative and of a more geometric nature and
it works for the classical SP setting (when considering Brownian motions in
R?). We employ this approach in Chapter 6 where we present results coming
from [CDG23]. There, we consider marginals with asymptotically log-concave*
densities and show how convexity and concavity propagate from the marginals
towards the limit potentials, along Sinkhorn’s algorithm. In view of the link be-
tween Sinkhorn’s algorithm and Hamilton-Jacobi-Bellman equations portrayed
in (1.4.3), this is accomplished by finding a good set of (almost) convex func-
tions which is invariant under the backward-in-time evolution along Hamilton-
Jacobi-Bellman equations. This result is proven in Theorem 6.1.4, which ex-
tends the existing [Con24, Theorem 2.1].

4See the definition at (6.0.11), it includes densities with log-densities that are strongly concave
outside a compact set or Lipschitz perturbations of strongly concave functions.
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Then, by relying on the link between the gradient of Sinkhorn’s iterates and
conditional probability measures (as portrayed in (6.0.3)), we notice that

[199"1 =9 |(x) uex) < T [ Wi, mi?") i),

where ﬂ;’lp , n;’lp are respectively the invariant law of the SDEs

dX; = — <X§T" + %vwxg) dt +dB
(1.4.5)

dy; = — (Y;Tx + ;vlp"(yt)>dt +dB;.

We then employ synchronous and reflection coupling techniques for the above
diffusion processes in order to bound the Wasserstein distance W1 (n;’w , n;’lp )
with the integrated difference between the drift appearing in (1.4.5) and deduce

contraction estimates such as
J199" 1 = VoT|(x) nldx) ST [ V4" = VT |w)v(ey),

: : (1.4.6)

[ 194" = 99T I() v(dy) ST 97 [ 199" = Vol |(x)n(dv).
Our coupling technique differs from its common use since we are not interested
here in showing ergodicity of (1.4.5), but rather interested in obtaining in a

finite-time window sharp bounds for Wy (n;’lp , n;’w*) in terms of the difference

between the two drifts. Since this novel approach is of independent interest, we
show its validity in wide generality in Section 6.2.

Finally, from (1.4.6) we are able to bootstrap contraction estimates along
Sinkhorn’s algorithm and deduce in Theorem 6.3.2 the exponential integrated
convergence of the gradient of Sinkhorn’s iterates as well as the exponential
convergence in Wasserstein (W) distance for the corresponding couplings (de-
fined at (2.2.19)). By slightly modifying our proof strategy we deduce also
pointwise exponential convergence for iterates and gradients (respectively in
Theorems 6.3.5 and 6.4.1), exponential convergence in symmetric relative en-
tropy (in Theorem 6.4.4) and convergence of the Hessian of Sinkhorn’s iterates
(in Theorem 6.5.2).

The kinetic Schrédinger problem. Our last contribution focuses on a dif-
ferent type of the Schrédinger problem and is based on [CCGR22]. Namely,
in Chapter 7 we introduce the kinetic Schrodinger problem as an instance of SP
where the underlying process is replaced with an underdamped Langevin dynam-
ics, that is

dX; = Vidt,

th = —VU(Xt)dt — ’)/tht + mdBt .
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Here the particles are described both by their position and their momenta,
which satisfy the kinetic Fokker-Planck equation, and we are provided just
snapshots of the positions at initial and final time (therefore the marginals’ in-
formation is only partial). We fully characterise this problem and, inspired by
its stochastic control formulation, we study its long-time behaviour. To do so,
our main tools are corrector estimates similar to the ones we have obtained
in SP classical setting. Even though the problem is just a different instance
of SP, the hypoelliptic nature of the kinetic Fokker-Planck equation requires a
more careful analysis when studying the corrector estimates. Particularly, these
estimates are strictly related to the long-time behaviour of the kinetic Fokker-
Planck equation, which is strongly affected by its hypocoercivity [Vil09].

We then employ these estimates in establishing the validity of the turnpike
property, which can be loosely described as saying that in the long-time regime
Schrodinger bridges spend most of the time exponentially close to the equilib-
rium. More precisely, in the long-time regime, Schrodinger bridges converge
exponentially fast towards the equilibrium, spend most of the time exponen-
tially close to the equilibrium and then, just at the very end, leave the equilib-
rium and reach the final prescribed target distribution. Namely we show in
Theorem 7.5.1 that for any t € (0, T) it holds

(B Im) 5 exp (26|t (T =0)] ) | (s + )|

withmy « exp(—U(x)), while m o exp(—U(x) — |v|2/2) being the equilibrium
measure associated to the (underdamped) Langevin dynamics and with x > 0
being its ergodicity rate.

The turnpike property is a general principle, widely investigated in deter-
ministic control problems [TZ15, TZZ18, Zas05, Zas19]. In the field of stochastic
control the understanding of this phenomenon is much more limited. More-
over, as we have already mentioned the hypocoercive nature of the kinetic
Fokker-Planck equation makes the analysis even more delicate.

Organisation of the thesis Finally, we now discuss the organisation of the
thesis. The thesis is divided into seven chapters, each one followed by an ap-
pendix in which we have proved some technical and ancillary results useful
to the rest of the exposition. At the end of Chapters 3 to 7 we further provide
a Bibliographical Remarks section where we point out the main references those
chapters are based on and where we provide a literature review on the subject
analysed in each chapter.

We conclude the thesis with the chapter Looking forward, devoted to future
research directions that could possibly follow from the results presented here.
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Appendix 1

1.A  On the notion of relative entropy

In this appendix we collect some useful properties of the relative entropy func-
tional /¢ that will be employed later in the thesis and we extend the notion
of relative entropy to the case when the reference measure is not a probability
measure.

Let X be a Polish measurable space and consider P,Q € P(X’) be two prob-
ability measures. Then the relative entropy of P with respect to Q is defined
as
flogdeP ifP < Q,

) (1.A.1)
400 otherwise.

A (P|Q) = {

Equivalently it can be defined for any P,Q € P(X') as
dpP
#(°lQ) = [1(55) 4Q € 0.+,
where h(a) .= aloga—a+1 > 0foralla > 0 (with #(0) = 0). Since & is non-

negative and Q € P(X), it is immediate to notice that as soon as . (P|Q) <
+00 it holds log dP/dQ € L'(P).

Lemma 1.A.1 (Lemma 1.4.3 in [DE97]). Assume Q € P(X). Then the relative
entropy functional 7 (-|Q)

* is convex and lower-semicontinuous in P(X') in the weak topology, and strictly
convex on the subset {P: 7 (P|Q) < +oco};

* has weakly-compact level-sets, i.e., for any finite L the subset {P: 7 (P|Q) <
L} is compact in the weak topology of P(X);

e forany P € P(X) we have 7 (P|Q) = 0 ifand only if P = Q;
e forany P € P(X) the Donsker-Varadhan variational formula holds, that is

#(P|Q { hdP —1 th}
(PIQ) = hes(;:pﬂf) / og /

—  sup {/th—log/th}
hGMb

15
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In order to define the relative entropy when the reference measure Q is not a
probability measure but it is just o-finite (as it is when R is the Wiener measure
associated to a Brownian motion), we follow [CT21, Section 2] and [Léo14, Ap-
pendix A]. As Q is o-finite, there exists a measurable function W: X — [0, +0)
such that

Zw ::/efwdQ< +c0.

Then, for any P € P(X) such that W € L (P) we can define its relative entropy
with respect to Q as

#(P|Q) = #(P|Qw) — /WdP—long € (—o0, 409, (LA3)

where Q= z,,' eV Q € P(X) and #(P|Qy) is defined via the standard
definition (1.A.1) of relative entropy between probabilities. Moreover, it is im-
mediate to see that the above definition is independent of the choice of the
measurable function W: M — [0, +o0) satisfying zyy < +oo.

In the next result we collect some nice integrability properties linked with
the above definition of relative entropy with respect to o-finite measures.

Lemma 1.A.2 (Lemma 4.1.1 in [Tam17]). Assume that Q is a o-finite measure on
our Polish space X and fix a probability measure P € P(X).

1. If there exists a non-negative measurable function W € LY(P) such that zyy <
+o0, then either P « Qor (logdP/Q)~ € L1(P).

2. In addition to that, if 7 (P|Q) (defined via (1.A.3)) is finite, then P < Q and
logdP/dQ € L1(P).

Proof. Firstly, assume that P < Q. Then we can bound

I(log dP/dQ) "~ [|11(p) =||(log dP/dQw — W —log zw) " [|L1(p)
dpr dP \
< [ —|log—— ) dQw+||W + [log z
10 (18 55 ) dQu + [Wlusp) + log ]
which is finite since for any a > 0 it holds a(loga)~ < e~! and since Q is a
probability measure. This proves the first item of the lemma.
Next, notice that the same argument gives also that

|(log dP/dQ) " [|1(py < [|(log dP/dQw) " (|11 (py + IW |l p) + | log zw| -

and the above right hand side is finite since .#(P|Q) is finite and from the
definition (1.A.3) we may deduce that also .7 (P|Qyy) is finite as well or equiv-
alently that logdP/dQy € L!(P) (since Qy € P(X)). By combining the above
with the first item of our lemma, we conclude our proof. O
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Additive property.

Finally, let us conclude by stating the additive property of relative entropy
which guarantees the connection between the (dynamical) Schrodinger prob-
lem, its static formulation and therefore (entropic) optimal transport.

Let YV be a Polish space and let ¢: X — ) be a measurable map. Then
for any non-negative measure Q on X we have the disintegration formula
(cf. [DM78, Chapter III - paragraph 70])

Q(A) = /yQ(A|¢ — ) $+Q(dy)

which holds for any Borel set A C X and where the map y — Q(:|¢ = y) €
P(X) is measurable. Then, for any P € P(X’) and any non-negative o-finite
measure Q we have

A (P|Q) = H(sP|$sQ) + /%(P(-W =y)[Q(lp =y)) ¢«P(dy). (1.A4)

Moreover, since Q(-|¢ = y) is a probability measure for any given y € ), the
relative entropy w.r.t. such probability is always non negative and hence we
deduce the data-processing inequality

H(P|Q) > (psP|$xQ) . (1.A5)

We refer the reader to [Léol4, Appendix A] and [DE97, Lemma 1.4.3-(f)] for
further discussion and for a proof of the above statements.
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Chapter 2

Preliminaries on the
Schrodinger problem

This chapter serves as a more in depth introduction to the Schrodinger prob-
lem (SP) in a more abstract setting, namely when considering as underlying
reference process a Langevin diffusion on a (possibly unbounded) Riemannian
manifold. This is accomplished in Section 2.1. In order to generalise SP to this
setting we will briefly introduce in Section 2.1.1 the curvature-dimension condi-
tion, a crucial tool that guarantees existence and uniqueness of solutions to SP
and at the same time guarantees gradient estimates on top of which we will
deduce the corrector estimates in Chapter 3. In Section 2.2 we introduce the
assumptions we impose on the marginals and completely characterise the solu-
tion of SP in Theorem 2.2.1. In Section 2.2.1 we then introduce Sinkhorn’s algo-
rithm, which provides an iterative method that computes Schrodinger bridges
and whose convergence will be studied in depth in Chapters 5 and 6. Lastly, in
Section 2.3 we link the Schrédinger potentials (as introduced in Theorem 2.2.1)
with the optimal control of the stochastic optimal control formulation.

2.1 Underlying setting

Unless otherwise stated, in this thesis we consider as ambient space a weighted
Riemannian manifold, i.e., a triplet (M, d, m) where M is a smooth, connected,
complete (possibly non-compact) Riemannian manifold without boundary and
with metric tensor ¢ and corresponding geodesic distance d, whereas m denotes
the o-finite measure dm(x) = e~UY®vol(dx), where vol is the volume measure
of M and U is a C? potential.

We denote by P,(M), p > 1, the set of probability measures on M with
finite p-moment, that is such that for a fixed zp € M it holds

My(p) = /d”(]/,zo)dp(y) < +oo

19
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Let us also notice that P,(M) C P;(M) and in particular M?(p) < Ma(p)
for any p € Po(M). When M is a vector space (e.g.,, M = RY) in the above
definition we pick the origin zo = 0 € M.

Moreover, instead of considering just Brownian motions in Schrodinger’s
thought experiment, we are going to assume that the particles of the cloud fol-
low the Langevin SDE

{dXt = —VU(X;) dt + v2dB 211)

Xp~m,

i.e., the diffusion process associated to the generator L = A — VU - V1. Notice
that m is the invariant measure of the above dynamics. Then, given any two
probability measures y,v € P(M), we may again deduce from Sanov’s The-
orem (as we already did in Section 1.1) that the most likely evolution of our
system can be computed by solving the dynamical minimisation problem

inf J(P|R) (2.1.2)
{PeP(Q): Po=pu,Pr=v}

this time with R being the law of the Langevin dynamics (2.1.1). As we already
did in the Introduction, we denote with PT the optimiser of the above problem,
to which we refer again as to the Schrodinger bridge. By arguing as in Section 1.2
we may again deduce a static formulation for SP (as in (1.2.2)) which reads
again as

inf <jaf(71'|R0,T) ,  with Ror = ﬁ(Xo, XT) . (2.1.3)

ell(p,v)

We denote the optimiser of the above problem with 77 and refer to it as to
the Schradinger (or entropic) plan. Clearly, as we have already explained in Sec-
tion 1.2, it is possible to recover P! from 7T by connecting initial and final
position via Langevin-bridges, i.e., it holds

PT()= [ R (x).

For later reference, let us denote the density of Ryt as pr = %. We will

refer to the optimal value in (2.1.3) as to the Schrodinger cost and we will denote
itby Cr(p,v).

In the flat Euclidean setting when the Riemannian manifold (M,d) = RY,
the volume measure vol corresponds to the the Lebesgue measure Leb and we
recover the standard Brownian SP considered in the Introduction by choosing
U = 0 and hence m = vol = Leb whereas pt corresponds to the heat kernel (up
to the rescaling factor 2 in time, due to the presence of /2 in the SDE).

IWe refer the reader to [BGL13, Appendix B] for the connection between the generator L and
diffusion processes on Riemannian manifolds. In this thesis we will rely on the SDE (2.1.1) repre-
sentation solely in the Euclidean standard setting.
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2.1.1 Curvature-dimension condition

We are going to assume (M,d, m) to satisfy a curvature-dimension condition,
which will bring enough structure and regularity to the ambient space such
that existence and uniqueness of solutions to SP hold. From a stochastic point of
view one could think of the curvature-dimension condition as a more abstract
generalisation of the Bakry-Emery criterion for the ergodicity of the Langevin
SDE (2.1.1).

Bakry-Emery and T-calculus

Bakry-Emery approach to hypercontractivity relies on establishing whether there
exists a positive x € R such that it holds

Lo(f, f) > «T(f, f) (21.4)

for any (suitably regular) function f € L?(m), where I and T, are respectively
the carré du champ and the iterated carré du champ operators associated to the
generator L = Ay, — VU -V, i.e., they correspond to the operators defined for

any f, g (in a suitable subalgebra of L?(m)) as
I(f.8) = % {L(fg) — flg - gLf} ,
nalf,) = 3 | L (f,8) = T, Lg) ~T(L1, )]

Inequality (2.1.4) is referred to as the Bakry-Emery criterion after the seminal
work [BE85] and it is well known that this local differential condition guaran-
tees exponential ergodicity in Wp-distance for the diffusion process (2.1.1), with
x > 0 as exponential convergence rate [BGL13, Theorem 9.7.2].

A first example one could think of is the flat Euclidean space with the mea-
sure dm = ¢~ UdLeb, where the two operators equal

L(f,f)=IVfP? and Taf, f) = IV2fI* + V2U(VS, V)

and therefore a sufficient condition for (2.1.4) to hold is the x-convexity of the
potential U, i.e., that uniformly it holds

VU > «.

Lastly, let us further mention that (2.1.4) implies useful gradient estimates and
local log-Sobolev inequalities [BGL13, Theorem 5.5.2], as we will detail later.

Nevertheless, the class of log-concave measure is not rich enough for the
purposes of this thesis. For instance the very first example considered in the
Introduction (i.e., rescaled Brownian motion on RY, where L = A) fails to satisfy
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the Bakry-Emery condition (2.1.4) though it is immediate to notice that Cauchy-
Schwartz inequality gives

Laf, ) = [V2f12 = S(AF = L(LFP, 215)

which lower bounds the I'; operator with the generator L itself. Despite be-
ing different from (2.1.4), the above inequality carries other geometric and an-
alytical properties such as the validity of local dimensional log-Sobolev inequali-
ties [BGL13, Theorem 6.7.3] and the Li-Yau and Harnack inequalities [BGL13,
Corollaries 6.7.5 and 6.7.6]. Lastly, it provides a bound with explicit depen-
dence from the dimension of the ambient space (which does not appear on the
contrary in (2.1.4)).

Therefore, the above discussion suggests to consider a condition on the op-
erator I'; which combines both a lower bound on the curvature as in (2.1.4) and
an upper bound on the dimension as in (2.1.5), namely

Laff) 2 K T(F )+ (L2, 216

If the above inequality holds for x € R and N € IN (or possibly N = 4o0), we
will say that the curvature-dimension condition CD(x, N) is satisfied.

CD in Riemannian formalism

Condition (2.1.6) can be immediately generalised to weighted Riemannian man-
ifolds. Indeed if L = Ay — VU - V, then for any (regular enough) f € L?(m) it
holds

L(f,f)=IVf? and Da(f,f) = [V3f? + Ricu(Vf, V),
where the Bakry-Emery Ricci tensor is defined as
Ricy := Ricg + Hess(U) .

We refer the reader to [BGL13, Section C.5] where the connection between the
I'; operator and the tensor Ricy; is established as a consequence of the Bochner-
Lichnerowicz formula [BGL13, Theorem C.3.3]. Particularly, the splitting de-
composition of I'; allows to immediately deduce that inequality (2.1.6) holds
true for N > dim(M) if and only if it holds

Ricu(Vf, Vf) > x|V + 3 (L) (CD(x, N))

For the readers more interested in the geometric aspects of CD(x,N), let us
mention that the above condition is also equivalent [Vil08, Theorem 14.8] to the
more geometric condition

vu e vu
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Therefore one could consider  as a lower bound on the Bakry-Emery Ricci cur-
vature tensor Ricy; := Ricg + Hess(U), whereas N has to be seen as an upper
bound on the effective dimension of the generator induced by (2.1.1). The term
effective employed here is to remark that this dimension N does not necessar-
ily coincide with the topological dimension of the underlying manifold. For
instance, RY weighted with the standard Gaussian measure m o« exp(—|x|2/2)
satisfies CD(1, c0) but no CD(x, N) for ¥ € R and finite N can be satisfied (be-
cause CD(x, N) implies that m is locally doubling, which is not the case for the
standard Gaussian).

Consequences of CD

Thorough this thesis we are going to assume that our ambient space (M, d, m)
satisfies a curvature-dimension condition, i.e., that either one of the following
holds

e (M, d, m) satisfies CD(x, N) for some x € Rand N < o0, or
(CD)
e (M, d, m) satisfies CD(x, o0) for some x¥ € R and m(M) = 1.

Clearly, as we have already pointed out at (2.1.5), this condition (namely, the
condition CD(0, d)) is met in our landmark classical SP example where we con-
sidered Brownian particles in the Euclidean space R?.

The above curvature assumption yields many important consequences.

Firstly, it implies Gaussian lower bounds for p; = g (ni%’;l) . More precisely in

[JLZ16, Theorem 1.1 and Theorem 1.2] it is proven that CD(x, N) with N < oo,
implies that for every § > 0 there exist constants C;, C; depending only on
x, N, such that it holds

1 d*(x,y)
pe(x,y) > W exp ( — @—o) — C2t> (2.1.7)

forall x,y € M and all t > 0. On the other hand, if (M, d, m) satisfies CD(x, o)
with m(M) = 1, then from [Wan11, Corollary 1.3] one can deduce for all posi-
tive t > 0 the Gaussian lower bound

2
pe(x,y) > exp ( - M) (2.1.8)

forallx,y € M.

Moreover, the curvature-dimension condition guarantees Lipschitz and gra-
dient estimates along the time evolution of the semigroup (P);>o associated
to the generator L. Namely, CD(x, o) implies the L*-Lipschitz regularisation
[AGS14b, Theorem 6.8]

V2E2e(O Lip(Pi) < [l jo(my,  VE >0, u € L%(m), (2.1.9)
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where the Lip-norm is defined for any continuous function & € C(M) as

O o s )~ )
Lp(h) x;«éI; d<x'y)

whereas the factor Ey,(t) is defined for any t > 0 as

e2Kt -1

t
Enc(t) ::/O e25ds = {t 2 forx #0, (2.1.10)

forx =0.

Under CD(x, o0), Hamilton’s gradient estimate [Ham93, Kot07] (see also [JZ16])
holds true as well, i.e., for any positive u € LP N L®(m) for some p € [1,0) it
holds

2 _ HuH L®(m)
t|V log Pul? < (1+2¢t) log (7% ) (2.1.11)
On the other hand, when the effective dimension N is finite, the condition
CD(x, N) is equivalent to the validity of the following gradient commutation
estimate

2 gt

|VPu|? <e 2P| Vu|? — N/ e 2 Py(P_sLu)*ds
0

R (2.1.12)

VPul* <e P Vul> — ————
|V Pu|* <e” ™" P Vul N

(PiLu)?

for any compactly supported smooth function # and for any t > 0, see [Wan11,
Theorem 1.1].

Finally, let us mention a more geometric consequence: CD(x, N) condition
with N < oo entails the Bishop-Gromov inequality (see for instance [Stu06b,
Theorem 2.3]): for any x € supp(m) = Mand 0 <r < R < m/(N—1)/xT,
where (N —1)/x" = +ooif x < 0, it holds

Jo sin(ty/x/(N —1))N-1dt

’ if 0,
[ sin(ty/x/ (N —1))N-1d¢ if K >
N
nei) o4 (2) 0 o
T if K <0
fOR sinh(ty/—x/(N — 1))N-1d¢ , )

The Bishop-Gromov inequality implies a first log-integrability result, which
will later be useful for the existence and uniqueness of solutions to SP.
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Lemma 2.1.1. Let (M,d, m) satisfies CD(x, N) with N < +o0. Then for any r > 0
and for any measure p € Py (M) with finite first moment, it holds

(logm (B,(-)))" € L'(p).

Proof. Assume x < 0. If we fix ¥ € M and observe that for any x € M we have
Br(x) C By(x,z)++(%). Then, (2.1.13) implies

d(x,%)+r _
m(B,(x)) < Cym(B,(x)) /0 sinh(ty/—x/(N —1))N-1dt < G eB4(x %),

where Cy,C3 only depend on x, N,r and C; also depends on X. As a conse-
quence,
logm(B;(x)) < logCy + Csd(x, %) (2.1.14)

and therefore (logm (B,(-)))" € Ll(p) for any p € P;(M). In the case x > 0,
the argument works verbatim, the only difference being in the application of
the Bishop-Gromov inequality. O

Finally, let us conclude by stating an important consequence of CD condi-
tion.

Lemma 2.1.2. Assume that (M, d, m) satisfies (CD). The relative entropy functional
F(-|m) is lower semicontinuous with respect to Wy-convergence.

Proof. This follows from [Stu06a, Theorem 4.24], which allows to choose W as
Cd?(-,xo) for any xyp € M and C > 0 sufficiently large, in the definition of
relative entropy (1.A.3). O

2.2 Structural properties of Schrodinger problem

In order to guarantee existence and uniqueness of solution to SP we are going
to further assume the validity of

A1l. The marginals y,v € P(M) have finite second moments and finite relative en-
tropies with respect to the reference equilibrium measure m, i.e.,

H(ulm), A (v|m) < +oo.

Notice that as soon as CD(, o0) holds for some positive x > 0and m(M) = 1
and we further assume M;(m) < +oo, then the finite second moments’ assump-
tion can be dropped since Talagrand’s transportation inequality holds [BGL13,
Corollary 9.3.2] and hence for any probability measure p € P(M) with finite
relative entropy . (p|m) it holds

Ma(p) < 2(Ma(m) + W(p,m)) < 2Ma(m) + = #(p|m).
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Let us further point out that in the standard Euclidean setting CD(x, c0) with
x > 0 guarantees m to satisfy the Poincareé inequality with rate 1/x, which
implies Mp(m) < +oo. Henceforth Assumption A1 boils down to asking for
the marginals to have solely finite relative entropies, which is a strictly neces-
sary condition for SP to be well-defined. Indeed the data-processing inequality
(1.A.5) implies that for any coupling 77 € TI(y, v)

A (um), A (v|m) < A (7[Ror),
where the right hand side ought to be finite for at least one coupling in order to
make SP a well-defined problem.

We are now ready to state the main result of this section. We postpone its
proof after a few remarks and important first consequences.

Theorem 2.2.1. Let (M,d, m) satisfy (CD) and suppose p, v satisfy A1. Then SP
admits a unique minimiser t7 € T1(p,v) and there are two non-negative measurable

functions f, g satisfying
dr’
dRO,T

(x,y) = f(x)8(y) Ror-ae. . (2.2.1)

They are m-a.e. unique up to the trivial transformation (f,g) — (cf, g/c) for some
¢ > 0 and moreover ¢ = —log f € L (u), ¢ = —logg € LY (v). Finally, f and g
satisfy the Schrodinger system

{” = fPrgm, 2.2.2)
v=_Prfgm.

The splitting decomposition (2.2.1) is often referred to as the fg-decomposition.
For later reference, we will refer to the functions ¢ € L'(1), ¢ € L(v) as to the
Schrodinger potentials and from (2.2.1) we immediately have

drT
dRo, 7

=e 9% Ryr-ae.. (2.2.3)

Furthermore, let us notice that the Schrodinger potentials (actually their oppo-
sites (—¢), (—1)) can be seen as the optimiser of a dual characterisation of SP,
similarly to what happens in the OT setting with the Kantorovich potentials in
(1.2.9). Namely, it holds

Proposition 2.2.2. Assume (M, d, m) satisfies (CD) and suppose the marginals y, v
satisfy Al. Then Ct(p,v) < oo and

Cr(p,v) = sup {/ ady—i—/ pdv —log e“@ﬁdRo,T}.
lX,ﬁEMb(M) M M MxM

Finally, the supremum is attained at the couple (—@, —).
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Proof. We have already seen in Theorem 2.2.1 that Cr(p, v) is finite. Now, from
[Léo01, Proposition 6.1] it follows

Cr(pv) =  sup ){/Mady + /M,de - /MXM (e“@ﬁ - 1) dRO,T}

tx,‘BEMb(M

< d / dv —1 / “@ﬁdR}
< sup ){/MIX u+ M,B v —log MXMe 0T

a,BEM, (M

— sup( ){/MXM(oc @ p)dn’ —log /MXM OB dRO,T}

Dé,[SEMb M

< sup {/ hdn — log/ e dRO,T} (1A2) (7" Ro) -
hEMh(MXM) MxM MxM

Since Cr(u,v) = #(mT|Rgr) the above chain of inequalities is a chain of
equivalences and this, combined with (2.2.3), concludes our proof. O

Let us also immediately provide here a remarkable consequence of the de-
composition proven in Theorem 2.2.1, which is usually referred to as Pythagoras
Theorem for entropic projections:

Corollary 2.2.3. Let (M, d, m) satisfy (CD), suppose the marginals u, v satisfy Al and
let 7 € T1(p,v) be the unique optimiser in SP. Then for any coupling 7w € T1(u,v)
with 7 (1t|Ry 1) < 400 it holds

A (n|w") = A (n|Ror) — A (" [Ror)

Proof. It is enough noticing that Theorem 2.2.1 implies

drm dr’
A (rt|mh) /log—dn /<log dRo 7 —log dRO,T> dm

= [ (108 G- x)+ 0() + 900 ) (),

where the last step holds since (2.2.3) holds Ry r-a.e. and hence also 7r-a.e. (since
H(1t|RyT) < 400). Moreover, 7 (7|Ror) < +o0 and Theorem 2.2.1 implies
that the above summands are all in L! () (since ¢ € L'(x) and ¢ € L!(v)) and
therefore we have

d
Jf(rr|7rT) = /log dR:T dn—l—/(pdy—i—/lpdv

drT
= (nlRog) ~ [1og T dn” = A (nlRor) — # (x"[Ro)
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For sake of clarity we will split the proof of Theorem 2.2.1 in two parts:
firstly we are going to show the existence and uniqueness of the optimal cou-
pling 7z and then we will characterise it with the fg-decomposition.

Proof of existence and uniqueness in Theorem 2.2.1. Firstly, let us note that we may
equivalently consider the minimisation problem

inf 2(-|R! 224
. (-Ry7) (2.2.4)

where R&T € P(R*) is defined as RSIT(dx, dy) := pr(x, y)u(dx)m(dy). Indeed
it is enough to note that on I'l(y, v) it holds

H(-Ror) = A (p|m) + #(|R) 1),

identity which follows from the definition of relative entropy (consider W =
—logdy/dm in the unbounded c-finite case). This shows that (2.2.4) and SP
are equivalent and share the same solutions.

Given the above premises, we should prove that (2.2.4) (and hence SP) is
a well-posed problem, i.e., that there exists at least one coupling 7 € TI(y,v)
such that .57 (7‘[|Rg’T) is finite. Particularly we are going to show that this is the
case for the independent coupling y ® v.

In order to prove that, let us derive a lower bound for log pr. First, assume
that (M, d, m) satisfies CD(x, o) for some ¥ € R and m(M) = 1. From (2.1.8)
we get the lower bound

Kdz(x,y)

2T ) (2.2.5)

logpr(x,y) > —

which, combined with the trivial inequalities d(x,y)? < 2(d?(x,z) + d*(y,z))
valid for any z € M and ¢*T — 1 > « T, implies

2 2
log pr(x,y) > —° (;’Z) _d %’Z) . 2.2.6)

On the other hand, if CD(x, N) holds with N < +o0, then from the heat kernel
lower bound (2.1.7) we obtain

2 2
log pr(x,y) > —log [Clm (Bﬁ(x))} -G T- d (;’Z) _d (,?’Z) . (27)

In both cases, thanks to Assumption Al and Lemma 2.1.1 with r = VT we
conclude that — [logprd (i ® v) € [—o0, +00). Therefore we may consider the
well-defined summation

H(u ®V|R8]T) = (v|m) — /log prd(p®@v) < 4o0. (2.2.8)
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Now, since IT(p, v) is a weakly-closed subset of P(M x M) and (- |Rg,T)
has weakly-compact level-sets (cf. Lemma 1.A.1), the subset

{meIl(p,v): %(n|Rg,T) < H(u ®1/|R6‘/T)}

is weakly-compact. Therefore, from the lower-semicontinuity of /#(-|R}) ;) and
its strict convexity (cf. Lemma 1.A.1), we may finally deduce that there exists a
unique minimiser 7r” € T1(y,v) such that

A (' |RY 7)) = Hi(r;g)%HRg/T).

By recalling that SP and (2.2.4) are equivalent, we may finally conclude that 7z
is the unique minimiser for SP. O

Before proceeding with the remaining part of the proof, let us spend some
lines on the marginals’ constraint 77 € I'I(y,v) and how we could already in-
fer the validity of the fg-decomposition from it. Let us start by noticing that
since (M, d) is separable we know that there exists a countable dense family of
bounded measurable functions {¢; }ien and {¢; };cn such that

(projy, )t =p = /@(x)dﬂ(x,y) = /¢idﬂ VieN

and similarly for (proj,,)#7 = v and {¢;}ien. Therefore one might approx-
imate SP (or equivalently (2.2.4)), for any finite K € IN, with the following
minimisation problem
iélf;f(- IR) 1), (2.2.9)
K

where
Oy = {neP(Mz): /gbidn:/gbidy,/tp,»dn:/tpidv forauigK}.

Particularly, notice that Qk is a convex set and it is defined via a finite num-
ber of linear constraints, in contrast to what happens for Il(y,v) where the
marginals’ constraint is an infinite-dimensional one. This allows to deduce,
via Lagrange multipliers, that indeed the density of the unique solution ¥ of
(2.2.9) can be decomposed as

dK

ngT o<exp<2a ¢i @Zb 1/;1)

for some weights a;,b; € R. If we introduce the measurable functions X =
— YR ai¢i € Cp(M) and YK = — Y by € Cp(M), then clearly the fg-
decomposition for 77X holds with fx = exp(—¢X) and gx = exp(—9X). We
refer the reader to [Nut21, Example 1.18] (which is based on [FS11, Section 3])
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where a more general situation is discussed and where it is proven such de-
composition via Lagrange multipliers. Therefore one possible approach in the
proof of the fg-decomposition in Theorem 2.2.1 would be showing the conver-
gence of the approximated problem (2.2.9) towards SP as K 1 +co and showing
that pX @ ¢K converges in L!(7r7) to a limit element which belongs to the sum
space L' (1) ® L1 (v). Clearly ¢* @ ¢X € L1(u) & L (v) since it is a continuous
bounded function, therefore it would be enough showing that L' (1) @ L' (v) is
a closed subspace of L!(7rT). This can be done for instance by arguing as in
[RT93, Proposition 1], under some additional regularity assumptions.

The above sketched approach is the one adopted in [Nut21, Section 3]. In
what follows, we are going to present a different approach, namely the one
presented in [Tam17, Proposition 4.1.5] (see also [GT21, Proposition 2.1]), com-
bined with some integrability results coming from [Nut21], which so far is the
most general approach presented in the literature. Let us just mention here
that the closure of L'(x) @ L' (v) plays a crucial role for the existence of the
fg-decomposition and indeed also our approach requires an appropriate direct
sum space to be close in L!(7zT) (cf. Step 1. in the proof of Lemma 2.B.1).

We may finally proceed with the proof of the fg-decomposition.

Proof of the fg-decomposition in Theorem 2.2.1. Let 7t” be the unique solution of
SP and let A, := {du/dm > 0} and A, := {dv/dm > 0}. Consider the
function spaces

V= (LO(M'mA},) @LO(M/‘“AU)) NLY (M2, =T),

Vo i={ € L*(M?, t"): (proj,, )#((r”) = (proj,, )#(¢rT) = 0},

(2.2.10)
Vi ={0eL®(M2 1T): /uzdnT —0 YueVv,},
LV i={u e LY(M?, = T): /uzdnT —0 VieV).
Claim 1. We claim that
drT
— >0 m®m-as. ontheset Ay X Ay . (2.2.11)
dR
0,T

Assume by contradiction that the above is false and hence, since y @ v ~ m®@m
on Ay x Ay, itholds y @ v(Z) > 0 where Z := (A, x Ay) N {drrT/ng,T = 0}.
Now, forany é € (0,1) consider the probability measure 77 € T1(y,v) defined
as the convex combination between 7t” and the independent coupling u ® v,
i.e., the probability measure

7l =(1-8)al+éucv.
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Then, if we consider the convex function /(a) := aloga, we may deduce that

h <5 d(pov) ) — n(5) 42 4 5 <d<”®”) ) onZ

< drT? > dr] TdR) dR}
’,{ _—
dRy 7 5h<d(”§?”)> +(1 —(s)h(dﬂf on M2\ Z
dR R}

which, combined with the optimality of 7r7 as unique solution of SP, implies
that

%( T¢>|RP‘ _ TlR )
0 < lim
510 1)
= lim 67" [ h(dm™ /dRf ;) — h(dm" /dR] ) R}

<A (@ vIRyr) = # (7" Ry p) +limlog(9) p ® v(Z) = —oo

which is clearly a contradiction.

Claim 2. We claim that -V} C V. For exposition’s sake we postpone the proof
of this claim to Lemma 2.B.1 in the Appendix.

Claim 3. Next, we claim that log dnT/ dRyr € LV, i.e., that for any ¢ € Vp it

holds
I
/Eh <dR0 T) dRy = /Elog Ry drr (2.2.12)

Hence, pick ¢ € L®(M?, 1) with (proj,, Ja(leT) = (pro]xz)#(ﬂnj) = 0 and
for any 6 € (0, W”E“l’( 2 ”T)) consider the variation along ¢ of 7r”, that is the

coupling probability measure (1+ 6 ¢)7t” € I1(y,v). Then from the optimality
of T we may once again deduce that

_ A+ 80T IR ) — A (T [RG 7)
- 0

dr dnT "
5/ (1+M)dR0T)_h(dR0T)dRO’T
T
H
_/<eh<dROT>+5 h(1+5£)dRo >dRO,T
dr i
< H
_/(éh(dRo’T>+€(1+M)dR )dRO,T

where the last step follows from 1+ 6¢ > 0 and the standard inequality log(1 +
a) < aforanya € (—1,+). Since £ € L*(M?,r") and c%”(n'T|Rg,T) < +o0
the Dominated Convergence Theorem implies that as soon as ¢ | 0 it holds

d
<
o_/%(d

i p p
R@j) dRf+ [ edr” /Eh(dR0T> dR .,
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where the last step follows from the definition of Vjy and Fubini’s Theorem.

By considering —¢ € Vj in the above discussion, the last inequality reads as
an equality, which implies that (2.2.12) holds true for any ¢ € Vj. This proves
our third claim.

Conclusion. In order to conclude it is enough combining the second and third
claim which imply that logd7s” / ng,T € V.. Particularly, this guarantees the

existence of two measurable functions ¢ € LO(M,m| Ay) and ¢ € LO(M,m‘ a)

such that log dnT/ng,T = —@ @ 1 and hence that Ry r-a.e. on A, x A,

drT drT du
dTw(x'y) = dRigT(x'y) %(x) = f(x)g(y),

where ¢ := exp(—) and f := exp(—¢ + logdy/dm). Outside A, and A, is
enough extending f and respectively g trivially equal to zero. The uniqueness
part of the claim is also trivial.

Lastly, the (disjoint) integrability of ¢ and ¢ can be discussed as follows.
Indeed the bound 7 (i ® 1/|R3T) < o0, [Nut21, Corollary 1.13] guarantees
that .
dmr
? & Ll (}4 X V)

¢pDY = —log
d 0,T

which combined with Fubini’s Theorem implies ¢ € L! () and ¢ € L!(v) (see
also [Nut21, Remark 2.22] for a comprehensive discussion on this last step).
Since #(u|m) < +oo implies that logdu/dm € L'(u) (cf. Lemma 1.A.2) we
can conclude that also ¢ = ¢ — logdu/dm € L(n). O

Notice that the above fg-decomposition is unique up to a scalar multiplica-
tive factor, or equivalently that the couple of potentials (¢, ) is unique up to
additive shift, i.e., (¢,¢) — (¢ +a, —a) for any a € R. Therefore, unless
differently specified, in this thesis we are going to assume the following sym-
metric normalisation

[ (plm) + A (v|m) = Cr(p,v)].

(2.2.13)

In most of this thesis we will always deal with marginals that are defined on

unbounded supports. However, we will sometimes perform approximating ar-

guments in our proofs in order to consider bounded and compactly supported
marginals, since this property will be inherited in the fg-decomposition.

N~

/qody+<%”(;4|m) = /1/Jdv+<%”(v|m) =

Lemma 2.2.4. Let (M, d, m) satisfy (CD), suppose that the two marginals y, v satisfy
A1l and that their densities (w.r.t. m) are bounded and compactly supported. Then f, g
considered in Theorem 2.2.1 are in L' (m) N L®(m).

Moreover, if we further assume that du/dm € C¥(M) for some k € N U {co}
(resp. dv/dm) then the measurable function f (resp. g) also belongs to C¥(M).
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Proof. The boundedness result follows straightforwardly from [GT21, Proposi-
tion 2.1-(ii)] since the Gaussian lower bounds (2.2.6) and (2.2.7), combined with
the bounded densities and bounded supports assumption, guarantee the valid-
ity of the assumptions considered there.

The proof of the C¥(M)-regularity inheritance is given in [GLRT20, Proposi-
tion 2.8-b-(iii)]. O

In the next chapter we are going to see how the Schrodinger potentials and
their gradients provide good proxies for the optimal transport problem. More
precisely we will show that the Schrédinger map?, which is defined as the mea-
surable map

TT:=1d+2VeT (2.2.14)

will converge to the optimal transport map 7 in L2(p). Therefore it would be
interesting understanding what properties the gradients of the Schrodinger po-
tentials inherit from the marginals (e.g., Lipschitzianity of potentials). The next
theorem gives a first partial result in this direction in the classical Euclidean set-
ting, i.e., when considering the Brownian motion SP (as introduced in (1.2.2))
with the Gaussian measure as reference measure Ryt o« exp(—|x — y|>/27).
We will show that the Schrodinger potentials inherit some convexity from the
log-concavity /convexity of the two marginals. Therefore, let us consider the
following assumption:

A2. Let Uy, U, denote the (negative) log-densities of the marginals, i.e., such that
p(dx) = exp(—U,(x))dx, v(dx) = exp(—U,(x))dx .
Assume that there exist «,, € (0,+o00) and B, € (0, +oo] such that
VZUV >w, and VZLIPL <Bu-
The result we are going to prove reads as follows

Theorem 2.2.5. Consider the classical SP in R? introduced in (1.2.2), with Gaussian
reference Ry T o< exp(—|x — y|?/ar). Assume the validity of A1 and A2. Then it holds

(o0 o/ (BT T By < e,
w, — T71 for By = +oo.
(22.15)

Moreover, if we consider for any t € [0, T| the function Z/{tT’lP = —log Pr_sexp(—¢)
then it further holds

V3> ay  withay =

2T Ay
Vi = 1+ (T—tay

2We should point out that 77 does not define a transport map between y and v since in general

Tin#v
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We will not prove here this result now since in Chapter 6 we will prove
a more general result that implies this one as a direct consequence (cf. Theo-
rems 6.1.1 and 6.6.1). A direct proof of (2.2.15) can otherwise be found in [CP23],
where the authors provide an entropic proof of Caffarelli’'s Theorem (i.e., that
under A2 the optimal transport map 7 from y to v is /B, /ay-Lipschitz). The
approach we are going to employ later in the proof of Theorem 2.2.5 is based
on the study of convexity propagation along Sinkhorn’s algorithm, that is an
iterative algorithm that computes Schrodinger potentials.

2.21 Sinkhorn’s algorithm

If we suppose that the marginals admit densities of the form
p(dx) = exp(—Uy(x))m(dx), v(dx) = exp(—Uy(x))m(dx), (2.2.16)

then, the Schrodinger system (2.2.2) equivalently reads as

¢ = Uy + log Prexp(—) (22.17)
¢ = Uy +1log Prexp(—¢),

where (P;);>¢ is the Markov semigroup generated by the SDE (2.1.1).

Then, starting from a given initialisation ¥, 9°: R? — R (usually ¢° = 0
and ¢° := U,), one may consider an iterative algorithm that solves (2.2.17) as
a fixed point problem by generating two sequences of potentials {¢", ¢} ,eN,
called Sinkhorn potentials, according to the following recursive scheme:

¢"t! = Uy, +log Prexp(—y") (2.2.18)
P = U, +log Prexp(—¢™™) . -

The above algorithm is known as Sinkhorn’s algorithm or as Iterative Propor-
tional Fitting Procedure (hereafter IPFP). Its convergence has been extensively
studied, specifically for compact spaces or for compactly supported marginals.
We postpone the literature review on the convergence of Sinkhorn’s algorithm
to the bibliographical remarks section in Chapter 6 where we prove its expo-
nential convergence for unbounded costs and unbounded marginals.

Below we are just going to interpret Sinkhorn’s algorithm from the primal
point of view, i.e., when considering the coupling probability measures defined
(by mimicking (2.2.3)) via

dn.n+l,n o eXp(—gD”Jrl @ l/Jn)dRO,T i

2.2.19
dtintl « exp(fgo”'H P l/Jn'H)dROj . ( )

In the sequel, we will refer to the couplings (77", 7" +1"), .+ as to Sinkhorn’s
plans. It has been pointed out in [BCC*15] (see also [Nut21, Section 6]) that
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Sinkhorn’s algorithm is a special case of the Bregman's iterated projection al-
gorithm for the relative entropy functional. Indeed, the sequence of Sinkhorn’s
plans {7, 7" t1m}, -+ satisfies the following recursion:

I . . ,
{nn n.— arg mlnn(%*)%( |7.['rl n) ’ (2220)

It = arg minn(*lu)%(-m”“'”) ,
where IT(y, %) (resp. II(x,v)) is the set of probability measures 7 on M x M
such that the first marginal is 3, i.e., (proj, )s 7T = p (resp. the second marginal is
v, ie., (projy)ﬁn = v). The primal formulation of Sinkhorn’s algorithm (2.2.20)
justifies the name Iterative Fitting Procedure, indeed each iterate is chosen by
fitting one marginal constraint in the best possible way i.e., by considering the
entropic projection on the subset P(M x M) that fits one of the two marginals
(cf. Figure 2.1).

Figure 2.1: More precisely, the se-
quence {m""},en+ € II(x,v)
is a sequence that always
fits the second marginal con-
straint, whereas the sequence

T(sv) {m" Ty e C II(p,*) always

- fits the first marginal. Clearly,

N2 when the algorithm converges
X (problem which will be addressed

in Chapters 5 and 6) the limit point
| 7 _ of both sequences will be a cou-
L Ty pling between the two marginals,
\ i.e., an element of IT(p, v).

Clearly at each step, as soon as we fit one marginal constraint, we violate
the other one. For this reason we define the adjusted marginals produced along
Sinkhorn’s algorithm as the probability measures

p" = (proj, )" and v" = (projy)ﬁn”H'” . (2.2.21)

Lastly, let us remark that Sinkhorn’s iterates may be considered as potentials of
appropriate Schrédinger problems. Indeed, the decomposition given in (2.2.19)
implies that

e the couple (¢"*!,y") corresponds to a couple of Schrodinger potentials
(as defined in Theorem 2.2.1) associated to the Schrodinger problem with
reference measure Ry r and with marginals y and v" := (projy)ﬁ g tin,

e the couple (¢"*1, " 1) corresponds to a couple of Schrodinger potentials
(as defined in Theorem 2.2.1) associated to the Schrodinger problem with
reference measure Ry 1 and with marginals 3" := (proj, );7" 11 and
v.
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2.3 Dynamical formulation and optimal control

Under the additional assumption of bounded densities and supports, SP ad-
mits a dynamical formulation. What follows is taken from [GT19], however the
reader should pay attention to the different time-rescaling we have adopted
here in contrast to the choice made there, which eventually leads to different
numerical constants.

Lemma 2.3.1 (Proposition 4.1 in [GT19]). Let (M, d, m) satisfy (CD) and suppose
the marginals y, v satisfy Al and that their densities (w.r.t. m) are bounded and com-
pactly supported. Then it holds

T
Cripv) = (uim) + [ [ IV log Pr_igf* P at

T
:%(V|m)+/0 /[VlogPtf\z dp7 dt

where f g are the measurable functions defined at (2.2.1) whereas the probability mea-
sure Pt = Tf Pr_;gm is the T-entropic interpolation from u to v at time t, ie.,
P/ = (X;)4PT.

In [GT19, Proposition 4.1], the dynamical representation formula (2.3.1) for
the entropic cost is actually proven under a CD(x, N) assumption with N < co.
However, the very same argument works also if (M, d, m) satisfies CD(x, o0)
and m(M) = 1. Indeed, the proof of [GT19, Proposition 4.1] essentially re-
lies on the regularity and integrability of t +— p; := Pif Pr_;g, t — logP:f,
t — log Pr_;g (and of their gradients) and these properties can be extended
to the case N = oo as follows. As concerns the regularity, given that y, v have
bounded densities and supports, the lower bound (2.2.5) on the heat kernel al-
lows to deduce that f,g € L®(m) with bounded supports too, exactly as in
Lemma 2.2.4. Then the smoothing property of Pr entails C*-regularity, see
[Gri09, Theorem 3.1]. As regards the integrability, what is needed is the exis-
tence of an L!(dt ® m)-function dominating, locally in ¢, t — log(P:f)ps, t +
log(Pr_;g)pt and t +— |Vlog Pif|?ps, t + |V 1og Pr_;g|?p:. By the maximum
principle, t — log(P:f)ps, t — log(Pr—;g)p: are dominated (up to multiplica-
tive constants) by ¢ — Pr_;g and t — P;f, respectively. As for t — |V log P f|?,
t — |Vlog Pr_;g|? the desired domination follows from Hamilton’s gradient
estimate (2.1.11) and the bounds on t — log(P:f)py, t — log(Pr—;g)p:.

2.3.1)

From the dynamical formulation of Lemma 2.3.1 it is immediate the link
between the fg-decomposition (or equivalently the Schrodinger potentials ¢, 1)
and the stochastic optimal control formulation portrayed in Section 1.3. Indeed,
at least in the Euclidean setting, the first identity in (2.3.1) can be seen as (1.3.3)°
where the control considered is equal to the feedback control

ul = Vlog Pr_e ¥(X). 2.3.2)

3Let us remark here that the missing scaling factor 1/2 in front of the integral in (1.3.3) is due to
the presence of the v/2 factor in front of the Brownian motion in (2.1.1) considered in this chapter.



2.3. DYNAMICAL FORMULATION AND OPTIMAL CONTROL 37

This suggests we should study the function Z/{tT’w(x) = —log Pr_se~¥(x) and
its gradient. We will actually accomplish this in Chapters 5 and 6 in order to
prove the exponential convergence of Sinkhorn’s algorithm. Let us just point
out here that, under some additional regularity assumption on 1, the function

(UtT’lP)te[o,ﬂ solves the Hamilton-Jacobi-Bellman equation (HJB)

{atut—i—Aut—Vu-Vut—|Vut|2:0 (233)

ur =1.

Due to the role that VZ/ItT ¥ and V?/{tT'(P play in Lemma 2.3.1 we call these two
object forward and respectively backward corrector. The study of the behaviour
of their L2-norms will be the starting point of our discussion in Chapter 3.

Finally, the above link with the stochastic optimal control formulation can
indeed be shown to hold, under some geometric regularity assumptions. More
precisely, for the classical SP (i.e., the one considered in Chapter 1 with Brown-
ian motions) it holds

Lemma 2.3.2 (Lemma 4.2 in [Con24]). Assume Al and A2. Then the Schrodinger
bridge PT € P(Q) coincides with the law of the process

{dXtT = —vuY(XT)dt + dB, 234)

XOTNV,

and hence the Schrodinger plan is equal to w7 = L(XT, XT).
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Appendix 2

2.A Equivalence with Entropic Optimal Transport
problems

Given any cost function c(+,-) € L'() x L!(v) one can always consider the OT
problem

inf /c x,y)dmr
nell(pv) ( y)

and its entropic regularisation

EOT:(u,v) := neli"?(it ) /c(x,y) dn+eA(nlpev), (2.A.1)

for some regularising positive parameter ¢ > 0. EOT¢(y, v) is referred to as the
entropic cost and, when not clear from the context, we will stress its dependence
from the cost function by denoting it with EOT¢ (i, v).

The above problem shares many common properties with SP. The most re-
markable one is that a result similar to our Theorem 2.2.1 holds true also in this
case, i.e., it admits a unique optimiser 77 € Il(y,v) and its density is of the

form
dm® Qe PP —c )
7(1(# ) exp (e ) U ® v-a.s. (2.A.2)

for two measurable functions ¢, € L'() and ¢, € L'(v), to whom we refer
as to the (entropic) potentials, and they are unique up to additive shift, i.e.,
(¢e, Pe) — (@ +a, e —a) for any a € R. Henceforth from now on we tacitly
assume the validity of the symmetric normalisation (as in (2.2.13)) which in the
EOT setting reads as

/ pedp = / Pedv. (2.A3)

Similarly to what we have already explained in Section 1.2, the general SP
problem considered in (2.1.3) can also be considered as a generalised EOT prob-
lem. However, in general the dependence from T > 0 is not explicitly given
since pr is only implicitly given. Therefore if in (2.A.1) we consider ¢ = T and

39
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dRo,r
d(uxv)
EOT,(p,v) = TCr(p,v) and the two problems share the same optimiser 7° =
7T, Lastly on the dual side we would have the identity T(¢T ©¢7) = — @ ® ¢
between the Schrodinger potentials (¢!, ¢7), as defined in Theorem 2.2.1, and
the entropic potentials, as defined in (2.A.2). This connection allows to trans-
late results from EOT theory into results in SP theory and viceversa. For an
extensive introduction to EOT problems and their relation with SP, we refer the
reader to the lecture notes [Nut21].

allow for an e-dependent cost, namely ¢ = —T'log , than indeed we have

2.B A technical lemma

The proof of the next lemma is taken from [Tam17, Proposition 4.1.5].

Lemma 2.B.1. Consider the assumption of Theorem 2.2.1, and let V and - W be the
function spaces defined at (2.2.10). Then we have Ly, C v,

Proof. Let us firstly recall the definition of the function spaces

Vo= (LO(M,mM}l ) ®LO(M,my, )) NLY(M2, 7T,
Vo ={€ € L*(M?, ") (proj,, )#(¢xc") = (proj,, )s(£c") = 03,
VE={f e L®(M2, T): /uednT —0 VueVv,

Wo i ={u e LY(M?, 7cT): /uﬁdnT =0 VleVW}.

For sake of clarity we are going to proceed by steps.

Step 1. We are going to show that V is a closed subset of L' (M?, 7).
Firstly, let us argue that u € V. if and only if u € L'(M2, =T) and for
m®—ae. (x,%,y,y) € A} x A7 it holds

u(x,y) +u(x,y') = ulx,y’) +ulx,y). (2.B.1)

Indeed the only if part s trivial; whereas if we assume the above holds true m®4-
a.e. on Af, x A2, then Fubini’s Theorem guarantees that there exist (x',y') €
Ay x Ay such that m®2-ae. on A, x Ay it holds u = u(-,y') & (u(x',) —
u(x',y'")) € Vy.

Now, since M, Qom, < 7T (cf. (2.2.11)) we deduce that (2.B.1) is a closed

condition also in L' (M2, ©T), which proves our claim.
Step 2. Next we show that V- C Vj or equivalently that L®(M?, 7xT) \ V; C

Lo(M?, 1)\ Vi. Hence, let £ € L®°(M?, ©T) \ V}, i.e., without loss of generali-
ties, we may assume that the first marginal measure (proj, )#(¢ 7T) is non-zero.
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If we consider u := d(proj,, )#(¢reT)/dp @0 € V4, itholds

/ufdﬂT_/d(proj’q)#(Enj)d(gnT)_/cﬂpr%an)

. T
dn d o proj,, d(¢m”)

d(proj 0T - ( d(proj ! 2
:/Wd(prdxl)#(ﬁ””:/ (W) du >0,

which implies ¢ ¢ V.

Conclusion. Take u € L'(M?, xT) \ V. Then Hahn-Banach Theorem [Bre10,
Theorem 1.7] guarantees the existence of some ¢ € L' (M2, 7T)* = L®(M?, xT)
such that for any il € V, itholds [#¢dsT = 0 whereas [uldr’ # 0 (see also
the proof of [Bre10, Corollary 1.8]). This particularly implies £ € Vi C V.
Since [ uf dnT # 0 we can finally deduce that u ¢ 1V, and therefore that
LY(M?, 7))\ Vy C LY (M?, eT) \ -V, or equivalently that -V C V. O
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Chapter 3

Convergence to the Brenier
map

In this chapter we further develop the discussion initiated in Section 1.2 where
we have linked SP with optimal transport theory. Firstly, inspired by the link
with stochastic optimal control, portrayed in Section 1.3, we prove in Section 3.1
some gradient estimates to which we refer to as corrector estimates. Then in
Section 3.2 we analyse the small-time limit of SP (towards OT) and prove our
main result Theorem 3.2.3, i.e., the convergence of the gradients of Schrodinger
potentials towards the Brenier map. Lastly, in Section 3.2.3 we provide some
quantitative convergence rates estimates in the Euclidean setting under the ad-
ditional geometric assumption A2.

3.1 Corrector estimates

In this section we will show how the (CD) condition implies useful gradient
contraction estimates for the Schrodinger potentials. We will refer to them as
corrector estimates, in view of the link with stochastic optimal control problems
described in Section 2.3.

In order to do that we are going to consider, apart from the curvature-
dimension condition (CD) and from A1, that

A3. Forp = u,v € P(M) it holds either
. j—i € L*™(m) and is compactly supported, or

. d—:l is locally bounded away from zero on int(supp(p)) and

p(osupp(p)) = 0;

Our proof strategy reads as follows. Firstly, we will assume that the marginals
have compact support and bounded densities, then we will extend it to the case

43
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in which f, ¢ € L*(m), and finally to the case when we assume that the second
condition in A3 is satisfied by relying on a finite-dimensional approximation ar-
gument where the second marginal is fixed while the first marginal constraint is
replaced by a finite-dimensional one, similarly to the discussion already given
for (2.2.9). More precisely, since (M, d) is separable, we know that there exists a
countable dense family of bounded measurable functions {¢; }cn such that

(proj, Jsm =p & /<Pi(x)d7r(x,y> = /@dy VieN.

Therefore for any fixed K € IN we may define the convex and closed (in total
variation) set

Qf = {7‘[ e P(M?): (proj,, st =v, /(])i(x)drc(x,y) = /gb,-dy foralli < K}

and then consider the associated minimisation problem

inf %(H‘RO,T) . (3.1.1)

1%
ey

With the next lemma we show that the above problem is well posed and gives
an approximation of SP.

Lemma 3.1.1. Let (M, d, m) satisfy (CD) and suppose that the marginals p, v satisfy
Al. Then the above minimisation problem (3.1.1) admits a unique optimiser T € Q¥,
whose density is given by

drk . K 0o
Wﬂ(%y) = fx(x)gk(y)  with fx =C exp <2 Aj <Pi> €L%(m) (3.1.2)

i=1

for some constant C > 0 and multipliers A; € R. Moreover, gx converges m-
a.e. to g and Prfx converges m-a.e. to Prf on supp(v). Finally, the optimal value
(K |Rq ) converges to Cr(p,v) as K 1 +oo.

Proof. The existence and uniqueness of the minimizer 78 € QY is guaran-

teed by [Nut21, Proposition 1.17]' Moreover, from the same reference we have
nl < n¥and

7% — 7T intotal variation and J2(7X|Ry7) — (7T |RoT) = Cr(p,v).

(3.1.3)
Let us now prove (3.1.2). Firstly, notice that if we introduce the marginal yX =
(projxl)#nK, then it immediately follows that 75 € ITI(uX,v) C QY is the

unique optimiser of the Schrédinger problem with marginals X, v and clearly

Let us just point out here that this result applies to settings where the reference Ry 1 is a proba-
bility measure. When this is not the case, one can consider the probability measure Rf (dx, dy) :=
pr(x, y)m(dx)v(dy) and argue as we already did in the proof of Theorem 2.2.1.
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Cr(pK,v) = #(78|Ro r). Owing to (3.1.3), 22 (uK|m) < 2 (nX|Ry 1) is even-
tually finite for K large enough and therefore Theorem 2.2.1 yields the exis-
tence of two positive measurable functions fx, gk such that Ry r-a.e. it holds

dROT " (x,y) = fx(x) gk(y) with log fx € LY(3X) and log gk € L!(v). Then, in
view of the additive property of the relative entropy (1.A.4) we may write for
all T € Q%

#(rlRox) = A (vlm) + [ (w(-|projy, = lmPr(y)) du(y),

where mPr(y) = Ro,r(-|proj,, = y) € P(M) is the probability measure whose
density is given by pr(x,y)dm(x). Henceforth, if y ~— 715(dx|y) € P(M) de-
notes the stochastic kernel associated to 78 = 7X(dx|y) ® v(dy) when con-
ditioning on the second variable, for any fixed y € supp(v) the probability
measure 715 (dx|y) clearly minimises

inf JZ(gq|mP
L (almPr(y))

with O(y) = {q € P(M /4>1dq = /([Jldn ‘ly) foralli < K}

The existence and uniqueness of solution in the above problem, for any fixed
y € supp(v), are once again ensured by [Nut21, Proposition 1.17]. Moreover,
by arguing as in [Nut21, Example 1.18] for any fixed y € supp(v) we can write

drk(ly) X
d(mPr(y)) ¥ = W e (Z bi<y>¢i<x>>

for some constants c¢(y) > 0 and b;(y) € R, possibly depending on y. By com-
bining the above expression, the fk, gx-decomposition and the Schrodinger sys-
tem associated to Ct(uX, v) (cf. (2.2.2) in Theorem 2.2.1) we deduce that

drX _d(7*(ly) @) _dv oy dit(y)
frx(x)gk(y) = dROT(x ) = W(% ) = R( )W(’C)

=gk (y)Prfx(y)c(y) exp (Zb ) :
Henceforth, for any y € supp(v) it holds

fx(x) = Prfk(y) c(y) exp (25 >

and since the above left-hand side does not depend on the choice of y, we may
choose a fixed y* € supp(v) and write

fK(X) = PTfK( C exp (Zb > (0 +oo)
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This proves (3.1.2) with C := Prfx(y*) c(y*) and A; == b;(y*).

Finally, we claim that we can fix a renormalisation for the decomposition
fx, gk (which is unique up to a multiplicative constant) such that gx converges
m-a.e. to g. In order to do so, note that the convergence in total variation in
(3.1.3) implies that (along a non-relabelled subsequence)

K T
flx)3kv) = Jp—(09) = Jo—(0y) = f(H)gw),  Ror-ae

and a fortiori m ® m-a.e., thanks to the (CD) assumption and the Gaussian lower
bounds (2.2.5) and (2.2.7). If A C M x M denotes the subset where the latter
limit holds pointwise and A€ its complement, then m ® m(A¢) = 0 and Fubini’s
Theorem implies that for m-a.e. x € M it holds m(A$) = 0, where the section is
defined as Ay == {y: (x,y) € A}. Combining this with 4 < m we deduce that
there exists an element x* € int(supp(y)) such that f(x*) # 0 and m(AS.) = 0.
We have therefore proven that

fr(x")gx(y) — f(x*)g(y) form-ae. y. (3.1.4)

By renormalising the fx, gx-decomposition such that fx (x*) = f(x*) € (0, +00),
(3.1.4) reads as
9K — ¢ m-a.e.

As a direct consequence of this and (2.2.2) we get the m-a.e. convergence of
Prfk to Prf on supp(v), since the marginal v is always the same at each step
K e N. O

Thanks to the previous result, we are finally able to prove contraction gra-
dient estimates for the Scrhodinger potentials.

Proposition 3.1.2 (Corrector estimates). Let (M, d, m) satisfy (CD), suppose the
marginals u, v satisfy Al and let f, g be as in Theorem 2.2.1 and satisfying the nor-
malisation (2.2.13). Then, if $¥ is locally bounded away from 0 on int(supp(v)) and
v(dsupp(v)) = 0 it holds

1
IV log Prfl[f2(,) < 5.1 |Cr v) — A (vim)|, (3.1.5)

where Eyy is defined as in (2.1.10). In particular, it is part of the statement the fact that
log Prf € Wllof(mt(supp(v))) with |V log Prf| € L?(v).

Similarly, 1f T i locally bounded away from 0 on int(supp(u)) and if it holds
u(dsupp(p)) = 0, then log Prg € W, (int(supp(p))) with |V log Prg| € L?(n)

and it holds
1
V108 Prg () < gy | Crlsv) =2 (uim) | (3.1.6)

In particular, both (3.1.5) and (3.1.6) hold true if the marginals satisfy A3.
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Proof. We will only prove inequality (3.1.5), as (3.1.6) follows by completely
analogous techniques.

As a preliminary step, let us assume that y, v have bounded supports and
dy
dm’

bounded densities %. Under this extra hypothesis, it holds

/|v1ogPTf\2dv < e’z"(T’t)/|VlogPtf|2dPT, (3.1.7)

where we recall that P/ = P;f Pr_;gm is the T-entropic interpolation from y to
v at time t. If (M, d, m) satisfies CD(x, N) with N < oo, this is a consequence

of Grénwall lemma applied to the functions a(t) := [ |VlogP;f |>dP] and

B(t) := (7= [|Vlog Prf|*dv, as on the one hand by [Con19, Lemmas 3.6
and 3.7] together with [GT21, Proposition 4.8] (which justifies the computations
of [Con19, Lemmas 3.6 and 3.7] in the non-compact and possibly negatively
curved setting) we have

xeCl((0,T]) and  o&/(t) < —2xa(t), Vt € (0,T] (3.1.8)

while on the other hand it is readily verified that §’ = —2«f; since a(T) = B(T),
it must hold a(t) > B(t) for all t € (0, T], namely (3.1.7).

If instead (M, d, m) satisfies CD(x, c0) and m(M) = 1, the reader should refer
to [CT21, Lemma 2.2]: this grants the validity of (3.1.8) for

45(1) 1= 5 [ [V10g(Pif +8) 2 (Pf +0)(Prig +¢) dm,

where § > 0 is any positive number and ¢; is a normalisation constant, so that
cs(Pf + 8)(Pr_;g + 6)m is a probability measure. By considering

Balt) := ) [ |V 1og(Prf +6) (Prf +¢)gdm,

by the same argument as before we obtain as(t) > Bs(t) for all t € (0, T] and
6 > 0, whence (3.1.7) by passing to the limit as 6 | 0 by the Dominated Conver-
gence Theorem. Indeed, note first that

VP f[?

|V10g(Ptf+5)|2(Ptf+ 5)(PT_tg+5) = Ptf+(5 (PT—tg+ 5)

< |V1og Pf|*Pif (Pr—1g +6) < C(x,t)(Pif)|log Pif|(Pr—sg +1)

where the last inequality is due to Hamilton’s gradient estimate (2.1.11), C(x, f)
being some constant that only depends on «, . Then, since from Lemma 2.2.4
we know that f,¢ € L®(m), by the maximum principle we deduce that the
previous right-hand side is bounded, hence integrable as m(M) = 1, and thus
provides an admissible dominating function.

Now, by multiplying by e2*(T~*) and integrating over ¢ € [0, T] in (3.1.7) we
deduce that

T
EQK(T)/|VlogPTf|2dv g/o /|VlogPtf|2 dpTdt = Cr(u,v) — #(vim),
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where the identity is justified by the dynamical formulation of SP in Lemma 2.3.1.
Inequality (3.1.5) is thus proved, as well as the last part of the statement.

Now let us remove the additional assumptions on y, v in a two-steps proce-
dure.

1st step. In addition to Al, assume that y, v are such that the associated f, g €
L®(m). Then fix * € M and introduce f, = 1p,(z)f, &1 = 1p,(x)g so that
(3.1.5) holds true for

Mn = CnfnPrgnm and Vn i= CngnPrfnm,

where ¢, is a normalisation constant (note that by self-adjointness of Pr it is the
same for both measures y;; and v;;). Namely

1
/|VlogPTfn|2dvn < Eor(T) |:CT(]/{n/1/n) —Jf(vnm)] .

Observing that |V log Prf,| > |V log(Prf, + 6)| for any § > 0, the inequality
above implies in particular that

1
/ IV 1log(Prfy 4 6)|* dv, < E(T) {CT(yn,vn) - %ﬂ(wm)] (3.1.9)

for all 5 > 0. Let us now pass to the limit as n — oo.
To this end, observe first that Psf, — P:f and Prg, — Prg pointwise as
n — oo. Indeed

Pefol) = Prf )] = | [ (L, ) = DS @or(x,9) i)

< 1fle= [ 113, () = 1lpr(x,) dm(y)
and the right-hand side vanishes as n — oo by dominated convergence. This

allows to handle the right-hand side of (3.1.9) in the following way. As concerns
the term C7(pn, vy ), on the one hand,

/10gfn dpn < /logfd#n = /(logf)+dﬂn —/(logf)’dun
<en [(tog )" dp~ [ (10g )" Ay,

where we have used f, < f and, as a consequence of the maximum principle,
also Prg, < Prg. This implies that

lim sup .logf,1 dpn < /(logf)ery—liﬂi;lf/(logf)_dyn

< [(ogf)"dp~ [(10g )" du= [10gfdn,
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since ¢, — 1 and f, Prg, — f Prg pointwise (as already discussed before)
together with Fatou Lemma. On the other hand, one can show in an analogous
fashion that

limsup [ logg, dv, < / log gdv.

n—,oo
Since

CT(’/{n,Vn) = /logfn d]/ln+/loggn dvn+10gCn,

we conclude that
limsup Cr(pn, vn) < Cr(p,v). (3.1.10)

n—oo

Secondly, as regards .7 (v,|m), note that g,Prf, — gPrf m-a.e. together with
gnPrfu < ¢Prf € L'(m) entails ¢, Prfy, — gPrf in L'(m) by dominated con-
vergence, whence v, — v. Moreover, as n — o0 it holds

[Mp(vy) — Mp(v)] < ’/d2 %) dvy, — /d2 %)gnPrfn dm‘

’/d )guPr f dm — /d %) dv

gubPrfu 1‘ dv — 0,
8Prf

again by ¢, — 1 and dominated convergence (recall indeed that v € P>(M) by

Al and g, Prf, < gPrf, so that g;lljiszn € [0,1]). Therefore W (v, v) — 0and, by

lower semicontinuity of the entropy w.r.t. Wy-convergence (cf. Lemma 2.1.2),

< (en = M) + [ ()

lim sup ( — %(vﬂm)) < —(v|m). (3.1.11)
n—oo
Passing to the left-hand side of (3.1.9), fix k € IN and note that for all n > k we
have

[ 1 108(Prfy+ 8)Pduy > = [V 10g(Prfy+6) duy
k

1 2

=— Vlog(Prfn +6)| dvg,

& o) |V log(Prfu + 6)|" dvg

since ¢, > 1. We now claim that |V log(Prf, + )| — G in L?(By(%),vy) for
some G such that |V1og(Prf +6)| < G. To this end, observe that by the L*-
Lipschitz regularisation (2.1.9) it holds [VPrfu| < Cr| fullLe(m), Where Crx
only depends on T and x given by (CD). Since f, < f, this implies

2

C K
/ka [V 1og(Prfu +0) dm < —Z<m(Be() [ £l (m)

The functions (|V log(Prfy + 6)|)nen are thus equi-bounded in L?(Bi (%), m)
and this implies that, up to subsequences, they converge to some function
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G € L?(Bi(x), m) weakly in L2(By(%), m). Since log(Prf, + J) converges m-
a.e. to log(Prf + J), by [AGS14a, Lemma 4.3(b)] |V1og(Prf + )| < G. As
for |[V1og(Prfy +6)| — G in L?(Bg (%), v}), this directly follows from the weak
convergence in L?(By (%), m) and the fact that, under the current assumptions,
3—; € L®(m). Combining the claim with the lower semicontinuity of the L (vy)-
norm w.r.t. weak convergence we obtain

liminf | |Vlog(PTfn+5)| dy > / G2dy,

n—oo

> ﬁ |V log(Prf + 6)|* du.
Bk (%)

From this inequality, (3.1.10) and (3.1.11) we end up with

Clk |V log(Prf +0) Fdvi < Ez:( Y {CT(V, ) — A (v|m)

and it is now sufficient to let first k — oo and then § | 0. In both cases, the
monotone convergence theorem (and the fact that ¢, — 1) allows to handle the
left-hand side and finally get the validity of (3.1.5) for u, v.

2nd step. Now let y, v be as in Al and assume that éiv is locally bounded

away from 0 on int(supp(v)) and v(dsupp(v)) = 0. Fix K € N, let fx, gk be
defined as in Lemma 3.1.1 and let pix := (proj,, )#7tX be the first marginal of the

optimizer 7K associated to (3.1.1). Since this approximation guarantees us only

that fx € L®(m), let us fix n € IN and define g§ = min{gx, n} € L®(m) so that
the previous step applies to the marginals

K. n K. n
Uy = cknfxPrggm and vy = cku8rPrfrm,

where ck ,, is a normalization constant (again, this is the same for both uX and
vK). Henceforth, in this case (3.1.5) reads as

1
[ 19108 PricP vk < o otk ) - I

Owing to algebraic manipulations, the normalising constant ck, can be ne-
glected and therefore it holds

/lVIOgPTlezgz’iprKdm
< 5 UlengK Prgg dm — /PTfK log(Prfk) gk dm]

Since by Lemma 3.1.1 fx is bounded away from 0 and oo, it follows that log fx €
L!(#X) and log(Pr fx) € L!(v). From this, by applying Fatou Lemma to the left-
hand side and the Dominated Convergence Theorem to the right-hand one, in
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the limit as n — oo we have

/ |V log Prfx|* gxPrfx dm

< EZ:(T) [ / ficlog f Prgx dm — / Py fi log(Pr fic) gk dm} ,

which is the corrector estimate (3.1.5) associated to Cr(uX, v):

/\VlogPTfK| dv < E Kl( )|:CT(,M V) — (v|m)} (3.1.12)

We wish now to take the limit as K — co. However this point is more subtle,
since we are interested in proving that Vlog Prf is well defined also in the
limit. At this stage, let us stress out that the extra-assumption on the density
51]}"1 and on supp(v) has never been used and it is just needed in the following
discussion. First, notice that the right-hand side above is uniformly bounded in
K € N since Lemma 3.1.1 ensures that Cr(uX,v) = #(7X|Ry 1) converges to
Cr(p,v). As concerns the left-hand side, fix ¥ € int(supp(v)). By assumption
there exist r,a > 0 such that B,(x) C supp(v) and d > a m-a.e. in B,(%), so
that, for any fixed 6 > 0 it holds

/|VlogPTfK|2dv2/|Vlog(PTfK+(5)|2dvztx/B(_) |V log(Pr fi + 6)[2 dm.

r

As a byproduct of these bounds we have

limsup [ ) |V log(Prfx +8)F dm < a ' Ep(T) 7! {CT(‘M,V) - (vjm)|,

K—oo (X

which is finite. The functions (|V log(Prfx + ¢)|)ken are thus equi-bounded
in L?(B,(x),m) and this implies that, up to subsequences, they converge to
some function Gz € L?(B,(%),m) weakly in L?(B,(%),m). Moreover, from
Lemma 3.1.1 we also have that log(Pr fx + d) converges m-a.e. to log(Prf + 9)
in B,(x). Therefore, relying again on [AGS14a, Lemma 4.3(b)] we conclude
that |V log(Prf + J)| < Gz on B,(%). In particular, it is worth stressing that in
this case [AGS14a, Lemma 4.3(b)] also ensures that log(Prf + ) € W'?(B,(x)),
which does not follow from the regularising effect of Pr, because of the possible
lack of integrability of f.

To replicate the proof given in the previous step we also need to show that
|V1og(Prfx +06)| — Gg in L2(B,(%),v), but this may fail, as I~ needs not
belong to L*(m). For this reason, let us introduce [v]y := min{gxPrfx, N}m
for N € IN, so that the left-hand side of (3.1.12) can be trivially estimated from
below as

/|VlogPTfK|2 N</|V10gPTfK| dv < Cr(pX,v) — #(vjm)|.

1
EZK( )
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Since now % € L*®(m) by construction, the weak convergence |V log(Prfx +
8)| = Gz in L?(B,(x), m) implies the weak convergence towards the same limit
in L?(B,(%), [v]n). Combining these considerations with the lower semiconti-

nuity of the L?([v]y)-norm, we obtain

. 2 > 2
limint [ [V log(Prfi + ) dlvlx > /B , Gl

K—o0 " r
> [ IViog(Prf+o)P divln
B, (%)

whence

1
EZK(T)

Choosing now (xi)xen C int(supp(v)) dense and denoting by ry the radii asso-
ciated to each x; according to the previous construction, so that int(supp(v)) =
UgBr, (%), by a diagonal argument there exists a measurable function G €
L? (m) such that |V log(Prfx +6)| = GinL?(By, (x;), m) and L?(B,, (xi), [V]N)
for every k € N and, by [AGS14a, Lemma 4.3(b)], |V1og(Prf +4)| < G
m-a.e since log(Prfx + ) — log(Prf + ¢) m-a.e. in supp(v). Setting By :=
UK_ By, (x;), by the same reasoning as above (noting that the choice of N does
not depend on the point x;) we obtain for any k € IN that it holds

Jy o) [V 0B (P +0) Pl < [CT(W) )],

[ 1910g(Prf +0) Pdlvly < oo |Cr(v) — # (v]m)

- EZK(T>
Taking the limit as k — oo, by v(dsupp(v)) = 0 we infer that |V log(Prf + )]
actually belongs to L?([v]y). Passing then to the limit as N — co and 6 | 0,
by monotonicity and again the fact that v(dsupp(v)) = 0 we precisely obtain
(3.1.5) for y, v as in the statement. O

Notice that, when k¥ > 0 the above estimates state that as T > 1 the corrector
norms decrease exponentially fast

IV10g Prglli2(y » IV 10g Prfll 2,y < exp(—2«T) .

Combining this with the heuristic discussion of Section 2.3 suggests that the
L2-norm of the optimal control process in the control formulation of SP (as in
Section 1.3) is actually exponentially small as T increases, at least in the first
half of the time window, i.e., in [0, T/2]. This would mean that the optimal
control initially does not steer the controlled diffusion (2.3.4) to the final target
v, but actually let the diffusion process reach on its own its ergodic limit (the
equilibrium measure m) and then, just at the end (let’s say after time t = T/2),
the optimal control starts drifting the diffusion process from the equilibrium
towards its final target v. This suggests the name corrector estimates we have
adopted for Proposition 3.1.2.
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The behaviour we have just suggested is often referred to as turnpike property
in the (deterministic) control community. Historically, in the stochastic control
setting, the corrector estimates have been firstly studied in the long-time limit
of SP in order to establish entropic turnpike estimates for Schrédinger bridges
[Con19, Theorem 1.4]. In this chapter we have generalised such results and we
are going to show that such estimates prove to be a useful sharp tool also when
dealing with the small-time limit for SP.

Let us conclude this section, by showing that, at least under the CD(x, c0)
condition, the corrector estimates can be deduced as a corollary of the reverse
log-Sobolev inequality [BGL13, Theorem 5.5.2 (v)] which states that for any pos-
itive function / and any ¢ > 0 it holds

|V Pih|?

Pi(hlogh) — (Pih)log(Pih) > Ep(t) B

(3.1.13)

Indeed it is enough noticing that

VPrf? 22 [|VPrf]?
IViogPrfli, = [ T ban 022 [ R2LIE

(3.1.13)

1
= (D) / {Pﬂf log f) = (Prf)log(Pr f)} dm

- El(T) [ (Pr)(10g fyam — [ g (b togpr ]

(2.2.2)

2 Umgfdy /log Prf) dv]

Since rr! € I1(y,v) and log g € L'(v), we end up with

Ez:(T) [ /MX Mlog(f (x)g(y))drT (x,y) — /M log(gPr f)dv}

EZ:(T) {CT(“' )= H <v|m>] .

This proves (3.1.5). The estimate (3.1.6) can be proven in a similar fashion.

HVIOg PTf”%Z(V) <

3.2 Small-time asymptotics of Schrodinger problem

In this section we are going to show that the gradients of Schrédinger potentials
provide good proxies for the gradients of Kantorovich potentials and Brenier’s
map for the Optimal Transport problem.

For notations’ clarity, we are going to stress out the dependence from the
time parameter T > 0 and denote with ¢T, 9T and fT,gT respectively the
Schrodinger potentials and the fg-decomposition associated to Cr(p,v), ie.,
when considering the time horizon T > 0.
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3.2.1 Primal and zero-th order dual convergence results

Firstly, let us collect here known convergence results on primal and zero-th or-
der dual formulations of SP. As we have already explained in Section 1.2 the
link between SP and OT, in the classical Brownian motion case, relies on the
key observation that Tlog pr(x,y) « |x — y|? (up to normalising additive con-
stant, cf. (1.2.4)). Remarkably the (CD) condition allows the validity of a similar
estimate, at least in the asymptotics T | 0, even for general diffusion reference
processes such as (2.1.1). More precisely, [Nor97, Theorem 1.1] states that uni-
formly on compact subsets of M x M it holds

T10 1
Tlogpr(x,y) m 1 d(x,y). (3.2.1)

This guarantees indeed the I'-convergence of (rescaled) SP towards OT, and
particularly that it holds (cf. [GT21, Remark 5.11] for CD(x, N), or Remark 3.2.2
below for CD(x, c0))

. _1o»
lTuf(} TCr(pu,v) = 1 Ws5(u,v) . (3.2.2)

We refer the reader to the bibliographical remarks at the end of this chapter
for further references on the primal zero-th order convergence results. Inde-
pendently from those references, our discussion below will provide a proof of
(3.2.2) (cf. Remark 3.2.2).

Similarly, (3.2.1) implies the validity of convergence results also on the dual
zero-th order side, i.e., the convergence of the (rescaled) Schrédinger potentials
{ —TQDT}Te(o,l] and {— TIPT}Te(o,l]- More precisely the (rescaled) potentials will
converge, up to subsequences, to some limit measurable functions known as
Kantorovich potentials, which are defined as the solution of the dual formula-
tion of OT?

iwg(;l,l/) = sup (/(pdy—i-/l,bdv) . (323)

@eL! (1), peLl (v) : peyp<id?(,,

We will denote the optimiser of the above problem, i.c., the Kantorovich poten-
tials, with ¢° and ¢, in complete analogy with the notation adopted for the
Schrodinger potentials. Notice that any additive shift of couple of Kantorovich
potentials, i.e.(¢°, ¢°) > (¢° +a,¢° — a) for any a € R, is again an optimiser
for (3.2.3). Hence it is wise to impose a symmetric normalisation (as done in
(2.2.13) for T and T), which reads as

/q)o dp = /1/)0 dv = %W%(y,v} ) (3.2.4)

2The presence of the unconventional factor 1/4 comes from the choice of considering /2 dB;
in the reference dynamics (2.1.1), which corresponds to the conventional choice of considering the
(CD) condition for the Laplace Beltrami operator A, in the generator L (instead of having A¢ /2 or
Ag/4).
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As concerns (¢, ), due to the lack of regularity of the OT problem (3.2.3),
even after the normalisation (3.2.4) uniqueness of the Kantorovich potentials
may fail, in contrast to what happens for the Schrodinger potentials. Some
results in this direction are known for some specific examples, for instance in
the Euclidean case if at least one marginal is absolutely continuous with respect
to the Lebesgue measure and if its support is connected then uniqueness holds
[BGN22, Appendix B]. Finally, let us mention that the Brenier map is tightly
linked to the Kantorovich potentials since under our assumptions it holds T~ =
Id — 2V ¢ [Fig07, Proposition 3.1], [FG11, Theorem 1.1] (see also the discussion
therein).

The convergence proof that we present here relies on [NW22, Proposition
5.1], where the authors consider EOT problems with time-dependent costs.
dR,
d(ygé?/)
as in Section 2.A. While the latter choice would guarantee that (—T ¢, —T T)
are exactly equal to the entropic potentials (associated to ¢r), it is in general
more convenient working with cr because of the dynamical interpretation of
the cost as transition kernel of the associated SDE (2.1.1). The reader must then
pay attention to the fact that the entropic potentials associated to ¢y, which
will be denoted as &1 and Y1 (and satisfying the symmetric normalisation
(2.A.3)), differ from the previous ones. Similarly, the EOT optimal value will
differ, though the two problems share the same optimiser. Indeed

Here we will consider either cr(x,y) == —Tlogpr(x,y) or ér :== —Tlog

ér(x,y) = er(x,y) + Tlogp(x) + Tlogo(y),
and therefore it holds
EOT/ (u,v) = TCr(p,v) — T (u|m) — T 5 (v|m) (3.2.5)

and
~Te" =®r+Tlogp and — Ty’ =¥r+ Tlogo. (3.2.6)

After this premise, let us show the zero-th order convergence in the dual
formulation, i.e., the strong convergence of the Schrodinger potentials (possibly
along a subsequence) towards Kantorovich potentials.

Lemma 3.2.1 (L!-convergence of the potentials). Assume that (M,d, m) satisfies
(CD) and that u, v satisfy Al. Then it holds:

o {®r}reo1) and {¥1}re(0q) are strongly precompact in L (i) and L (v) re-

spectively and their accumulation points are Kantorovich potentials (¢°, ¢°) for
(3.2.3);

o or equivalently, {—=T¢" }1c(q and {=Ty" }re (o) are strongly precompact
in LY () and L (v) respectively and their accumulation points are Kantorovich
potentials (¢°, ¢°) for (3.2.3).
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If the Kantorovich potentials (¢°, $°) associated to (3.2.3) are unique, then it holds
&7 — ¢V strongly in LY (u)  and Y1 — ¢° strongly in L (v),
and equivalently
—To" — ¢ strongly in LY (u) and — Ty" — ¢ strongly in L' (v).

Proof. Firstly, notice that the equivalence between the statements follows from
(3.2.6) and the finite entropy condition in Al. By [NW22, Proposition 5.1], to
obtain the desired convergence for @1 and ¥ it is sufficient to show that ct :=
—Tlogpr — d?/4 uniformly on compact subsets as T — 0 (which is (3.2.1))
and that there exists a function ¢(x,y) = ¢1(x) + c2(y) with ¢; € L(x) and
G ell (v) such that cr < € for all T sufficiently small, say T < 1.

Under the CD(k, N) condition with N < oo, using the heat kernel lower
bound (2.1.7) and assuming without loss of generality that T < 1, so that
logm(B /7(x)) < logm(B;(x)), we see that

dz('x y) +C T2

cr(x,y) < TlogCy + Tlogm(B, /7(x)) + 1

< TlogCy + (Tlogm(B;(x)))" + 4(x g) +CoT2.
By the trivial mequahty dz(x,y) < 2(d*(x,z) +d?(y,z)) valid for any z € M we
conclude that cr(x,y) < cfp(x) + ¢} (y) with
d*(x,z),

cr(x) = (Tlogm(By(x)))" + 4-9

2
i (y) :==TlogC; + mdz(y,z) + CoT?.

By the fact that v € P,(M), itis clear that ¢/l can be dominated by a v-integrable
function not depending on T. As regards ¢/ it follows from y € P,(M) and
Lemma 2.1.1 which gives the p-integrability of the positive part of logm(B;(+)).
On the other hand, if we assume that (M, d, m) satisfies CD(x, o0) and that
m(M) = 1, then leveraging on the heat kernel lower bound (2.1.8) we see that

kT 5
cr(x,y) < md (x,y)

and in this case the trivial inequality d?(x,y) < 2(d?(x,z) + d*(y,z)), valid

for any z € M, readily provides us with functions ¢/, ¢}/ which are y- and v-
integrable respectively.

Therefore we can apply [NW22, Proposition 5.1], which concludes our proof.

O

Remark 3.2.2. Let us mention that the previous result gives as a direct consequence a
new proof of the small-time limit of the normalised Schrodinger cost, that is, under the
same assumptions of Lemma 3.2.1 we have proven the validity of (3.2.2).
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3.2.2 Convergence of the gradients to the Brenier map

Even though in general we may not assume the uniqueness of (normalised)
Kantorovich potentials, reason why in Lemma 3.2.1 we couldn’t straightfor-
wardly deduce L!-convergence for the full sequences, when working with the
gradients uniqueness of the limits holds. More precisely, we will show the
L?(p)-convergence of the Schrodinger map 7! = Id + 2TV ¢! towards the
the Brenier map 7~ = Id — 2V ¢, whose uniqueness indeed holds under our
assumptions (cf. [Fig07, Proposition 3.1], [FG11, Theorem 1.1] and discussion
therein). We will prove this for marginals with finite Fisher information (w.r.t.
m), which is defined for any p € P(M) as

2 dp |2

/ ‘V log -

dp dp . (327)

Z(p) = HVlogdm

L2(p) -

Theorem 3.2.3. Suppose (M, d, m) satisfies (CD) and that A1 holds true. If %‘1 is lo-
cally bounded away from 0 on int(supp(u)), if u(d supp(u)) = 0 and if the Fisher in-
formation T (u) is finite, then the Schrodinger map T! from p to v converges strongly
in L?(u) to the Brenier map from y to v in the small-time limit. Equivalently, there are
(0, ¥°) Kantorovich potentials such that as T | 0

~TVeT — V@' strongly in L2(p).
A similar result holds for TV under the corresponding assumptions on v.
Proof. For the readers’ convenience we divide our proof into four steps.
1st step: weak compactness of the gradients in L?(u). From the identity u =
fPrgmwe deduce that logdy/dm = —¢T — Z/{OT’lp, where Z/{OT"/J = —log Pre V'
and hence

HTquT

‘TV logp + TVU,

L2(TM,p) N ’
T,
< TIV1ogpelli2iram +THW° '

L2(TM,u)

L2(TM)

The correctors estimate (3.1.6) allows to control the last term as

[V ) € o Crtae ) — ()
O Mle2(rmp) = Epie(T) ’
whence
T
1TV lna(ratgy < TVEG) + gy V T Crln) = T (ulm).

This inequality together with the fact that limr Ez"fm =1,limy o TCr(p,v) =

TW2(u,v) (cf. Remark 3.2.2) and Z () < oo implies that

< Wa(pv) (3.2.8)

: T
lim sup HTVq) (g S >

T—0
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Therefore, the sequence {TV ¢ } 7~ is weakly compact in L2(p).

2nd step: weak convergence of the gradients in L?(y, ). Fix k € N and define
pr := min{dy/dm, k}, up := pym (note that y needs not to be a probability
measure). We claim that for any k (large enough) and for any weakly conver-
gent subsequence of {TV ¢’ }1- there exist a Kantorovich potential ¢° and a
subsubsequence T, | 0 such that T, VTn — —V¢? in L2(TM, py.).

Firstly, note that for any subsequence of {TV ¢! }1~o, we can consider the
corresponding subsequence of {T¢”}r-¢ and deduce from Lemma 3.2.1 that
there exist a Kantorovich potential ¢ € L!(y) and a subsubsequence T, | 0
such that T,¢™" — —¢° strongly in L'(x), and a fortiori in L!(y;) because
pr < p trivially. Moreover, the family {TV ¢’ }1- is weakly compact also in
L2(TM, ux). Hence, given a subsequence of {TV ¢! } - weakly converging to
some (i € L?(TM, yy) there exists Ty, | 0 such that

~Tup™ — ¢®inLY(gy)  and  T,Ve" — inL*(TM, ). (3.29)

Our claim is proven once we show that the weak limit {; actually does not
depend on k and coincides with the weak gradient —V ¢ m-a.e.

To this end, fix x € int(supp(y)). By assumption there exists an open neigh-
bourhood B C supp(y) of x and a constant ¢ > 0 such that p = du/dm > ¢
m-a.e. on B. Without loss of generality, we can assume that B = B(x,r) for
some radius > 0. In this way compactness in L?(B, u) implies compactness in
L2(B,m) and, a fortiori, in L?(B,vol), sincem = e"Yvol and ¢’ < ¢! < C’ on
B for some constants ¢/, C" > 0. More explicitly,

2
C/Tz/B ‘V(pT‘z dvol < TZ/B ‘VfPTr dm < TT/B ’V(pTE o (3.2.10)
<! Vo™,
c L2(p)

and the right-hand side is uniformly bounded in T by (3.2.8).

Now, inspired by the proof of [BK08, Proposition 2.14], we observe that the
Neumann Laplacian on the smooth compact Riemannian manifold with bound-
ary (B, g, vol|g) has a spectral gap (see e.g. [GHLO04]). This is equivalent to the
fact that vol|; satisfies a Poincaré inequality, whence in particular

/ ‘Tq)T’Z dvol < (/ Tgonvol)z—i—Cp/ ’TVQDT'z dvol
B B B

for some constant Cp > 0. Note that the first term on the right-hand side is
uniformly bounded in T}, since by the fact that oy > ¢ (provided k > c) and
c'vol < m < C'vol m-a.e. in B, (3.2.9) implies T,¢p'" — —¢° in L' (B, vol), so

that ( [ Ta@T" dvol)? converges to ( [, ¢° dvol)? as T, | 0. The second one is

bounded as well by (3.2.10). Hence we obtain compactness in L?(B, vol) for the
subsequence {T, ¢ },cN-



3.2. SMALL-TIME ASYMPTOTICS OF SCHRODINGER PROBLEM 59

As a consequence, there exist a non-relabelled subsequence and a limit ele-
ment & € L2(B, vol) such that T,,¢T* — & in L?(B,vol). On the other hand, by
(3.2.9) we know that T,,¢T" — —¢% in L (). This implies that & = —¢° yj-a.s.
on B and, as a byproduct, that

T,9™n — —¢%in L2(B, vol) (3.2.11)

without passing to a subsequence. Indeed let us consider an arbitrary non-
negative ¢ € C°(B), so that ¢ € L' N L®(B,vol), and start observing that

‘/B ¢(¢° + &) dvol

< ‘/B¢<cp°+ Tug'") dvol

—I—’/Bcp(é—TncpT”)dvol .

The second term vanishes since T, @™ — ¢ in L2(B, vol). As for the first one,
note that

‘ /B ¢(¢° + T9™) dvol dvol

< el [ 0"+ Tag™
1

s*wn [ [o"+Tag™| dm

19l [ |0+ o™

191l ||0° + Tug™

dp

cc’

cc’ L (pg)

where for the second and third inequality we have used once more that m >
c'vol and p; > c m-a.e. on B respectively. Hence, from T,¢™" — —¢" in L (1)
it follows the weak convergence T,¢™ — —¢° in L?(B, vol), without passing
to any subsubsequence.

Now we are ready to prove the claim of this second step. Let us take § €
C(B,TM) and observe that the assumption Z(y) < oo can be equivalently
restated as V,/p € L?(TM,m). As a consequence, and by definition of py,
V /P € L2(TM, m) too and this fact together with p; < k justifies the validity
of the chain rule Vo, = V((/pr)?) = 2,/pxV/pPx and proves that |[Vpi| €
L2(B, m), whence the applicability of the integration by parts formula, so that

T [(Vo" B duc = —T [ g"div(B)duc ~ T [ 9" (8, Vpi) dm

On the one hand, for the left-hand side we know that

%iri% T, /(prT’“,ﬁ> duy = /<§krl3> dpy = /<Pk Ck ) dm

n

As concerns the right-hand side, the fact that div(p) is bounded in B and the
strong convergence in (3.2.9) ensure that

lim T, / o div(B) duy = — / ¢’div(B) dpy = — / ¢°px div(p) dm
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For the limit of the second term, (B, Vi) € L?(m) together with supp(B) C B,
e~U/2 < \/C"in B and TeT — —¢% in L?(B,vol), proved in (3.2.11) above,
allow us to deduce that

lim T, [ 9™ (8, Vor)dm =~ [ °(B, Vi) dm.

Hence, after rearrangement,
[ %pcdivip)dm = [(pc2 B)dm— [ ¢°(6, Vpy) dm

= /<ﬁ,pk Zk — ¢° Vo) dm,

which means that V(¢%0;) = ¢°Vpi — px {x on B by definition of weak gradi-
ent.

To conclude that {; = —V¢° on B, recall that p, € W'?(B). Using the lower
bound p; > ¢ m-a.e. on B, by chain rule we get that also p, ' € W'?(B) and
therefore, by Leibniz rule,

_ V(g° _

Vo = V(00 ") = (Z)kpk) +¢°0xV(o; ') = —Cx  m-ae. onB.
Since B was obtained starting from an arbitrary x € int(supp(y)), we conclude
that {; = —V¢" m-a.e. in int(supp(u)) and therefore, up to changing the weak
limit on a y-null set we have proven that

T, Vol — —V¢®in L2(TM, uy) . (3.2.12)

3rd step: weak convergence of the gradients in L?(u). We now claim that the
result above can be improved to

T,Volr = —V¢®in L2(TM, ).
To this end, fix f € L? N L®(TM, p) and start observing

‘/(Tnvqﬂn + V¢ B) dy‘ <, /<V§DTH/,5>(P—pk)dm‘

+‘/<TN¢T”+V(P°,/3> dpk +’/<V<p°,!3>(p—pk)dm :

Recalling that Wy (31, v) = 2||V¢°|| |2 (tm,p) (see [AGS14a, Theorem 10.3], pay-

ing attention to the different rescaling), we see that the third term on the right-
hand side vanishes as k — co by dominated convergence theorem. As concerns
the first one, let us first estimate it as follows

T [ (T9™, Bl o~ oy dm| < T, [ (79", )1 (1~ £5)

<IBllo | Ta99™ (1~ ) dpe < 1B T V™ Iizcrag 1

_ Pk
p

L2(p)
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and then observe that || T, V' l[L2(Tam,p) is bounded as Ty | 0 by (3.2.8), while

Hl - % 200 — 0 as k — co by dominated convergence. This allows to deduce
K

that, given ¢ > 0 there exists k’ independent of T}, so that

’/(TnV(pT" + Ve, B) dy’ < ‘/quﬂn + V¢, B) dpger | + 2e.

Taking now the limit as T, | 0, the right-hand side converges to 2¢ by (3.2.12)
and the arbitrariness of ¢ together with the density of L> N L®(TM, u) as sub-
space of L2(TM, ) allows to conclude that T, Ve'n — —V ¢ in L?(TM, u) as
claimed.

4th step: strong convergence of the gradients in L?(u). The previous step
and the uniqueness of the Brenier map 7~ = Id — 2V ¢" grant that the whole
sequence of gradients converges

TVeT = —Ve'in1*(TM, ), VkEN,

which automatically implies

gt | 7"

g 2[99

L2( L2(TMuy)

Recalling again that W (p,v) = 2||V¢" HLZ(TM 4» we deduce from (3.2.8) that

I HT T 0
fimy [TV

- qu) L2(TMp)

L2(TM,p1)
Since in a Hilbert space such as L?(TM, i) weak convergence plus convergence
of the norm implies strong convergence, we obtain the desired conclusion. [

Remark 3.2.4. The previous proof runs exactly in the same way if we consider the en-
tropic potentials (&, Y1) instead of the rescaled Schrodinger potentials (TeT, TyT).
Moreover, the weak compactness in the first step can be proven without assuming finite
Fisher information Z(p), since

1TV @1li2() = HTV(PT + TVIOgd‘u/deH(y) =T HVMOT"” L2(n)

However, even though we are considering the entropic potentials (®7,¥1), the as-
sumption of finite Fisher information I (p) < 400 is needed in the second step where
we identify the weak limit of {V®r, },eN with V¢,

Corollary 3.2.5. Under the same assumptions of Theorem 3.2.3, if i satisfies a Poincaré
inequality, then the convergence of the potentials in Lemma 3.2.1 holds true also in

L2(p).
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3.2.3 Quantitative convergence of gradients

In this last section we are going to show how functional inequalities, combined
with Theorem 2.2.5 and Lemma 2.3.2, can be employed when proving quantita-
tive convergence rates for the gradients in the classical SP setting. Remarkably,
this problem is tightly linked with the suboptimality of the Schrédinger plan
7T for the OT problem (1.2.7).

Theorem 3.2.6 (Suboptimality of 77 for Wy). Assume A1, A2 and that y €

Py 5(IRY) for some & > 0. Let w7 € T1(p,v) be the Schrodinger plan for the classical
SP (1.2.2). Then, there exists a constant C,, > 0 (depending on p and 6 > 0) such that

[l =yPdr - Wi, v)

T {2Ent( v)+d 1og(32”q‘\/ > +d] if By < vy,
SAT {2Ent( ) +d 1og(32”cf* Bu /14 d} if oy < By < 400,

2d T log (1/T) + O(T) if By = +oo.

Before proving this result, let us briefly explain the role of the constant C;,,
as well as the role of the finite 2 + §-moment assumption for the marginal y.

In our proof strategy we are going to rely on explicit convergence rates for
EOT towards OT as the parameter T vanishes (that is a quantitative version of
what we have shown in (3.2.2)). To this end, we will apply [EN22a, Theorem
3.8] that requires the OT plan 7¥ to satisfy a quantisation property, which can
be summarised as being well-approximated by probability measures supported
on a finite number of points. More precisely, we say that a measure p € P(X)
satisfies the quantisation property with constant C > 0 and rate & > 0 if for all
n > 1 we have

Jp" e PHX) : Wa(p',p)<Cn™*, (quant, (C, a))

where P"(X) is the set of probability measures on X’ supported on at most n
points. A nice property of (quant,(C,«)) is that its validity is preserved along
Lipschitz transport maps, i.e., if p satisfies (quant,(C,«)) and 7 is a Lipschitz
transformation, then the pushforward Tgp satisfies (quant, (C, )) with the same
rate « > 0 and with constant C Lip(7).

Notice that under A2, Caffarelli’s contraction Theorem guarantees that the
OT map T is /By /av-Lipschitz (see also [CP23]). As a consequence of this,
since 7t = (Id, T)#p, if the first marginal u satisfies (quant,(C, «)), then 7t
does as well with same rate and with constant C/1 + B, /ay.

Therefore, in order to apply [EN22a, Theorem 3.8] we just need the first
marginal to satisfy (quant,(C, «)). If we further assume that y has finite 2 4 J-
moment (for some positive § > 0) than a proof of this can be found in [GLOO,
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Theorem 6.2], where the authors prove (quant, (C, «)) for « = 1/d and (asymp-
totic) constant

C, = lim n¥% inf Wy(u", u). 3.2.13
" n—oo ]/l”GP"(]Rd) 2(]/[ ]/l) ( )

See also [GLOO, Corollary 6.7] for non-asymptotic explicit bounds for C,, (with
dependence from ¢ and from the 2 + §-moment of y).

In conclusion, A2 and y € Py, 5(R?) guarantee that the OT plan 7¥ sat-
isfies (quant,(C, a)) with rate « = 1/d and constant C = C, /1 + B, /a, and
therefore they further guarantee the validity of [EN22a, Theorem 3.8].

Proof of Theorem 3.2.6. Firstly, let us recall that according to Lemma 2.3.2 we can
consider the stochastic interpretation w7 = £(X], XT) where

ax7 = —vu" (XT)dt + dB, 214
0 .
Therefore we can immediately deduce that
24T T _ T2 T oy T 5T 2
/|x—y| dr’ = E[|Xy — X7 ] =E ’—/0 Vu, " (Xy)dt+ Br

2
—T+E ’

T
‘ /0 vul (xT) dt

T
_2E [Br /0 vul (xT )dt] ,

(3.2.15)

where the expectation is taken under the law PT of the process (3.2.14). Next,

T
since (L{tT’l/} )tefo,7) solves HJB (2.3.3)%, a straightforward application of Ito’s
formula shows that (VZ/ItT ’IPT(XtT ))tejo,7] is a martingale (cf. [Con24, Proof of

Theorem 2.1]) and satisfies

avy ™ (xT) = v (xT) d,.

As a consequence of this, and from the independence between X! and the

3Pay attention that here we consider Brownian motions, therefore there is no drift, i.e., U = 0
and there is a factor 1/2 in front of the Laplacian.
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Brownian motion, the last term in (3.2.15) can be rewritten as
T T
E [BT- /O vul v (xT )dt}
_ Ty" T Tt o2, T T
_TE[BT-VMO (XO)]+1E Br- VAUl (xT) dB, dt
0o Jo
t
- / [BT—Bt / v (xT )dBS} dt
T t t T
+ / E [ / dB, - / v (xT )dBS} dt
0 0

_/ / {Tr (v (XT))} dsdt

where the last step follows from the independence between the Brownian in-

T
crement Br — By and (Vzl/(ST’lP (xI) sefo,) and Ito Isometry. Therefore, so far
we have shown that

/ |x — y\zdnj

“T+E ‘/ vu Y (xT) dt

] —2/ / {Tr (v’ (XT))} dsdt.

(3.2.16)

Now, observe that Jensen’s inequality implies that

T 2 T
‘ / vul (xIydt| | <TE { / vy (xT )zdt} — 2T #/(P"[RY)
0 0

= 2T (" |u® pr)
(3.2.17)

with le € P(Q) being the law of a Brownian motion started with distri-

bution yu, pr(-,-) being the corresponding heat kernel and hence y ® pr =
(Xo, XT)#RT € P(RY x RY). Then we may rewrite the above right hand side as

2T #(x"|p@pr)

T
=2TH (0 |p@v)+2TH(u @ v|u® Leb) ZT/I H®V)

=2T#(r"|p®v)+2TEnt(v) —ZT/long x,y)drl(x,y)
=2T A (" |u®@v) +2TEnt(v) — dTlog( ) /\x—y|2d7r

d2/6 1
_QEOTZT//Q(y,v)—i-ZTEnt( ) —dT log (2 -
(3.2.18)
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where 6 > 0 is some fixed parameter (to be determined later) whereas the term

EOTgT//%(y,U) is the entropic cost as defined in (2.A.1) when considering the

cost function c(x,y) = |x —y|?/0. Then, the above algebraic manipulation
allows us to rely on [EN22a, Theorem 3.8] that guarantees that it holds

1 d 0 32C,
EOTgT//%(V/V)—gW%(% v) < — log (2T> +T =51+ B/, (32.19)

where C;, > 0 is the quantisation constant as introduced in (3.2.13).
By combining (3.2.17) and (3.2.18) with (3.2.19) we get

T
2 32C,
<W5(u,v)+T [ZEnt( v) +d log(07) + T’/l —i—/%V/ocv} ,

and from (3.2.16), by minimising over § > 0 we conclude that

32nC
/|x—y|2d7rT—W%(y,v) <T {2Ent(v) +d log(zywl + ?’) —i—d}

—2/ / [Tr (vl (XT))} dsdt.

T
’ / vu Y (xT) dt
0

Now, recall that Theorem 2.2.5 states that for any ¢t € [0, T] the following
lower-bound holds

Délp'['

> r

with .1 — %(av+\/oc%+4zxv/(ﬁﬂT2)> —T7!1 if By < +oo,
o7 =
— 71 for By = +o0.

T
v

(3.2.20)

Therefore if &, > B (which forces the OT map T to be 1-Lipschitz), then Xyt

is non-negative and henceforth VZZ/{tT a4 > 0 for any t € [0, T]. This is enough
to conclude the proof when ay, > B,,.

On the contrary when a;, < B, then eventually for T small enough (i.e., for
T<a,!- ,Bljl) we have ayr < 0. In this case(3.2.20) gives uniformly in x € R¢

T, T dlx T
Tr(VZZ,{t ¥ (X)) 2 ﬁ
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from which we may deduce that

T ,t T T ,t X T
B 20 TAT (T < _ / / ¢
2/0 /OIE[Tr(v U (XS))}dsdt_ 2 [ [ e dsdt

—s)ayr

T
- —ZdTlog(1+Ta¢T)+2d/0 log(1+ (T — t)a,r) dt

T ay T2a2  w,
< — = — —
< —2dT log(1+ Tayr) 2dT10g( 5 T 1 +ﬁy
_[2dTlog Bi — 4T log(Bu/av) i By < +oo,

2dTlog(1/(Tay)) if By = +00.
This concludes the proof. O

Remark 3.2.7. En passant, by combining (3.2.18), (3.2.19) and again minimising over
6 > 0 we have actually shown that

1 1
TCr(,v) — 5 Wi, v) = T (BT [Ror) — 5 W3(3,v)

=TEnt(p) + T #(PT|R]) — %W%(%V)

327 C
< T [Bnt(p) + Ent(v) + & 1og (2228, 14 Pr) 1 4]
2 d oy 2

which is a first quantitative version of the zero-th order convergence (3.2.2).

This shows that the mismatch between the Schridinger cost and the (squared)
Wasserstein distance is of order T, unlike what happens for the EOT cost where the
convergence is slower (of order Tlog(1/T), cf. [EN22a]). Nevertheless, in the previ-
ous theorem we have shown that the suboptimality of the SP/EOT plan rt™ w.r.t. the
OT problem once again is of order T (at least when < +00).

We would like to stress that our proof strategy clearly explains this difference be-
tween orders of convergence. Indeed, the correct order of convergence is T, that is the
one that captures the suboptimality of 7t™. Then, when applying the quantisation esti-
mates [EN22a], we get an extra factor of the order T d log(1/T) which comes from the
fact that ¥ satisfies (quant, (C, «)) with rate « = 1/d. This latter term is slower and
dominates the convergence rate of EOT towards OT.

Remarkably, when considering the Schridinger cost the extra factor T d log(1/T)
coming from the quantisation perfectly matches the normalising constant coming from
the partition function of the Gaussian (cf. (1.2.5)), which is missing in the EOT for-
mulation.

This suggests that even for more general EOT problems the convergence rate ob-
tained in [EN22a] is affected from the normalising constant of the reference measure
R o exp(—c/¢) and that therefore it might be more interesting analysing the subopti-
mality rate for the optimal entropic plan, instead of focusing solely on the costs.
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We are finally ready to prove the quantitative convergence of the gradients
of Schrodinger potentials. Our approach relies on an explicit expression avail-
able in the Brownian motion case that reads as

ViogPre ¥ (x) = T~ / —x) Y (dy) (3.2.21)

where
Y —x =yl ar— 9T (y) ) d
" (dy) cexp( —|x —y[“/2r — ¢ (y) | dy

is the conditional law of the Schrodinger plan 77, i.e

'l (dxdy) = pu(dx) ® n?’lpT(dy) : (3.2.22)

We will provide a proof of (3.2.21) (under some additional regularity assump-
tions in Proposition 6.A.2 in Chapter 6). For now, we refer the reader to [Con24,
Proposition 5.2] where the above identity is proven by further assuming that

J7,e>0 st /exp('y|x|l+€)dy < 4o0; (3.2.23)

assumption required there in order to justify the differentiation under integral
sign. Notice that (3.2.23) is met for a wide class of marginals (e.g., asymptot-
ically log-concave marginals, cf. Lemma 6.A.1) and that this further guaran-
tees yu € Py,s. Let us also mention here that y € P,(IRY) satisfying A2 with
Bu < +oo guarantees the Fisher information Z(y) to be finite. Therefore the
assumptions of Theorem 3.2.3 are met in what follows.

Theorem 3.2.8. Assume Al, A2 with B, < +oo and further assume (3.2.23).

2
_ Ty w0
H( TVe')— Vg 00
T/ 2Ent(u)+dlog(32”q* 1+ﬁ">+d] if By < ay,

<

T/6¢|2Ent(v )+dlog(32”cf‘ b «/1+ij‘> +d] if oy < By

Proof. Fix S € (0,T) and let ¢°, ¢° be the Schrodinger potentials associated to
the SP problem with time horizon [0, S|. By combining (2.2.3) with (3.2.21) we
know that for any x € supp(yu) it holds

ITV" — 5V |*(x) = |T Vlog Prexp(—¢T) — S Vlog Psexp(—¢°)[*(x)
= ‘/ydrcT /ydrf“” ’ < Wi(ny ! , ng’lps)
< A )

ay + \/tx%—i-élav/(/%y S?)
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where in the last step we have applied the Talagrand transportation cost in-
equality [BGL13, Corollary 9.3.2], which holds since Theorem 2.2.5 implies

V2 (—tog " (1) = V3l =yl /as-+9°0) 2 3 (e fod 4/ (5 52) )

By integrating over p, recalling (3.2.22) and by applying the additive property
of relative entropy (1.A.4), we deduce that

HTVGDT - SVgos ||i2(y)
4

< x A (7)) d
_ay+\/“5+4“v/(51452){ (nl) + [ (Y| >u<x>}

2./
_ Pult S A (r|m5) <2 /Bu/ay S H (T |7°) .
\/,wavs \/DLV,B%SZ
2 + 4 +1

Then, from Corollary 2.2.3 (Pythagoras Theorem for entropic projections) we
deduce that

ITV " — SV‘PSHiZ(y) < 2\/,5;1/‘%5%(7TT|7TS)

=2 m (S A (T |Rys) — S%”(TL’S|R0,5))

129, ¢ \/m (%(NTW ®v) + Ent(p) + Ent(v) + % 10g(2775)>

+ \/,By/av</|x—y]2d7rT—ZSCS(y,v)> .

Letting S | 0, thanks to Theorem 3.2.3, by recalling that the Schrodinger cost
converges to the Wasserstein distance (cf. (3.2.2) paying attention to the differ-
ent scaling, or also Remark 3.2.7) we finally deduce that

I-TV4") = T¢°lRa,) < yfBum ( [ I =yPan” - W) )

This conclude our proof since it is enough combining the above estimate with
the suboptimality estimate proven in Theorem 3.2.6. O
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Bibliographical Remarks

For both SP and EOT the small-time and small-noise limits have been exten-
sively studied in the literature. For what concerns the convergence of the en-
tropic cost to the squared Wasserstein distance, the first result is that of [Mik04],
eventually generalised in [Léol12a]. As a further step in the analysis of this con-
vergence, in [ADPZ11] (in dimension one), in [EMR15] (in greater dimensions)
and most recently in [Pal19], the first-order Taylor expansion of the entropic
cost has been investigated showing that the first-order coefficient is given by
the sum of the relative entropies of the marginals. Under stronger assump-
tions on the marginals, [CT21] determined the second-order Taylor expansion
of the entropic cost showing that the second-order term is related to the average
of the Fisher information along the geodesic between the marginals (an analo-
gous result has also been obtained slightly later in [CRL"20]). Most recently,
in [CPT23] the authors have analysed the small-noise limit in the EOT setting
under very general assumptions on the cost function ¢ (which allow for non-
uniqueness of the optimal transport coupling for instance). Particularly, in the
small-noise limit, they have compared the EOT cost with the OT cost, showing
that in general this error is of the order ¢log(e!) and that this lower bound is
sharp. These results were obtained for compact marginals in [CPT23] and then
they have been further generalised in [EN22b] for unbounded settings.

Alongside this line of work, in [Mik04] and [BGN22] it is shown that in
the small-time and small-noise limits the optimal solutions to SP and EOT re-
spectively converge to the optimal coupling of the OT problem. Particularly,
[BGN22] show that EOT and SP plans satisfy a Large Deviation Principle, result
that has been recently generalised on the path space to Schrédinger bridges in
[Kat24] where the author further establishes exponential continuity for Brown-
ian bridges.

When it comes to the convergence of dual optimiser, in the EOT setting
it is proven in [NW22] that the entropic potentials (¢¢, ¢) converge to the
Kantorovich potentials (when the latter are unique) associated to the Monge-
Kantorovich problem with cost ¢

sup (/(pdy—i—/lpdv) .

PELL (1), pELL(v) : pBYP=c

More precisely, in [NW22] the authors prove in the small-noise limit ¢ | 0 that
the sequences {@;}¢~0 and {1, }e~o are (strongly) compact in L () and L!(v)
respectively, and that their accumulation points are optimiser of the Monge-
Kantorovich problem. Adapting their proof strategy and relying on [Nor97],
we have shown under a curvature-dimension condition a similar convergence

statement for SP in Lemma 3.2.1. Heuristically speaking, this follows from the
dRO,T
d(pev) "
Regarding the convergence of the gradients of the Schrédinger potentials,
to the best of our knowledge Theorem 3.2.3 is a novelty in the setting we are

connection between EOT and SP given by taking e = T and ¢ = —T log



70 CHAPTER 3. CONVERGENCE TO THE BRENIER MAP

dealing with. Indeed, closely related results have been obtained in [PNW21],
but in a more restrictive setting (the quadratic Euclidean EOT problem) and
under strong regularity assumptions. Namely, uniform bounds on the Hessian
of the Kantorovich potential ¢° are required to prove a modified version of the
aforementioned convergence. Furthermore, the authors work in a very specific
setting where the marginals u, v are compactly supported and with densities
globally bounded away from 0 and oo on their supports. Moreover they show
the convergence of the gradients of the potentials associated to a modified EOT
where p and v are replaced by empirical measures associated to an n-sample;
therefore they take a regularisation parameter ¢ depending on the batch size
n and then consider the limit n — co. In the very recent work [MS23] finally
appeared a quantitative convergence result close to our Theorem 3.2.8, where
indeed the authors study the suboptimality of the Schrodinger plan 7r7 w.r.t.
the classical OT quadratic problem as we did in Theorem 3.2.6.

Almost all the results presented in this chapter are based on the published
paper [CCGT23], with the exception of the suboptimality and quantitative con-
vergence theorems of Section 3.2.3. Indeed, these are results I got during my
third year of PhD, but that never got published since [MS23] got similar re-
sults concurrently. The two approaches are different (the one presented in Sec-
tion 3.2.3 being more stochastic in nature), however [MS23] got better conver-
gence results (in Theorem 3.2.6 we get a rate of the order Tlog(1/T) when
Bu = +oo, whereas they always manage to get a rate of order T).



Chapter 4

Quantitative stability for the
Schrodinger problem

In this chapter we are interested in explicitly quantifying how sensitive are the
optimal costs and optimal plans in SP to variations of the marginal constraints.
For notations’ clarity we will explicitly stress out the dependence of the optimal
Schrodinger coupling with respect to the couple of marginals and denote it
with 7w#=vT. Similarly, (f,g) will denote the fg-decomposition for Cr(u,v)
(cf. Theorem 2.2.1) while (f, §) will stand for the decomposition associated to
Cr(p,7); we further implicitly assume that both are normalised according to
(2.2.13). Lastly, we will denote with p, ¢ the densities of y, v w.r.t. m, whereas
0, 0 will be the densities of fi, 7.

We are going to show (cf. Theorem 4.2.2) that the curvature-dimension con-
dition (CD) implies a rather general and explicit stability result in terms of the
symmetric relative entropy, i.e.

ANy, i) = A () + (), (4.0.1)

and in terms of a negative-order weighted homogeneous Sobolev norm, which
is defined for any signed measure v as follows:

Wil = sup{|<h,v>| Nl < 1}, where ], = [ 1V dy.

This dual norm on the space of signed measures encodes the linearised be-
haviour of the Wasserstein distance W, for infinitesimal perturbations (see e.g.
[Pey18] and references therein). For instance, if ¢ € P,(R?%), 4 < Leb and
fi* = (14 eh)u for some h € L®(u) with [ps hdp = 0, then [Vil03, Theorem
7.26] implies

_ .. Wy
€ i . . - T
=B llr1 = € Mpllggy and gl < limint .

71
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Moreover, [Pey18] provides non-asymptotic comparisons between this Sobolev
norm and the Wasserstein distance. In particular, it always holds Wz(y, ;1) <
2|l = fllgr-1(y), and when (M, d, vol) has non-negative Ricci curvature and if

the densities % and % are bounded away from 0 and co, then the norm of

the difference ||y — fi|g-1(, is equivalent to the Wasserstein distance W (y, i).

Apart from the curvature-dimension condition (CD) and from Al and A3, we
further assume the following integrability condition on the reference measure:

rT
dr>0: /m (Bﬁ(x)> e’dz("’z)dm(x) < 40 VzeM. 0]

The reason why we assume the above condition is that our computations will
heavily rely on integrating the Schrédinger potentials of one problem against
the marginal constraints of the other, which requires enough integrability for
the former.

Notice that if m is a probability measure (m(M) = 1), the previous assump-
tion is met as soon as

¢ @(x20) ¢ L(m) forsomer > 0and zy € M, (4.0.2)

which is true for instance under a positive curvature condition CD(x, c0) with
x > 0. Indeed the latter implies a logarithmic Sobolev inequality with pa-
rameter ¥~ ! [BGL13, Corollary 5.7.1] and then by means of Herbst’s argument
[BGL13, Proposition 5.4.1] we get e &(xz0) ¢ L1 (m) for any r < 5. Moreover, as
soon as m is a probability measure the above condition (I) is time-independent
and therefore it allows to consider the small-time limit for SP.

Condition (4.0.2) should also be compared with Conditions (6.8) and (6.9) in
[Nut21] in the EOT setting, by considering the cost function c(x,y) = —Tlog pr,
combined with a Gaussian heat kernel lower bound (cf. (2.2.6) and (2.2.7)).
There, the authors are interested in getting uniform bounds on the Schrodinger
potentials along Sinkhorn'’s iterates. However let us stress out that [Nut21] re-

quires e’ (xy) ¢ L1 (y ®v) for some r > %, which in particular does not suit
the most interesting EOT regime, i.e. the small-noise (or equivalently small-
time) limit. On the contrary, our condition only requires * > 0 independently
from the time-window [0, T| and moreover we are able to pass the integrability
assumption on the equilibrium measure m. This suits more the stability setting
since we would like to keep the assumptions on the marginals as light as pos-
sible. We should further mention here that in the most recent work [NW23]
the authors manage to prove the uniform integrability of the potentials along
Sinkhorn’s algorithm by solely requiring e” (xy) ¢ 11 (y®v) for somer > 0
overcoming the small-noise issue present in [Nut21]. In conclusion, it is not
surprising that our stability results require (I), since we need enough integra-
bility for the potentials, which is analogous to requiring e” d(xy) ¢ L1 (p®v)in
the EOT setting.
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4.1 A log-integrability Lemma

Let us start by recalling a few interesting facts about Orlicz spaces, from which
we will deduce integrability results for our potentials.

Let q be a probability measure on a measurable space ((),X) and consider
the Young functions

() :=ef —1, 6%(s) — slogs—s+1 %f5>0/
1 ifs=0.

where 6%(s) := sup,.g{st — 0(t)}. The Orlicz space associated to the Young
function 6, denoted by Ly(q), is defined as the space of measurable functions
f : Q — R with finite Luxemburg norm

£l ::inf{b>0: /6<|f|)dq < 1}

To be precise we should make explicit reference to the underlying probability
q, when talking about Luxemburg norms; however we will omit such reference
when it is clear from the context.

When dealing with finite relative entropies, the Orlicz space associated to 0*
(defined analogously as for 8) plays a natural role. Indeed, for any probability
p with #(p|q) < +oco we have

_r — : _ <
H p 6*—1nf{b>0 /6 ( q>dq 1}

:inf{b > 0: %%(p\q) - % (I1+1ogh)+1< 1}

—inf{b > 0: #(p|q) —1 < logh} = ¢ (Pl)~1

Finally, let us recall that for any f € Ly(q) and g € Lyp+(q) we have

[ \fglda <2 flly gl . @11
which is a consequence of the trivial inequality
st <O(t)+6%(s) Vs, t>0.

After this digression, let us prove the following lemma, which is pivotal
in our reasoning since it allows to deduce the log-integrability of any positive
measurable function under the only hypotheses of finite relative entropy and
some positive and negative integrability of the same function.

Lemma 4.1.1. Let h be a positive measurable function and p,q € P(Q) such that
H(plq) < oo. If there exist p, ¢ > 0 such that h € 19(q) and h=' € LP(q), then
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logh € LY(p). More precisely, it holds

[ togiiap <2e7 ¢l iog, (alh = 117 [ilusgg

o)
Lr(a)) ]’

TApng (4.12)

rqlh<1)7 |

and also

2 e (pla)-1

{lvlog2(|h||pm’ + ||n *1Hp ! )] L @413

[ ogidp < e

Proof. By means of the Orlicz-Young inequality (4.1.1) we have

dPH 2 (pla)—1
I =2|[logh], e Pla)
dq o H g ||9

(4.14)
Therefore it suffices to show that the above Luxemburg norm |[|log /||, is finite.
To this end, notice that for any b > 0 we have

/9(|1°§h|>dq—/9(lloghi )dq:/{hzl}h%dw/{hd}h*%dq—l-

(4.1.5)

| oglap = [ | tog o < 2 togl,

Before proceeding, let us also point out that the above right-hand side is always
non-negative since it is greater or equal to q{# > 1} +q{h <1} —1=0.

Now consider any parameter § € (0, %) (to be fixed later) and fix b > 5+ p R
For the sake of notation, let P := {h > 1} and its complementary N := {h < 1}.
In what follows we are going to assume that both q(P) > 0 and q(N) > 0;
the case q(P) € {0,1} can be treated in the same fashion. Now, introduce the
probability measures on these sets induced by g, i.e.

dqj, (x) = and  dq (x) =

Since gb > 1, from Jensen’s inequality we deduce that

1
1 1 1 qb
Y — I P— hqbd<P/h‘7d
f{h21}hbdq q(P)/Phbdq\p q( )/ Tdqp, < q( )( A q|,,>
'1 1—L1 %
P ([da) ™ <) F il
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Similarly, from pb > 1 we deduce that

1
1\°? N o
/{h<1} (h> dq:q(N)/Nh bdqlN:qW)/N’l Pt da),
1

can (o) =i (o)

1
b

LP(q)

3=

<q(N)' 77 |1

For the sake of brevity let A := q(P). Since also éb > 1, from (4.1.5) and the

. 1
concavity of x3 we deduce

1
|
LP(q)

h—l

1 _ 1
[0 ("B Y da < At g+ -0

1

R 1
e b h1 o b
() ()
Al (1—A)»r

< (A bl + - ) 15,

el

LP(q)

where the last inequality holds as soon as

1 1-2 15118 =5 ey
b > 3 log, (A "Bl q) + (X =A) 7 Hh HLP(q) .

5
U’(a)) ’

Therefore, if we take

- 1
ey

1 1-2 1-4 |, —
v oy (A7 hlgg) + (1= 2)' [

we deduce that f 0 (@) dgq <1, and hence

B 1
SAPAg

vw)
L(q))

1 1-4 1-9 ||, —
v toga (A7 hllgg) + (1= 2)'F
4.1.6)

[loghlly < b

From this last result and (4.1.4) it follows that log# € L!(q) and that

1
SAPNG

+(1 —)\)1_% Hh_lu;(q))] .

) 1 =
/\1ogh|dp < 27 (pla)—1 { V5 log, (Al 7 |1hlIgaq)
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By taking 6 = 1 we immediately get (4.1.2). In order to get the second bound,
take 6 := p A g. Then (4.1.6) reads as
1]|PM )]
/]

4.1.7)

1 - 1-22 |, _
lloghly < —icr [1viog, (A5 IhlEyg, + 1 =07 [

Since A = q(P) € [0, 1] we deduce that

- MY |
log2<q( ) £ ||h||pAq +(1-a(P)" ’h 1HLP(q))
B _rN PAq
<log, su sl L 10 )
< nge[(fu( sty + (1= | HLP(q)

_ log, Hh”]’i‘i(q) + Hh_luiz’(q) ifp<q
log, Hthq + |‘h71ng(q) ifqg<p

sy (1t + )

L7 (q)
and hence
1 A _
loghl|l, < —— |1Vlo hpq+ ! )}
Mgl < i [1viogs (Wit + 1"
As a byproduct of the above bound and (4.1.4) we get (4.1.3). O

Remark 4.1.2. When q{h > 1} € {0,1}, the bound (4.1.3) can be improved. Indeed
from (4.1.7) we straightforwardly deduce that

4, 1 .
2 e (pla)-1 (p/\q Vlog, ||h||m(q)) ifg{h>1} =1,
/Iloghldp <
1
A (pla)-1 (= 4 . o
2e (pAqvlongh HLp(q)) ifg{h > 1} =0.

Corollary 4.1.3. If p A q < 1 in the previous Lemma, then it holds

, 1lleacq) + 11l ’
< a1 |1 (a) LP(q) .
/|1Ogh\dp_2rz [p/\q+ log, >

4.2 From corrector to quantitative stability estimates

In this section we show how from the corrector estimates (i.e., Proposition 3.1.2)
it is possible to derive novel quantitative stability estimates for SP.
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Before moving to the proof of our main result (Theorem 4.2.2 below) let us
give some LP-bounds (with respect to the reference measure m) for (Prg)~!
and (Prf)~!, that combined with Lemma 4.1.1 will be pivotal for the validity
of all the computations performed hereafter. Moreover, since it will frequently
appear in the forthcoming technical bounds, let us recall here that the EOT
entropic cost defined at (3.2.5) associated to cr(x,y) := —Tlog pr(x,y) equals

EOTY (u,v) = TCr(p,v) — T (u|m) — T 5 (v|m).

Lemma 4.2.1. Assume (CD), (I) and A1. Then (Prg)~! € LF(m) and (Prf)~! €
L?(m) with p = r T. More precisely, it holds

H(PTg)ial < Cy exp [MZISV) _ EOTZT’IE%V) LG T
[P < e [MzT(P‘) _ EOTC;Z{W) i T] ,

where the constants C; > 0 and C; > 0 do not depend on the marginals y,v and
neither on f or g. Moreover if k > 0 or if CD(x, o) with m(M) = 1 holds, then
G =0.

Proof. We will only prove the first inequality since the proof of the second runs
exactly in the same fashion. Firstly, notice that from Jensen’s inequality it fol-
lows

log Prg(x) = log / §(y)pr(x,y)dm(y) = log / gW)pr(x,y)o(y) " dv(y)
> /loggdl/—/logadv+/10gPT(x/y) dv(y)

= 5 [Cr(uv) = A (ulm) = 7 (v]m)) + [ og pr(x, ) dv(y)

EOT (u,v
= % + [ 1ogpr(x,y) dviy),

where the last step follows from (2.2.13). On the one hand, if (M, d, m) satisfies
CD(x,00) for some k¥ € R and if m(M) = 1, then from (2.2.6) we deduce the
lower bound

EOTY (u,v) d%*(x,z0) My(v)
> T 7 _ 7 _ .
log Prg(x) > T T T
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Therefore if we take p = r T we have, owing to (I),

H(PTg)ilHZ = /(PTg)*”dm: /e*plogPngm

< o [p (Mz(v) - EOTCTT(IM/)N [ ek

T 2T

<C} exp [P (MzT(V) - EOTZTT(%V)N .

On the other hand if CD(x, N) holds with N < 4o, the lower bound (2.2.7)
leads to

w —log {Clm (Bﬁ(x))} -G T - dz(x,zo)T+ MZ(V).

log Prg(x) >

Therefore if we consider again p = r T, up to relabelling the positive constant
C; at each step, we have

H(PTg)_lHZ = /(PTg)_f’dm = /e—PlogPrgdm

c
My (v) B EOTTT (nv)

+C T p

EOT<!
e [p (Mm RO | T)

T 2T

This concludes our proof. O

We are now ready to state and prove the quantitative stability estimate for
the optimiser of SP. It is worth pointing out that Theorems 4.2.2 and 4.2.7 be-
low require A3 only because the latter is required for the corrector estimates.
Moreover, the integrability condition (I) does not play any role in the constants
appearing in the following stability bound. Indeed one could, at least formally,
perform the computations that lead to (4.2.1) and (4.2.2) without this integra-
bility condition.

Theorem 4.2.2. Let (M, d, m) satisfy (CD) and (I). For any (u,v) and (ji, v) satisfy-
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ing Al and A3 it holds

Eae(T) Y™ (et VT, g =0T) <\ [Ea(T) (%”SYW i)+ %ﬂﬁym(w))

+\/CT ]/l, V|m) ||‘Z/l .uHH 1(n)
+\/CT (n,v Wlm) [[v = 7l g1,
+\/CT(}7,17) — A (film) ||fi — ‘Z’l||H*1(ﬁ)

+\/CT(ﬁ,17) = A (0|m) |V = vlg1p)
4.2.1)

where Eyy is defined as in (2.1.10). Moreover, under the same assumptions it holds
Eo(T) 5™ (et =YL =0T

< [0+ er(u) = # (uim]

VI +y/er o) - mm} 1=l (422

+ [T+ Jertu) - ]

+[ /20 + er(mo) - %<v|m>] 17~ vl -

Il = Al

v = ll-1

Proof. Let us start with proving the first estimate (4.2.1). We can assume that
FOY™(u, i), AY™ (v, 7) are both finite, otherwise our claim is trivial. Firstly,
notice that we can write

A (VT 0Ty — o (v|7) — o ()
_ F)8(W) 4. uv, f
= /logmdrﬂ‘ T(x,y) — [ log ‘P;fdv /log Prg
_ Prg(x) Prf(y) o
= /18 Brgtaypry 4 )

— [ log Pra(x) + 10 Pe ) ~ t0g Prs(x) ~ tog P )| T,

We claim that the above right-hand side is equal to

/log Prgdu + /log Prfdv — /log Prgdu — /log Prfdv. (4.2.3)

Since . (u|m), 7 (v|m) are both finite, thanks to Theorem 2.2.1 we already
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know that log Prg € L!(x) and log Prf € L!(v) and that under our normalisa-
tion (2.2.13) they read as

EOTY (1,
—/logPngy = —/logPdev = # € (—o00,400).

Hence for the claim to be true it only remains to prove that
(logPrg)” € L'(u) and (logPrf)” eLl(v), (4.2.4)

because this implies that [log Prgdu, [logPrfdv > —oo, whence the fact
that (4.2.3) is a well-defined summation. We will prove (4.2.4) by relying on
Lemma 4.2.1 and Lemma 4.1.1. We consider two different cases.

1st case: m € P(M). Consider the positive measurable function
= Tprgar) Pr8 + 1iprgo1y
and notice that (logPrg)~ = —logh. Since m(M) = 1and 1 < 1 we have

h € L1 (m); moreover h=! € L' (m) since

Hh_l :z - /h_rT dm = / [I{PT§<1}(PTg)_rT + 1{PTg21}} dm

r

T
+m{Prg > 1}
rT

< | rp)

and the right-hand side is finite because m {Prg > 1} < 1 and (Prg)~! €
L'T(m) by Lemma 4.2.1. Therefore we may apply Lemma 4.1.1 with ¢ = m

and p = y and deduce
1
rT\ T
) } < +oo.
rT

1+ (1 + H(PTg-)—l

/|logh| dp < 27 (Hm)=1 {rlT Vlog,
Hence, we have proven that
0< /(logPTg)_dy = / [logh| du < 400,

which is equivalent to (log Prg)~ € L1 (u).

2nd case: m ¢ P(M). The proof is similar to the previous case, however we
work with the probability measure myy; (defined via (1.A.3)) instead of m. In-
deed, since we are assuming .7 (y|m) < o0, there exists a positive measurable
function W: M — [0, +o0) such that

Zw = /efwdm < 4o, Well(y) and 2 (pujmy) < +oo,
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where myy = z;vle’wm € P(M). By considering the same positive measurable
function

h=1prg<y Pr& + Lprgony

we are guaranteed once again that ||| 1y, ) < 1 and that

|7 —T —\—1T
Hh U ) /h dmy = / {I{PT8'<1} (Prg) +1{PT§21}} dmyy
rT rT
< 7)1 5> 1) < 7)1
< H(PTg) Uy T {Prg =1} < H(PTg) Uty TV

By arguing in the same way as in the second half of Lemma 4.2.1 (since m is not
a probability, recall that we are under the CD(x, N) condition with N < +o0)
we see that

|Pre)~!

I?T(mw) = ./(PTg_)_ermW

My (1) EOTCTT (7,7)

+Cy T> rT T
< C{Te< oo / m (B ﬁ(x))’ ¢ (520 dmyy (x),

which is finite because of the integrability condition (I) and from the fact that
W > 0. Therefore we have shown that ||(Prg) HYL{T (myy) 18 finite and once
again from Lemma 4.1.1 (this time with ¢ = my and p = y) we deduce that

1
rT T
L’T(mw)> ] }

/ llogh| du < 27 (HImw) =1 {rlT V log,

1+ <1 + H(PTg-)*l

is finite. Hence, we have proven that
0< /(logPTg")f du = / llogh| du < oo,

which is equivalent to (log Prg)~ € L!(u).

By arguing in the same way we can also prove that (log Prf)~ € Ll(v),
whence the validity of (4.2.4). This implies [logPrgdu, [logPrfdv > —oo
and that (4.2.3) is a well-defined summation. As a consequence it follows

H (et VT 0Ty — o (v]o) — o (ul )

= /logPngy + /logPdev — /logPngy — /logPdev.
(4.2.5)
By exchanging the roles of y, v and ji, 7 we can also write

A (T b 0T e (alv) — (Rl

:/logPng;Z+/logPdeﬂ—/logPngﬁ—/logPdeﬁ,
(4.2.6)
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which added to (4.2.5) gives
A (T, 0T = () + A (,7) — [ log Prgd(n— )

~ [togPrgd(a— ) ~ [logPrfd(v )~ [logPrfd(r—v)

< A, 1) + A (0,9) + |V 1og Prgllya 11— il -1

+[IV1og Prg&lli2(p 17 — pllg1(p) + IV 108 Prflliagyy IV — 7llg1 0

+ HVIOgPTJEHLZ(g) 17 = Vi1 -
Let us point out that so far we have not relied on the assumption A3, which is
needed now when applying the corrector estimates. Indeed, given the above
bound, inequality (4.2.1) follows from the corrector estimates from Proposi-

tion 3.1.2.

The proof of (4.2.2) under the assumption of finite Fisher information is
postponed after the next mixed integrability result, which complements what we

have proven so far and which is necessary for the integral computations that
will follow. O

Corollary 4.2.3. Let (M, d, m) satisfy (CD) and (I). For any (u,v) and (i, V) sat-
isfying A1, A3 and such that ||p — ji|lgr1 0 |7 = pllg gy o v =l and
|7 = Vl[g1 (5 are all finite and with 7Y™ (p, ft), Y™ (v,7) < oo, we have
log Prg, log Prg € LY(u) NLY(7) and logPrf,logPrf € L'(v) NLY(7).
As a consequence we deduce that also
logf,log f e LY(u)NLY (7)) and logg, logg e Li(v)NLY(7).

Proof. As mentioned in the previous proof we already know, thanks to Theo-
rem 2.2.1, that

log Prg € LY(u), log Prf € L'(v), log Prg € L!(f1), and log Prf € L'(7).

Now, given our assumptions, the left-hand side of (4.2.5) is finite (thanks to The-
orem 4.2.2) and since we have log Prg € L'(u), log Prf € L!(v) and we have
further shown that [log Prgdyu, [logPrfdv € (—oo,4o0] (cf. above proof of
Theorem 4.2.2), we deduce that

logPrg € LY(y) and logPrf € L'(v).
Similarly, working with (4.2.6) we get log Prg € L!(j1) and log Prf € L(7).

Finally, from what we have just proven above and since 7Y™ (y, 1) and
JY™ (v, 7) are both finite, we deduce

IOgj; eL'(y)nL'(z) and loggf eL'(v)nLi(9),
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which combined with log f € L'(u), logg € L'(v), log f € L!(1) and log g €
L!(7) gives our final assertion. O

Resuming the proof of Theorem 4.2.2. Let us now prove (4.2.2). Without loss of
generality we may assume that the Fisher information of the marginals and the
negative Sobolev norms are all finite, otherwise the claimed estimate is trivial.
Let us start by showing that this guarantees the finiteness of the symmetric
relative entropies J#V™ (u, i), 7Y™ (v, 7). Indeed, since Z (1) < +oo we have

Vliog g, e e L2(u) and therefore by the definition of || — fillgr-1 () we deduce

’/logd”d ’ VI 1= Al < +oo.

Thanks to the above bound and to the finiteness of J#(u|m) and 7 (jijm) we
are allowed to write

dit 4z [ |47 dp _dpy, dr _dp,  du
/logdydy_/[d logdm+<dm dm ) °8 Gm ~ dm %8 g | 4™
) d )
= 2 (lm) = 2 (ulm) + [ log T d(u— 1) < +eo,

which reads as #(ji|u) < +oo. Let us just mention that above the Radon-
Nikodym derivative is well defined since, under our assumption, ji ~ u are
equivalent. Indeed, if there were a Borel subset A C M such that u(A) = 0 and
fi(A) > 0, then by choosing as test function / (a mollified version of) 14 we
would get ||t — fil|y-1(,) = +oo which we are assuming to be finite; therefore
fil. € p. Similarly one can prove y < fi, and hence i ~ u. We have thus
proven that .7 (ji|i) is finite. By reasoning in the same fashion one can prove
that 7 (u|ji), 7 (v|v) and 5 (v|7) are also finite, whence the finiteness of the
symmetric entropies.

At this stage, the proof is similar to the one already presented above. It is
indeed enough to notice that

psym ( n,yﬁv,T, n_ﬁﬁv,T)

= /logfd(u—ﬁ) + /logf'd(ﬁ—ﬂ) +/10ggd(v—17) +/10gg‘d(17—1/)
< V1o fllaguy Il = fillir-1¢y + V108 Fll2ay 17 — #lly1s
+ [IVIog glli2y [Iv = 7llg-1) + IVI0g &l 2 17 = Vi) »

and that we can bound the L?-norm of the gradient of the potentials in terms of
the Fisher information, e.g.

dp
IV10g flizy) < | Viog S

=\/Z(n) + [|V1og Prgll 2y

+ ||V log Prgl|;2
1204 (1)



84 CHAPTER 4. QUANTITATIVE STABILITY FOR SP

and analogously for the other three summands. O

Remark 4.2.4. The cost Cr(p,v) appearing on the right-hand sides of (4.2.1) and
(4.2.2) can be bounded by the independent coupling 7 (y @ v|Rq ) and henceforth
(by combining (2.2.8), (2.2.7), and (2.1.14)) by the quantity

TCr(u,v) < T (u|m) 4+ T (v|m) + C(T + T2) + My(p) + Mz (v)
+CT M) + My (v)|,

where My (p), My (v) and Mp(u), Ma(v) denote the first and second moments of p
and v and the constant C > 0 is independent of the marginals (and it is equal to O if
(M, d, m) satisfies a CD(x, 00) condition with m(M) = 1). We have kept the explicit
dependence on the cost in (4.2.1) because this gives a bound which is sharper compared
to the one with the independent coupling 7 (1 @ v|Rq 1), especially in the small-time
limit T | 0.

Remark 4.2.5 (Sharpness in the long-time regime). Under a non-negative cur-
vature condition we know that in the long-time limit 7t ="T — u®v (cf. [CT21,
Lemma 3.1]) and hence we expect

%sym(n,y—w,T, 71,;2—)17,T) N %sym(y Qv, ﬁ ® 17) _ %sym(%ﬁ) + %Sym(v,ﬁ) )

This shows that the previous bound (4.2.1) under a non-negative curvature condition
is sharp. Indeed, if x > 0 (4.2.1) implies

limsup %sym(ny—w,]"’ n,ﬁ—w,T) < L%psym(‘u, ,’l/_l) +%sym(vr17)
T—o0

and the above convergence is exponentially fast (of order ~ e=*T /\/T). This is another
confirmation that under the corrector estimates and a non-negative curvature condition
we are able to efficiently describe the exact behaviour of the Schrodinger problem, as it
has already been shown in the context of the entropic turnpike estimates (e.g., [Con19,
Theorem 1.4] in the classic setting)

A stability result can also be stated at the level of the optimal value of the
Schrodinger problem, after normalising it as follows

TCr(pu,v) —TH(ulm) — T A (vm) = EOTCTT(y,v),

which corresponds to the EOT entropic cost defined at (3.2.5) associated to
cr(x,y) == —Tlogpr(x,y). Before moving to the proof of stability estimates
for EOTY (1, v), we need another technical result given by the following

Lemma 4.2.6. Let (M,d, m) satisfy (CD) and (I). For any (u,v) and (ji,v) sat-
isfying A1, A3 and such that |y — ﬁ“H*l(y) i — VHH*l(;z) v = 17||H*1(1/)’ and
17 = vlgg1(5) are all finite and with Y™ (u, i), ™ (v, 7) < oo, it holds

/loglljij;dvg/log;d‘u and /log%dyg/loggdv.
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Analogous bounds hold when we exchange the roles between (u,v, f,g) and (I, 7, f, 3).

Proof. Since #(v|7) < (et =V/ T |c# =), by means of the fg-decomposition
the inequality reads as

Prf g f g
_dv+/lo edv < /10 =d +/10 Sdv,
Prf B3 BFHT] 8

which yields the first inequality. The other bound can be proven in the same
way. O

By following the same line of reasoning applied for the stability of the opti-
mal plans, we can finally deduce the following

Theorem 4.2.7. Let (M,d, m) satisfy (CD) and (I). For any (u,v) and (ji, V) sat-
isfying A1, A3, and such that ||y — fill g1y, |78 = pllgracay o v = Pll1y), and
|7 = vllyg-1(y) are all finite and with 7Y™ (u, fi), ™ (v, 7) < oo, it holds

EOTS (,v) — EOTS (1,7) < [%(w) A %(ﬂv)}

E2K \/CT (mv) = A (ulm) | = Allg1

Cr(p,v (v|m) [[v =7
E2K \/ H-1(v)

where Eyy is defined as in (2.1.10), from whzch it follows
R EZK |EOTCT ,7) —BOTH (u,v)| < \/Eax(T) {%Sym(y,ﬁ) N AN (v, 1)

+ Jcmw) — 2 (ulm) [ = il + /Cr(v) — A (wlm) v = g,
+/Cr(, ) — ) |~ llggor () + \/Cr (R, 7) — (0lm) |7~ Vllggor o).

Proof. First of all, since the assumptions of Corollary 4.2.3 are met, the following
computations are all well defined. With this said, let us start by noticing that

EOTH (u,v) =T Cr(u,v) — T (u|m) — T (v|m)

= —T/logPngy—T/logPdev,

and therefore
EOTY (j1,7) — EOT{ (u,v) = T/log Prgdu+ T/logPTf dv
- T/logPngﬁ - T/logPTf‘dv
—T/log ngerT/log dev

—T/logPng(ﬁ—y —T/logPde(ﬂ—v).
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Applying Lemma 4.2.6 we deduce that
EOTY (j1,7) — BOTH (u,v) < T/log PLg_dy + T/log Ldy
Prg f
-T / log Prgd(ji —pu) — T / log Prfd(v —v)
= T/log jgdy - T/logPTg'd(ﬁ —u) — T/logPde(ﬁ —v)

= T (ulp) T [log Prgd(n— )~ T [ log Prfd(7—v).

(4.2.7)

Notice that above we could have used Lemma 4.2.6 on the integral [ log %dy

and therefore we would have got .72 (v|7) instead of 7 (u|ji). Therefore we can
state that

EOTY (7, ) — BOTY (,v) < T (ulf)) A #(117)| = T [ 1og Prga( — p)
—T/logPde(ﬁ —v)

< T[ A (ulp) A A (W]D)] + T |V 1og Prglz g 1 = mlli )

+T ||VlogPTfHLZ(17) 17 = vllg-1(5) -

By exchanging the roles between (y,v) and (fi, 7) and by arguing in the same
way we also get

EOT (u,v) — EOTY (1,7) < T|# (i) A #/(0v)]
+ T VIog Prglliag I = flli-1( + TIIV10g Prfllia [V —7llig-10) .
and therefore we deduce
[EOT (1,7) — BOTY (,v)| < T[™ (, i) A 2™ (v,7)]
+T||V1og Prgll2e I — llg-1¢uy + TIIVIog Prfllizpy v =7l
+T || V1og Prgllay 17 = pllr1 () + T [V 10g Prfll ) 17 = vilgra ) -

Given the above, the thesis follows from the corrector estimates (cf. Proposi-
tion 3.1.2). O

Remark 4.2.8. Notice that in the cases where we change just one marginal (e.g. y =
fi), we can get rid of the relative entropy between the marginals in the above result.
Therefore in order to get a bound without the symmetric relative entropy of the marginals
it is enough to consider the case where one of the marginals is frozen by means of the
trivial inequality

|[EOT (j1,7) — EOTH (1, v)| < |[EOTH (j1,7) — EOTF (u,7)|
+ [EOTY (1,7) — FOTY ()|
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Let us conclude by showing that, under the finite Fisher information as-
sumption, we may write a stability estimate for the Schrodinger costs without
involving the symmetric relative entropies in the right-hand side.

Proposition 4.2.9. Let (M,d, m) satisfy (CD) and (I). For any (u,v) and (ji, V)
satisfying Al and A3 we have

ICr(1,7) = Cr(p,v)|

1 [ _
< o VIO + Ve ) = A i) = il

! _ il YIRT] — _
e [V + Cr(5,9) = i) U=l

1 [ _ _ _
+T(T) _\/I(V) + \/CT(‘M,V) - %(Uhﬂ)

Wﬁm 20+ \fernn) = )| v =l

where Eyy is defined as in (2.1.10).

Proof. The proof runs like the one given in Theorem 4.2.7 observing that, simi-
larly to (4.2.7), we can write

< V108 fll2 gy I = Allgr1 ) + 1V 108 Fll 2y 17 = millgr1 )
+{IVIogglliap) IV = ollp1(0) + IV 108 8lliap) 17 = vllg1s) -

O

Notice that in the above result we are able to consider the stability directly
between the Schrédinger costs Cr(u, v) and Cr(fi, 7). This is indeed due to the
fact that we are working in a finite Fisher information setting.

Let us further mention that the Lipschitz bounds proven in Theorem 4.2.2
and Proposition 4.2.9 are well behaved in the small-time limit T | 0. Indeed,
since we have 4TCr(u,v) — W3(u,v) (cf. (3.2.2)), if (CD), A1, A3 and (I) (for
some fixed time window Ty > 0) hold true and if 727%™ (u, 1), Y™ (v,7) are
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both finite, then after rescaling it holds

lim sup 2T %™ ( nHﬂV,T,n—ﬁev,U
T—0

<Wa(p,v) {Ilu = Al v = ﬁ|H1<v>}

Wl 0) 1= il + 17 = vl

limsup 2 [EOT (j1,7) — EOTH (u,v)|
T—0

<Ws(p,v) {II# — Al Tllv— 17|Hl(v)}

Wl 0) 18 pll oy + 19~ Vi |

(4.2.8)
The prefactor T on the left-hand side of the first displacement should not be
surprising. For instance, it also appears in the quantitative stability bounds for
the optimisers of EOT (cf. [EN22b, Theorem 3.11]), for which there is a vast liter-
ature nowadays. The most general and recent result we are aware of is the one
in [EN22b], where the authors manage to prove Lipschitzianity with respect
to the p-Wasserstein distance provided that the cost function satisfies a certain
abstract condition introduced therein. Our estimates (cf. Theorem 4.2.7 and
Proposition 4.2.9) are less tight than theirs, however our setting does not satisfy
their abstract condition in general. In fact, we cannot expect in general to bound
the symmetric entropy of two optimal couplings since, even assuming the weak
convergence of the Schrodinger optimizer VT to the optimal W-coupling
71'0 , it may happen that %Sym(no , 71'O ) = +oo while the right-hand side
stays finite. For instance, consider M = (0, 1) with the marginals ., v, ji equal
to the Lebesgue measure on (0,1) and dv(x) = (log2)2* dx. Then 5™ (v, 7)
and the left-hand sides of our bounds are finite but Y™ (7t))", 7ty ") = +oo

since the two optimal couplings 71"5 ¥ and n'g’ﬁ have disjoint supports (the first
is supported on the diagonal while the latter is supported on the graph of
L(x) = log,x). For sake of completeness, the finiteness of [[v — 7l|y-1,) is
due to [Pey18, Theorem 5], while the finiteness of ||7 — v||y-1y) follows from
the former and [Pey18, Lemma 2].

Finally, since the negative Sobolev norm is intimately related to the W-
distance, our bounds may lead to a Wy-Lipschitz estimate.
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4.2.1 Application to the Entropic Optimal Transport problem
with quadratic cost

In this section we translate the stability results stated in Theorem 4.2.2 and The-
orem 4.2.7 to the Euclidean EOT setting with quadratic cost

EOTY (,v) = neli?(j; V)/ x—yPdn+eA(nluov), e>0. (429)

We will manage to do that under sufficiently general conditions, so that our
results will apply to any couple of marginals y, v € P,(IR?) with finite relative
entropy w.r.t. the Lebesgue measure Leb on RY and with densities w.r.t. Leb
locally bounded away from 0 on their support and such that u(dsupp(p)) =
v(osupp(v)) = 0; or with bounded and compactly supported densities. For
later reference, let 7t/ denote the minimizer (which exists and is unique since
i, v € Pr(RY), cf. [Nut21, Theorem 4.2]).

In what follows we are going to consider a Schrodinger problem equivalent
to the above (4.2.9), where the underlying stochastic dynamics is given by the
law of the Ornstein—Uhlenbeck process

dX; = —xX;dt + V2dB;, (4.2.10)

(Bt)t being a d-dimensional Brownian motion and « > 0 a curvature param-
eter (whose value will be specified later). The above SDE admits as unique
invariant measure the Gaussian distribution m ~ A/ (O,K’lId), ie. dm(x) ~

e alx |2dx, which satisfies the curvature condition CD(x, o0) and hence a loga-
rithmic Sobolev inequality with parameter x~! [BGL13, Corollary 5.7.1]. Then,
Herbst’s argument [BGL13, Proposition 5.4.1] implies that m satisfies the inte-
grability condition (I) for any r < x/2. Notice that for any choice of x > 0 we
have

4. 2
# (lm) = Ent(u) + 5 Ma(p) + 5 log = < +o0 (4.2.11)

and similarly 7 (v|m) < +o0.
Now, let us consider a final time in SP such that § = sinh(xT), i.e.

1 ex e2x2

and let Ryt = L(Xo, X7) denote the joint law at times 0 and T of the Orn-
stein-Uhlenbeck process solving (4.2.10) started at the invariant measure m,
whose density is given by the transition kernel

_ _dRoy _ 1 x> = 26T x -y + [y
Py = G m Y T eyt {‘ eI
(4.2.13)
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Then, thanks to our choice of T, for any coupling 7w € II(y, v) it holds

/]de lx —y[Pdrn+ e (nlu@v)

= My (p) + Mz (v) —2/]Rde-yd7r+e¢%”(7T|y®v)

de

=5 log(1— e 27T) + (1 —e™T) (Ma(p) + Ma(v))

- S/de logpr(x,y)dm + e (n|p @ v)

de

=~ log(1— e 2T+ (1— e T) (Ma () + Ma(v))

dR

_g/]RMlogmdn—l—sjf(nm Q)
——ﬁl 1— —2xT 1— —xT

=5 log(l—e"™ )+ (1~e ) (Ma(p) + Ma(v)) + e 5 (7t|Ro 1)

— e (p|m) —e A (v|m).

(4.2.14)

Therefore the above EOT problem (4.2.9) has the same minimizer of SP with

reference given by the above-chosen Rg 7 and their values are linked according
to the following identity

EOTY (11,v) = eCr(u,v) — e 4 (um) — e # (v|m) — %log(l T
+ (1= T) (Ma(p) + Ma(v))

d
_ % EOT (u,v) — ; log(1 — e 2T) 4+ (1 — e T (My(s) + My(v)).
(4.2.15)
Since we are interested in stability results, take also fi, 7 € P,(IR) such that

Ent(fi), Ent(¥) < 400 and ™ (u, i), 2™ (v,7) < +o0.
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We are now ready to apply Theorem 4.2.7 and get

IEOTY (7, 7) — EOTY (u,v)| < |EOTCT fi,7) — EOTY (u,v)|

(1- *KT) (IMa (i) = Ma (1) | + |Ma(7) = Ma(v) )
<[ A ) A A0, )]

_|_

+(1_ _Kr> (|M2( ) — Ma(p )|+|M2(ﬂ)—Mz(V)\)
PR EZK \/CT (1,v) = A (plm) (|1 = Al
EZK ¢cT (1,v) — A (vlm) IV = gy
v E;(T)\/Cr(ﬁ,ﬁ) — A (lw) |7 = pllga )
+ ﬁmmm,v) — A (@lm) 7= vy, -
(4.2.16)

Since for any coupling 7 € I1(fi, 1) we can write

IMa (7)) — Mape)| = \ [ 1yt dn‘

< [yl + [Iyx—ypldr

< (yma(m + /w0 ( /\x—mzdn)% ,

by minimising the right-hand side over 7 € II(y, v) we end up with

M) = Ma()| < (/M) + /M) ) W)
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and (4.2.16) reads as

[EOTE (7, 7) — BOTE (1, v)| e[ ™ (1, 1) A ™ (v, )|
+ (1) (\/Mz(ﬁ) + JMZW)) W (#, 1)
i (1 _ 67KT> (\/Mz(v) + \/Mz(v)) W, (7,v)

NN \/CT (mv) = A (ulm) [ — Al
2K
E% ¢&4@ AW v = 0l
= ¢@ﬁv A () 17 = el
2K

Cr(p,v — .
bK V/wv (7lm) 17 = Vllgr-1p)

(4.2.17)

Similarly, since 7t/ "7 is also the optimizer of the EOT problem (4.2.9), we
can translate Theorem 4.2.2 into a stablhty result between the optimal plans for

(4.2.9), that is, between 7zt and 7%

S%Sym@l{l 1/, n_gl,ﬁ) _ % Tjipsym@ryﬁv,T/ 71,‘12%17,7‘)

< e (u, i) + e (v, 7)

+\/%(T)\/CT(%V> — A (plm) |1 = fillggr
“r\/%\/CT(.u/V)

W\/CT 7, 9) — A (Alm) || = pllpr )

0 (|m) [[v—7[|gg-1(, (4.2.18)

m\/CT 1, 7) = A (0[m) |7 = vlp-1 g -

Given the above bounds one can now get explicit estimates by choosing the
curvature parameter x > 0.

Remark 4.2.10 (Small-noise limit). Let us point out that the above bounds are sta-
ble when ¢ — 0. Indeed (4.2.12) guarantees us that the small-noise limit ¢ — 0 is
equivalent to the small-time limit T — 0 and moreover the ratio % stays finite since

% = % = 4Sir;ch1§KT) = ZeKT ;;7” — 4, asT — 0.

Therefore in the small-noise limit, from (3.2.2) we deduce for (4.2.9) the following sta-
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bility results

lim sup |EOT§j2 (a,v) — EOTEj2 (m,v)|

e—0

<2Wo () (|1 = il ) + IV = Pl )
+2Wo (1, 7) | |71 = pllg1 ) + 117 = vl

limsup e.#™ (", 7l") <2Wo (1, v) {11 = llig-1 ) + v = 7 lia-10)
e—=0 L J

F2Wo (1, 7) | |72 = pllg gy + 117 = vl oy

(4.2.19)
which agree, up to a scaling constant, with the estimates obtained in (4.2.8) for the
Schrodinger setting.

Notice that the above small-noise limit is independent from the choice of
x > 0. This suggests us to take the limit « | 0 directly in (4.2.17) and (4.2.18).
Indeed from (4.2.12) it follows T — &/4 as « | 0. Furthermore, by rearranging
(4.2.15) we notice that

TCr( )~ Tt (ufw) = L BOTE (1,0) — 1 (1= e ) (M) + M) )

+T 2 (v|m) + dTT log (1 - e*ZKT)

= Z EOTSZ(y,v) — %(1 —e T <M2(y) + Mz(v)> + T Ent(v)
xT dT 1—e T

and therefore we have
lim TCr(j,v) — T (u|m) = + EOT® (1, v) + & Bnt() + + C
oy T pim) = g B ke U V) mm g B g Ses

where C, = % log(47e). As a consequence, by taking the limit in the right-hand
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sides of (4.2.17) and (4.2.18), we deduce that

EOTE (7, 7) — EOTE (,v)| < e[ A () A A (v,0)]

+2\/EOTSZ(;1,1/) +eEnt(v) + Ce |1 — fillgg-1(p

+2/EOTE (4, v) + e Ent() + Ce [lv — 71,

+2\/EOTSZ(ﬁ,1’/) +eEnt(7) + Ce || — VHH—l(ﬁ)

+2/EOTE (1, 1) + e Ent(71) + Ce |7 — vy 15

and

Al ) e A )+ 0

+2\/EOTSQ(;4,1/) +eEnt(v) + Ce |1 — fillyg1(p)

+2\/EOTSZ(;1,1/) +eEnt(p) + Ce [[v — 7]l g1()

+2\/E0T32(ﬁ,ﬁ) +eEnt(7) + Ce |71 — pllpg-1 ()

+24/BOTE (1, 7) + ¢ Ent(1) + Ce | — 15 -

Notice that from the above bounds, we get the validity of (4.2.19) in the small-
noise limit € | 0,.
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Bibliographical Remarks

Recently, there has been an increasing interest in the quantitative stability for
the EOT problem, which is strongly linked to SP. A first stability estimate for
EOT in a general setting has been established in [GNB22]. There, the authors,
without any integrability assumption, manage to prove a qualitative stability
result by relying on a geometric notion inspired by the cyclical monotonic-
ity property in Optimal Transport. To the best of our knowledge, the first
quantitative stability result is due to Carlier and Laborde in [CL20] in the con-
text of multi-marginal EOT. By considering bounded marginals equivalent to
a common reference probability measure and a bounded cost, they show that
the potentials are Lipschitz-continuous in L? and L™ w.r.t. the densities of the
marginals. As far as concerns quantitative stability for the primal optimiser,
the first result appeared in the work [DdBD24]. There the authors prove on
compact metric spaces a quantitative uniform stability along Sinkhorn’s al-
gorithm which implies stability for EOT and more precisely an explicit W1-
Lipschitzianity of the optimiser w.r.t. the marginals. More recently, in [EN22b]
a quantitative stability result that holds on general metric spaces is shown, thus
removing the compactness assumption at the cost of requiring some exponen-
tial integrability with respect to the marginals (condition met for instance when
the marginals are sub-Gaussian). More precisely the authors prove a ﬁ—Hélder

continuity for W, provided that the cost function satisfies an abstract condition,
introduced there in order to bound the optimal values of EOT by means of the
Wasserstein distance between the corresponding optimiser. Such condition is
met for a wide enough class of cost functions such as ¢(x,y) = |x — y|? on the
Euclidean space, with p € (1, c0). Nevertheless, it is not easily verifiable in gen-
eral, and in particular when considering the case ¢ = —T log pr (which allows
to translate results from EOT into results for SP). Lastly, it is worth mention-
ing that in the most recent [NW23] the authors study the qualitative stability
of the Schrodinger potentials associated to EOT in a general setting assuming
the cost function c satisfies e’ € L!(4 ® v) for some B > 0, which leads to the
convergence of Sinkhorn’s algorithm. The (CD) condition does not have a nat-
ural counterpart in the EOT setting, where the results we have just discussed
have been established; for this reason the stability results Theorem 4.2.2 and
Theorem 4.2.7 are not implied by any of the stability bounds mentioned above.

The results presented in this chapter are based on [CCGT23].
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Chapter 5

Exponential convergence of
Sinkhorn’s algorithm:
perturbative approach

In this chapter we are going to study how Lipschitzianity propagates along
Sinkhorn’s algorithm and from that deduce a first exponential convergence re-
sult. The approach we employ here is based on Stochastic Optimal Control
theory and Hamilton-Jacobi-Bellman equations (HJBs).
Hereafter we are going to consider a Schrodinger problem on R? with ref-
erence measure induced by the Langevin SDE
{dXt = —VU(X;)dt + V2dB; 501)

XON‘m,

with m(dx) o exp(—U(x))dx. We will further assume that the potential U €
C?(R?) is strongly convex, i.e., that (IRY, m) satisfies CD(x, c0) for some positive
x > 0. This condition can be further relaxed by considering potentials U that
are asymptotically convex (i.e., satisfying (6.0.10) in the next chapter), however
for clarity purposes we stick here with the strong convexity assumption. We
refer the reader to Remark 5.2.4.

Let us further mention that CD(x,o0) with ¥ > 0 guarantees that m €
Pp(R?) for any finite p > 1, since m satisfies the Poincaré inequality with
parameter x ! [BGL13, Proposition 4.8.1], and therefore it enjoys exponential
integrability properties (namely exp(s|x|) € L!(m) for all s < 2,/x, see [BGL13,
Proposition 4.4.2]).

The standing marginals’ assumption in this chapter will be the following:

Ad. The two marginals p,v € P1(R?) admit continuously differentiable Lipschitz
log-densities w.r.t. m, i.e., there exist two Lipschitz potentials Uy, U, € C! (RY) such

97
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that
u(dx) = exp(—Uy(x))m(dx), v(dx) = exp(—Uy(x))m(dx) .

Clearly A4 implies Al since for p € {3, v} we have
H(plm) = — [ Uy dp < ~Up(0) + Lip(Ly) My (p) < +oo.

From this we may also deduce that u,v € P,(R?). Indeed, the probability mea-
sure m under CD(x,o0) satisfies the Talagrand transportation inequality with
parameter k! [BGL13, Corollary 9.3.2] and therefore we can conclude that

4
Ma(p) < 2 Ma(m) +2W3(p,m) < 2Ma(m) + — A (p|m) < +o0.

Finally, let us point out that in this chapter and in the following one we will
denote with ¢* and ¢* the Schrodinger potentials defined in Theorem 2.2.1.
The only purpose of this slightly different notation boils down to avoiding any
possible confusion between Sinkhorn’s iterates and potentials.

5.1 Lipschitz propagation along Sinkhorn’s algorithm
The starting point of our discussion is considering the function
UtT’h = —log Pr_sexp(—h), (5.1.1)

where (P});co,7) is the semigroup associated to (5.0.1) while / is a given Lips-
chitz function. In order to do that let us fix an underlying filtered probability
space (Q, (.FS)SE[O,T], F,IP) satisfying the usual conditions and endowed with
the Brownian motion (Bt)¢o,7)- Under some additional regularity assumption
(namely, h € Cfip(IRd )) it is known that Z/ltT’h is a classical solution of the HJB
equation
ity + Aup — VU - Vg — 2=0
{ Uy + Auy —V Vu,; |V1/lt| (5.1.2)
ur=h,
and it coincides also with the the value function of the stochastic optimal con-
trol problem

T
T,h _ . 2 q
J, (x)—qéﬂfmlE{/t 17| ds+h(XT)}
dX? = (-vu(x{) +24s)ds + v2dBs

X‘i

where P-a.s. it holds {
t =X

(5.1.3)
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where A[tﬂ denotes the set of admissible controls, i.e., progressively measur-
able processes with finite moments on (€, (Fs)s¢[o,77, F, P). Moreover, the op-
timal control is a feedback-control process equal to —vul" (XI). These are
classic results in Stochastic Control theory and we refer the reader to [Con23,
Proposition 3.1] for their validity.

Given the above, we can now show how Lipschitzianity backward propa-
gates along HJB equations.

Lemma 5.1.1. Let h € Lip(R?) be a Lipschitz function and assume CD(x, o) for
k > 0. Then for any t € [0, T] it holds

Lip(U[") < exp(—x (T — t)) Lip(h) . (5.1.4)

Proof. We will firstly prove this result under the additional smoothness as-

sumption that i € Cfip (RY), so that the above stochastic optimal control (here-
after SOC) representation holds true.

Fixt € [0,T), x,y € R? and consider g := —VUIM(XT) the optimal control

process associated to the value function U, M (x) evaluated in x, via (5.1.3) and
its corresponding controlled process

q _ q
{dXs = (=VU(X]) +24,)ds + vV2dB; (5.1.5)

X?:x.

Let us further consider the diffusion process

{dYS — (=VU(Ys) +24,)ds + V2 dBs
Yt = y

with (Bs) scjo,7) being the same Brownian motion as in (5.1.5), so that we con-
sider a synchronous coupling between the diffusion processes (X¢) seltr) and
(Ys)sele,1)-

Then, from the suboptimality of (g;)sc(, 7] for the value function evaluated

in y (that is when considering the diffusion (5.1.3) started at X? = y) we know
that

UM ) - U ) < B [ g Pts )| < [ g, s+ hx)
= BH(Y7) ~ (X)) < Lip(h) E[[vy — X4
(5.1.6)

Therefore it is enough bounding the distance between X* and Y which are two
processes started respectively in X{ = x and Y; = y and that follow the same
controlled SDE. Clearly their difference satisfies

d(X! = Y¥s) = —(VU(X]) — VU(Ys))ds,
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from which it follows
d|XT —v,|? = —2(XT — v, VU(XT) — VU(Ys))ds < —2x | XTI — Y|>ds,

where the last step follows from the x-convexity of U. Gronwall Lemma finally
yields to

Y7 — X7| < exp(—x(T 1))y — x|
By taking the expectation in the above estimate and combining it with (5.1.6),
we conclude that for any x,y € R it holds

U Jh .
U (y) = U (x)] < exp(—x(T — 1)) Lip(h) [y — x],
which is equivalent to our thesis.

Finally, this result can be relaxed to the general case 1 € Lip(IRY) by follow-
ing a standard approximation technique, which is detailed in [Con23, Lemma
3.1]. O

The above estimate immediately allow to propagate Lipschitzianity along
Sinkhorn’s algorithm (cf. (2.2.18)) which we recall here to be defined as

n+1 _ u uT Rl
¢ 0 i (.17)
lpn—&-l u P ,

with I/{tT’h as defined in (5.1.1). We further initialise the algorithm at ¢, be-
ing Lipschitz. Notice that the standard initialisation $° = U, is indeed Lips-
chitz under A4. In order to be consistent with the normalisation imposed on
the Schrodinger potentials at (2.2.13), when dealing with the convergence of
Sinkhorn’s iterates we will actually refer to their normalised versions, namely
the iterates

on _ gt _ (/(Pndy_/(P*dy) g g </¢”dv—./t/)*dv>,
(5.1.8)
/¢°"dy = /qo*dy and /¢°"dv = /w*dv. (5.1.9)

Lemma 5.1.2. Assume CD(x,o0) for some k > 0, that the two marginals satisfy A
4 and further assume the initialisation of Sinkhorn’s algorithm ¢° to be a Lipschitz
function. Then, for all n > 0 we have

Lip(¢"*!) <Lip(Uy) +e *TLip(y")

so that

5.1.10
Lip(p"*!) <Lip(Uy) + e *"Lip(¢" ™). ( :
Moreover, for all n > 1 we have
, Lip(Uy) + exp(—« T)Lip(Uy)
Llp(l/Jn) < p Vl — p - Pty

exp(=2T) (5.1.11)

Lip(¢") < L1p Uy,) + exp(—« T)Lip(U,)

Py 1—exp(—2«T) ’
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and the same holds for the normalised ¢°", {°".

Proof. As shown in Proposition Lemma 5.1.1, the Lipschitz-regularity back-
ward propagates with rate x > 0 along solutions of HJB equations (cf. (5.1.4)).
The first claim (5.1.10) then follows from the triangular inequality of the Lip(-)
operator.

Concatenating the bounds in (5.1.10) yields to

Lip(¢"*1) < Lip(Uy) +e " TLip(Uy) + e~ TLip(y"),

from which the first relation in (5.1.11) follows by induction. The second rela-
tion follows by symmetry. Finally the same statement holds true for ¢°", "
since they differ from the original iterates just by an additive constant. O

From the pointwise convergence of Sinkhorn’s iterates ¢", " towards the
Schrodinger potentials [GN22, Corollary 4.8]!, the previous regularity result
propagates to the potentials.

Corollary 5.1.3. Assume CD(x,o0) for some x > 0, that the two marginals satisfy
A4 and further assume the initialisation of Sinkhorn’s algorithm y° to be a Lipschitz
function. Then it holds

oy < B2
Lip(¢*) < Llp(u”i f:ﬁgg:g:}?lp(u”),

5.2 A first exponential convergence result

We are now ready to prove the key contraction estimates that will imply the ex-
ponential convergence of Sinkhorn’s algorithm. Once again the main idea be-
hind our proof is relying on a stochastic control problem where the Schrédinger
potential contributes in the final cost while its gradient drives the controlled
SDE. This allows to back-propagate along an HJB equation the Lipschitz regu-
larity of the difference between the Sinkhorn iterates and the target Schrodinger

potential. Indeed, if we denote with D} := Z/ItT’an - Z/{tT v (the difference be-
tween the evolution along HJB of ¢" and respectively the evolution of ¢*) from
(5.1.2) we deduce that D} solves

{atut+Aut+(—VU—zvutT"/’*)-wt— V2 =0 52.1)

MT:lpnflP*l

More precisely, [GN22, Corollary 4.8] implies y-a.s. convergence of ¢°" towards ¢*. Since the
potentials are defined solely almost surely, we may tacitly assume this convergence to be pointwise.
Similarly it holds for the convergence of y°" towards *. We also refer the interested reader to
[Nut21, Theorem 6.15] for a similar result under stronger assumptions.
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which can as well be represented as the value function of the stochastic control
problem

T
DHe) = inf | [ lasds-+ 9 (x]) = 9 ()
q.GA[,/T] t

Xq_

where {ng = (7VU(X2) - ZVUST'W(XZ) +24s)ds + V2 dB;
t - x.

(5.2.2)

The connection between (5.2.1) and (5.2.2) is analogous to the one presented
in the previous section and can be established as in [Con23, Proposition 3.1]
(thanks to the uniform bound we provide below in Corollary 5.2.1).

Once the connection with the stochastic optimal control formulation is es-
tablished, the proof boils down once again in studying how Lipschitz-regularity
backward propagates along solutions of H]B equations. However here we may
encounter two difficulties: the drift of the underlying control problem is time
dependent and most importantly the drift is not strongly convex anymore (due

to the presence of —2 VZ/IST’W). Nevertheless we will see that the Lipschitz esti-
mates provided in Corollary 5.1.3 imply the asymptotic weak convexity of this
new drift, which is enough in order to get Lipschitz backward propagation as
in Lemma 5.1.1.

For this reason let us introduce the integrated convexity profile associated
to a drift (bs)se(o, 7] as the function

. . bS _bS 7 AT
Kp(r) = sé[rg,fﬂ1nf{—< (*) B _(;)2 X=Y) sx—y| :r}. (5.2.3)

The function «; is often employed to quantify ergodicity of stochastic differ-
ential equations whose drift field is b, see [Ebel6] and our proof of Proposi-
tion 5.2.3 below. The term integrated convexity profile is motivated by the ob-
servation that if we consider a time-homogeneous drift induced by a potential
(ie., b = —VU), then xy(r) > « if and only if for any x,v € RY, lv| =1,
Jo (V2U(x + hv)v,v)dh > ar, which can be seen as an averaged convexity con-
dition.

In this chapter we are going to consider the reference drift associated to the
SOC problem (5.2.2), that is bs :== —VU — 2 VL{ST'W. Then, as a corollary of the
discussion of the previous section we know that

Corollary 5.2.1. Assume CD(x,c0) for some k > 0, that the two marginals satisfy
A4 and further assume the initialisation of Sinkhorn’s algorithm ¥° to be a Lipschitz
function. Then for any r > 0 it holds

8 Lip(Uy) V Lip(U,)
r 1—exp(—2«T)

kp(r) > x (5.2.4)
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Proof. From CD(x, c0) we immediately deduce that for any r > 0 it holds

{ (VU (x) - vl (y), x - y)

kp(r) >k +2 inf inf
x—yl?

Cx—y|l=rp.

s€[0,T] | y| }
(5.2.5)

Then, Corollary 5.1.3 combined with Lemma 5.1.1 guarantees that uniformly in

x € RY it holds

" * Lip(U. —x T)Lip(U
VU ()] < LipU) < exp(—r(T - 5)) TR PR DLIP(LL)

1—exp(—2xT) ’
which combined with (5.2.5) implies the thesis. O
For notation’s sake from now on we let
Lip(U,) V Lip(U
L:=38 ip(ty) v Lip(U,) and &(r):=x—L/r. (5.2.6)

1—exp(—2xT)

As we have already mentioned the integrated convexity profile, more precisely
its lower-bound £, plays a crucial role when proving the ergodicity of the (un-
controlled) SDE (5.2.2). Its core properties are that

1
liminf&(r) >0 and / ri(r)” dr < oo, (5.2.7)
®© 0
where ©(r)” := max{—&(r),0}. Indeed these guarantee the validity of the

construction of a concave function p, which defines a distorted metric (yet
equivalent to the standard Euclidean one) in which is possible obtaining Lips-
chitz estimates similar to Lemma 5.1.1 via the coupling by reflection technique
[Wan94, Ebel6]. More precisely we have the following result.

Proposition 5.2.2 (Proposition 2.1 in [Con23]). There exist a strictly increasing
concave function p: [0,+00) — [0, +00), a positive rate A and a positive constant C
such that

1. it holds
Cr<p(r)<r and C<p'(r)<1 Vrel0,+ow)

2. forany r > 0 the following differential inequality holds
40" (r) —rp' (r)&(r) < —Ap(r). (5.2.8)

We postpone the proof of this result to Section 5.A, where we also provide
explicit estimates for the rate A and the constant C. Proposition 5.2.2 holds
for any integrated convexity profile & satisfying (5.2.7), but in the following
discussion we are just interested in the choice & as in (5.2.6). Particularly, under
this choice it holds

C:=exp(—L2/g)/2 (5.2.9)
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and we show in Section 5.A.1 that we can always bound the rate A with

> 2x? o L2/8
L2+ L/8x+4x

(5.2.10)

The above proposition allows us to consider a distorted metrics induced
by the concave function p. For this reason in the following result instead of
considering the Lip-norm, we are going to consider Lipschitzianity according
to this distorted metrics, namely the p-Lipschitz norm || - ||, defined as

o 6~ W)
19llos= s “plx—yl)

Let us further mention that the previous norm is equivalent to the usual Lips-

chitz norm Lip (i.e., with p being the identity) since the function p built in the
appendix is equivalent to the identity (cf. Proposition 5.2.2 and (5.2.9)):

2
[9llip < llpllp < 2575 [|p]|1ip - (5.2.11)

We are now ready to show how Lipschitzianity backward propagates along
the HJB equation

{atut FAup+ (—VU = 2VU) Vi — |V 2 =0
ur=h,

associated to the stochastic control problem

T
inf E [/ |gs|*ds + h(XE)
t

9. €A (52.12)
{dXﬁ— (bs(X7) +244)ds + V2 dB; .
where g
X/ =x,
with by .= —VU — 2 VU V" The following result is similar to Lemma 5.1.1

with the main difference being the use of coupling by reflection techniques in-
stead of the synchronous coupling.

Proposition 5.2.3. Let h € Lip(R?) be a Lipschitz function and take (p, A, C) as in
Proposition 5.2.2. Then, if DIM denotes the solution of (5.2.12), for any t € [0, T] it
holds

1D

p S exp(=A(T—=1)) ||l -

Proof. As we did for Lemma 5.1.1, we may further assume that h € Cfip(le )

as the general case follows by approximation. Under this extra assumption
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[Con23, Proposition 3.1] guarantees that DtT b (x) coincides with the value func-
tion of (5.2.12) and that the optimal control is the feedback control process

q, = — VDI (xT) with X7 strong solution of

dX? = (bs(x7?) +24,)ds + /2 dB;
Xf =x.

Next consider the same control for the diffusion process

{dys:(bs(ys)+2qs)ds+ﬁdés Vsel,t) andYs = X! Vse[r,T]
Yy =y,

where T := inf{s > t : Y; = XI} AT, and (BS)SZt is the reflected Brownian
motion, defined as

z
A s henrs >0,
dBs := (1—-2e¢; e;r 1{5<T}) dB; where ¢g = { 1%l W s
u whenrs =0.

where Zs = X1 —Y,, rs = |Zs| and u € R is a fixed (arbitrary) unit-vector.
By Lévy’s characterisation, (B )s> is a d-dimensional Brownian motion. As a

result of that and from the suboptimality of 4. as control process for DtT & (v) we
deduce that

D{"(y) - D" (x) < E[h(Yr) - h(X])] < ||k, Elo(rr)] - (5.2.13)

In addition to that, let us notice that dW; = e;rst is a one-dimensional
Brownian motion and that for any s < 7 it holds

dZs = (bs(XT) — bs(Ys)) ds +2v2es AW .
An application of Ito’s formula proves then that for any s < 7 it holds
dr? =2 (bs(XT) — bs(Ys), Zs) ds + 8ds + 4v/2 rs AW,
drs = (bs(XT) — bs(Ys), es) ds +2v2 dW .

Therefore Ito’s formula applied to the strictly increasing concave function p
yields to

do(rs) =p(rs) drs + 4" (r5) ds
=(4 PH(VS) + Pl(rs) <bS(Xg) —bs(Ys), es))ds + Zﬁp’(rs) dW;

(5-2.3) " ! /

< (40" (rs) = o (rs) xp(rs) rs)ds +2v2 0 (rs) dW;
(G24) . ) .

< (4p"(rs) —r1sp (”S)K(YS))dS"‘zﬁP (rs) dWs
(5.2.8)

< —Ap(rs)ds +2v2p/(rs) dWs.
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Since p(rs) = 0 as soon as s > T, by taking expectation, integrating over s €
[t, T], recalling that r; = |x — y|, and applying Gronwall Lemma we finally
deduce that

Elo(rr)] < exp(=A(T —1))o(lx = yl),
which combined with (5.2.13) yields to

D (y) = DI ()| < exp(=A(T = )p(x = yDl, -
Since x # y € R? were arbitrary, this concludes our proof. O

Remark 5.2.4. In the previous proof we have shown that it is enough considering an
asymptotically convex potential in the underlying SDE in order to backward propagate
the Lipschitzianity. This means that the same coupling by reflection technique can by
employed in the proof of Lemma 5.1.1, allowing us to consider there just an asymptot-
ically convex potential U, instead of a potential satisfying CD(x,o0) with x > 0. In
order to rely on Proposition 5.2.2, we then need

ku(r) = inf{ {(VU(x) _xVZ}lA(zy)’ X —y) Dl —yl = r} ,

to satisfy (5.2.7). This is the case if U is strongly convex outside a compact set, or also
if U is a Lipschitz perturbation of a strongly convex potential (cf. Remark 6.0.1).

Lemma 5.2.5. Assume CD(k, o) for some x > 0, that the two marginals satisfy A
4 and further assume the initialisation of Sinkhorn’s algorithm ¢° to be a Lipschitz
function. Take & as in (5.2.6) and (p, A, C) as in Proposition 5.2.2. Then it holds

||l/)n+1 _ 1/’*“!7 <exp(—A T)||§0"+1 _ q,*Hp (5.2.14)
9" = g*llp < exp(-AT) "~ ¥l

As a result
[ — ¥, < exp(=2AT)[[9" — |,
I — ¢*lp < exp(—2AT)|l¢" — 9™, -

Proof. A first consequence of Proposition 5.2.3 is that Dy’ := ?/ltT'wn - Z/ItT V" that
is the solution of (5.2.12) with h = " — ¢*, satisfies

Do llp < exp(=AT)[[$" — ™|,

By recalling Sinkhorn’s iterates definition (5.1.7) and the Schrodinger system
(2.2.17), we may then write that

19" — @* || = | Dglp < exp(=AT)|[¢" — ¢*||,,

which is the latter bound in (5.2.14). The first bound appearing in (5.2.14) can be
proven in the same way, by exchanging the role between iterates and potentials.

Finally, the estimates in (5.2.15) are just the two-step bounds given via the
former ones. O

(5.2.15)
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From the previous key propagation estimate we may finally deduce our first
exponential convergence result.

Theorem 5.2.6. Assume CD(x,00) for some « > 0, that the two marginals satisfy
A4 and further assume the initialisation of Sinkhorn’s algorithm y° to be a Lipschitz
function. Let (p, A, C) as in Proposition 5.2.2, associated to & defined at (5.2.6). Then
forany n € IN it holds

Lip(¢" — ¢*) <71 2/8 Lip(y® — ¢*)

: n * 2n 5 L2/8K 7 : 0 * (5-2.16)
Lip(y" —¢*) <7727 Lip(y” — ¢")
where 7y = exp(—AT). As a consequence, uniformly in x € R? it holds
_ 2 .
9 = 9" 1(0) <07 (el + Ma ) 26 Lip 9 9y
) . 2.
9" — "I (x) <97 (|| + My (v)) 26" 5 Lip(y° — ¢*)
which integrated further implies for p € {1,2}
on % < 2n714eL2/8KM P Lin(¢° — v*
19" — @™ lLr(u) < p(u) P Lip(p~ —¢*) (52.18)

n * n 2 /8x : *
e = 9" llry <77 4et /5 My()P Lip(y° — y*).

Finally, if we start Sinkhorn’s algorithm at ¢° = U,, then the last constant factor
appearing in the above right hand sides can be further bounded as

o0 ey -7 WP(Uy) +exp(—x T)Lip(U,)
Lp(y"—y7) <e 1—exp(—2xT)

Proof. The convergence estimates in (5.2.16) follow from Lemma 5.2.5 and (5.2.11).
Since [ ¢°"du = [ @*dv (see (5.1.9)), uniformly on x € R, it holds

0" = 0710 = o)~ [ =g 0) + [ 9"

= ‘/ {(fp” —¢)(x) = (9" - cp*)(y)} du(y)‘

< [l =99~ (" = ) (v

<Lip(¢" — ") [ Ix—yldu(y)

(5216) , 2o
<P (] + M (1)) 265 Lip(4° — ).

The second bound appearing in (5.2.17) can be obtained by reasoning in the
same fashion, since [ ¢*"dv = [ ¢*dv.
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The integrated bounds appearing in (5.2.18) are a direct consequence of
(5.2.17).

Finally, if ¢0 u,, then 1/)0 P = I/lOT £ and from Lemma 5.1.1 and Corol-
lary 5.1.3 we may prove the last statement. O

From the previous result we may also deduce the exponential convergence
rates for the primal Sinkhorn’s iterates, i.e., for Sinkhorn’s plans (77""),cn and

(nn-H'n)neIN'

Theorem 5.2.7. Assume CD(k,o0) for some « > 0, that the two marginals satisfy
A4 and further assume the initialisation of Sinkhorn’s algorithm ¢° to be a Lipschitz
function. Let (p, A, C) as in Proposition 5.2.2, associated to & defined at (5.2.6), and let
v = exp(—AT). Then for any n € N it holds

A, 7w T) < P (4 M () + Crp) \/ H (et ) ) 26575 Lip (0 — ),
A (T, 7T < P (4 My (v) + Cu(v) /H(0Iv) ) 2¢H /5 Lip(y° — ).

for some non-negative constants Cy(p), C1(v). Finally, the the same bounds hold for
APV (I iy — psym(yn gy sy (Lt pnddany  gpsymyn gy

Proof. The proof is similar to the one we will give for Theorem 6.4.4 in the next
chapter.

Firstly, by reasoning as in Corollary 6.4.2, relying on the weighted Csiszar-
Kullback-Pinsker inequalities ([BV05, Theorem 2.1], see also Lemma 6.4.32, from
(5.2.17) we deduce that it holds

9" = @* [l gy <"~ (M (") + My (1)) 25 /% Lip(9° — y*)

<" (@2 My (1) + Cu(p) \H () 26/ Lip (3 — )
19" = ¥ [l oy <72 (M (V") + Mi (v)) 22 /5% Lip(p° — y*)

<9 (2 My (v) + Ci(v) | H(v"[v) 2¢5 /5 Lip(y® — *),

for two positive constants C;(y), C1(v), independent from n € IN. Since the
sequences (J(u"|p))nen and (7 (v"|v)),en are monotone decreasing along
Sinkhorn’s algorithm [Nut21, Proposition 6.10], we finally get

19" — @* L1y <P (2 My () + Cu(p) \/ H (1 1)) 25 /3% Lip(y° — y)

I — "l oy <9 @M (v) + Ci(v) \/H(00]v)) 2e5/3 Lip(y° — *).
(5.2.19)

2Qur standing assumption A4 states that our marginals are Lipschitz perturbations of a log-
concave reference measure which satisfy A6, cf. Remark 6.0.1.
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As a first consequence of the above bounds and (5.2.18), for any n > 1 it
holds

9" —* € L) NLI(W") and ¢ —p* € L' (v)NLI(V"),

which will guarantee that the following integrals (and corresponding summa-
tions) are all well-defined.
Now, (2.2.3) and (2.2.19) imply that

T
log ST (x,y) = 9" (x) — 9" (1) + 9"(v) — ¥ (9)

and hence the symmetric relative entropies can be rewritten as
(" 7T + (T | )
—/90—4) (" —9*)d /(90”—40*)@(1P"—1P*)d777""
_ / — o) @ (¢ — ¢*) dnT — /(q)on — o) @ (¢ — y*) A

/ ") du” —/(<P°”—<P*) dp .

By combining the above with (5.2.18) and (5.2.19) we conclude the proof of the
first bound in our thesis. The second bound can be proven similarly.
Finally let us notice that from (2.2.19) we may also deduce that

AT ) = A (") and () = A (),
%(nn+1,n+l‘nn+l,n) _ ,%”(vh/") and %(nn+l,n|nn+l,n+l) — %(Vnh/) )

and hence the bound for the adjusted marginals is a consequence of the previ-
ous ones, and the trivial inequalities

A (7" | ) = o (W |n) < (),
A (" TIN|) = S () < A (|,
%(nn+l,n’nn+l,n+l) ( | ) S %(7-(”+1”‘7-[T)/
L%p(nn-i-l,n—l-”nn-i-l n) ( | ) S %(HT|NH+1’n)

O

5.2.1 Application to the Entropic Optimal Transport problem
with quadratic cost

Similarly to what we have done in Section 4.2.1, here we translate previous
convergence result for Sinkhorn’s algorithm to to the Euclidean EOT setting
with quadratic cost

EOTSZ(y,v) = neglf /|x—y|2d7r+sjf(7r|y®1/) e>0.
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We will manage to do that under sufficiently general conditions, so that our
results will apply to any couple of marginals y, v € P,(R?) whose densities are
log-Lipschitz perturbation of an underlying log-concave measure. Namely we
are going to assume that

AS5. There exists k > 0 and Lipschitz potentials Uy, U, € C*(RY) such that

p(dx) = exp(—uy(x) — §|x|2)dx and v(dx) = exp(—Uv(x) - §|x|2>dx.

Clearly A5 implies A4 when considering as reference equilibrium measure

dm ~ e3P (cf. (4.2.11)). Moreover by taking T as in (4.2.12), that is T such
that §f = sinh(xT) we know that (cf. (4.2.14))

/}RM \x—y|2dn+e%(n\y®v) =e A (|RyT) + A,

where Rg 7 is the joint law at time 0 and T of the Ornstein-Uhlenbeck diffusion
reference process
dX; = —kX;dt + v2dB;,

whereas the additive constant reads as

A= —% log(1 — e #T) + (1 — e 1) (Ma(p) + Ma(v))

—eH(p|m) — e A (v|m).
Therefore the unique minimiser for EOTS2 (u,v) coincides with the Schrodinger

plan 7r7, and if ¢*, ¢* denote the corresponding Schrédinger potentials clearly
it holds

" (dxdy) = exp(—¢*(x) — ¢*(y))Ro,r(dxdy)
@213 exp(—x(x) ¥z (y) ) x> = 2¢ T x y + Jy[?
TR A S VI

K

with X X
Px(x) = @™ (x) + §|X|2 and  ¥i(y) =9 (y) + Elyl2 -

Then, Theorem 5.2.6 guarantees the exponential convergence of Sinkhorn’s iter-

ates (5.1.7), towards ¢* and * from which we can explicitly recover EOT;jz (n,v).
Similarly, Theorem 5.2.7 provides explicit exponential convergence rates for
Sinkhorn’s plans (77""),,cn and (7117, < towards the entropic optimal trans-

port plan 7T
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Bibliographical Remarks

The results presented in this chapter are based on ideas developed in [GNCD23].
There we have developed our ideas on the compact torus, and we have adapted
to that periodic setting the coupling by reflection technique. Here we have
decided to work on the whole RY, and we have showed that the Stochastic
Optimal Control approach based on Lipschitz propagation along HJB equa-
tions allows to treat the exponential convergence of Sinkhorn’s algorithm, when
considering log-Lipschitz perturbations of a fixed strongly (or weakly, cf. Re-
mark 5.2.4) log-concave potential reference. The setback of this approach is
that both marginals should be Lipschitz perturbation of the same underlying
log-concave measure. In the next chapter we will find a different approach that
circumvents this problem, allowing also for marginals being perturbations of
two different log-concave measures.

We postpone the literature review on Sinkhorn’s algorithm to the biblio-
graphical remarks section in Chapter 6.
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Appendix 5

5.A Explicit rates and construction of the concave
function
Below we provide the explicit construction of the concave function p, for the
specific choice of & as in (5.2.6) and we prove Proposition 5.2.2. We follow the
construction given in [Con23, Section 2]. In view of that, let us consider
Ro = inf{R : &(r)
Ry :=inf{R >Ry :

Vr>R}=L/x

' 5.A.1
JR(R—Rg) >8, Vr>R}=L/kx++V8/x. ( )

>0
®(r
Next, define the auxiliary functions

r _2Lr—xr?
¢(r) = eXP(—i/Osk(s)ds):{eXp< 5 ) Vr<L/x

exp(—L2%/gc) Vr>L/x

r rARg E—"i
o) = [ gthas = [ exp( 2L ds o (- R0 expl-L2/s)

R (@ /) (s) ds

h(r):=1— 29
() =1 2 [F1(@/¢)(s) ds

7

(5.A.2)
where a* := max{a, 0}. Finally let us consider the concave function

p(r) = [ 9(s) () s,

let us define the convergence rate

w2 [7 ot /g0)ar)

and consider the constant C := ¢(Rg) /2 = exp(—L?/g,) /2.

-1
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Proof of Proposition 5.2.2. Let (p, A, C) be defined as above and let us start by
simply noticing that

P(Ro) < ¢p(s) <1, ¢(Ro)r<®(r)<r and <h(r)<1, (5.A3)

1
2
which immediately proves the bounds for p’(r) = ¢(r)h(r) with C = ¢(Ry) /2.
From the previous bound on & we immediately deduce also

O(r)/2 < p(r) < O(r), (5.A.4)

which combined with the above bound for ® concludes the proof of the first
item.

In order to prove the second item it is enough to compute p'(r) = ¢(r)h(r)
and

r

0"(r) = ¢/ (h(r) + () (r) = =7 7(r)~ p(r)h(r) + p(r)H'(r)

- —y_rp/(r) +¢(r)h (r) < @rpl(r) + () (r).

Indeed as a byproduct we get

o) =" () < gt (1),

and since for any r < Ry itholds /() = —% ®(r)/¢(r), we deduce
0" (r) — @ rp'(r) < —% D(r) (5.%4) —%p(r) Vr<Rj.
At the same time, for any r > Ry we have ¢(r) = ¢(R() which implies
®(r) = ®(Ro) + (r — Ro)p(Rg) V¥r > Ry. (5.A.5)
Now if we introduce ®(r) := ®(r) /r, the above expression gives us

®(Rg) 1

&)= - 2By R gy = L [ (9(Ro) ~ pls))s <0

which is non-positive since ¢ is a decreasing function. From this we may de-
duce that for any r > R; the ratio function ® is decreasing and therefore that

(r) < ®(Ry)

> . A
. R, =k (5.A.6)

Given this premise, for any r > R; it holds

#r) = 9(Ro), h(r) =5 and &(r) Ry(Ry—Ro) = §
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(cf. Definition (5.A.1)), which implies that p(r) is constantly equal to @ for
any r > Rj. Therefore, for any r > R; we have

o (r) = Kty = KL O E0) g
(G.A1) rp(Ro)) GA6  d(r) $(R) B A GA4) )
= _W—ORO) = - ®(Ry) Ry —ORo = _Zcp(r) = _Zf(r)

where inequality (1) follows from the observation that ¢(s) = ¢(Rp) for any
r > Ry and that

21 = /ORlcb(s)/(p(s) ds > /RR1 ®(s)/¢(s) ds

GA5) [f1 D(Ro) + (s = Ro)p(Ro) - P(Ro) o (R1 — Ry)?
~ »(Ro) TR
_ (R1 —Ro)
= 4Ry (22(Ro) + (R = Ro)g(Ro))
(5.A5) (R1 — Ro) (R1 — Ro)
- ZCIJ(R()) ((I)(RO) + q)(Rl)) > 24)(R0) q)(Rl) .
O

5.A.1 Explicit lower-bound for the rate of convergence

In this section we provide a lower-bound for the rate A built in Proposition 5.2.2.

Proof of the lower-bound (5.2.10). By the definition of A, from (5.A.5) we may im-
mediately deduce that

oAl = /OR] D(r)/¢(r)dr

e emdr e [T 2R+ (= Ro)¢(Ro) o
= [ etigyars [ ) d

_ [ ®(Ro) , (Ry — Ro)?

7/0 1)/9(r)dr+ (Ry = Ro) prp &+ ==
®(Ro) | (Ry — Ro)?

SRl(P(R(;)) + ! 5 0 ’

where the last inequality follows from the monotonicity of ®(r)/¢(r) since a
direct computation, combined with (5.A.2), shows that for any r < Ry

d [®(r)\ L —xr ®(r)
dr<¢<r>)‘” oo ="
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Therefore from (5.A.3) and (5.A.1) we conclude that

2)\—1 < eL2/8K<L2 + L\/g) é

K2 = x3/2 K

or equivalently that

> . 2K e*LZ/SK )
=R AVE YT Tl



Chapter 6

Exponential convergence of
Sinkhorn’s algorithm:
non-perturbative approach

In this chapter we are going to focus our attention on the classical Schrédinger
problem (1.2.2), i.e., when considering as a reference measure the Gaussian

Ro,r(dx,dy) = (2T) "% exp(~|x — y|*/2r) dady,

which can be equivalently stated as the quadratic EOT problem

inf / |* _y|2d7r+ TH (ntlpev).
mell(p,v) 2

For notations’ purposes and to avoid confusion with Sinkhorn’s iterates, we
will again denote with ¢* and ¢* the Schrodinger potentials defined in Theo-
rem 2.2.1, so that it holds

7T (dxdy) = (2nT)~4/2 exp<—x2_Ty|2 —¢*(x) — ¢*(y))dx dy € I(u,v) .
(6.0.1)

The starting point of our discussion is the following well known result, see
[PNW21, Proposition 2] or [CP23] for instance. Define (x, A) +— n?’h(A) as
the Markov kernel on RY x B(R?) whose transition density w.r.t. Lebesgue
measure is proportional to (x,y) — exp(—h(y) — |x — y|*>/(2T)), i.e., for any
x € RY, 1 is defined through

a2
n?’h(dy) o exp (— ly 2Tx| - h(y)) dy . (6.0.2)

117
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Then, as we already pointed outin (3.2.21), forany n € N*, h € {y*, ", ¢*, 9"}
it holds

Vlog Pre M(x) =T71 /(y —X) n’}’h(dy) ,
VZlog Pre "(x) = — T7'1d +T72 Cov(n;@h) .

The proof of this technical result is given for completeness in Proposition 6.A.2
in Section 6.A.

(6.0.3)

Let us record here two observations on this conditional probability measure.

The first is that for any x € R? the conditional distribution, n?’h defined in
(6.0.2) is the invariant probability measure for the SDE

Yt — X 1
dY; = — ( 5T + 2V7’l(Yf)> df + dB;. (6.0.4)

The second one is that, defining the adjusted marginals produced along
Sinkhorn as in (2.2.21), that is as the probability measures

n n+1,n

p' = (proj, )" and v" := (proj, )47t ,
using (6.0.1)-(2.2.19), 7 € TI(y,v) and " € TI(x,v), the Schrodinger and
Sinkhorn’s plans can be written as

7 (dxdy) = p(dx) © 7¥ (dy) and  #""(dxdy) = p"(dx) @ 7y (dy)
(6.0.5)
and a direct computation shows that

/H?W (dy) p(dx) = v(dy), /"?wn(dy) ' (dx) = v(dy),

[ @) vidy) = pa), [ () v ) = )

The identities in (6.0.3) show that the convergence of the gradient and Hes-
sian along Sinkhorn’s iterates is tightly linked to the conditional measures and
their ergodicity, or equivalently to their concavity profile. Indeed, from the
definition of Sinkhorn’s algorithm (2.2.18) and from these formulas (with 1 =
Y", ¥*) we deduce the upper bound

[199"1 =9 |(x) uex) < T [ Wi, mi?") w(dtx)

where Wy (-, ) denotes the Wasserstein distance of order one. Combining to-
gether the lower bounds on the integrated convexity profiles xy» (obtained

in Section 6.1), the representation of n;’lp , 7'(;’1/] as invariant measures for (6.0.4)

and coupling techniques (see Section 6.2), we obtain in Corollary 6.2.3 that the
key estimate

(6.0.6)

Wi ) < [V - vyt 7 @) 607)
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holds uniformly in x € R? for some 7, > 0. Integrating the key estimate (6.0.7)
w.r.t. u and invoking (6.0.6) yields

[199"1 = Vol () i) < 22 [ 199" = Vyrlvidy) . (608)

Repeating the same argument but exchanging the roles of ", ¢* and ¢", ¢* we
obtain

K
[199" =99 1) vidy) < 22 [1Vg" = Vgt [(u(d)  (609)

for some 75_1 > 0. Combining (6.0.9) with (6.0.8) allows to establish exponen-
tial convergence provided T‘Z'yz'yfffl < 1 for n large enough.

In the rest of this chapter we are going to properly justify the proof strategy
explained above.

Assumptions

In this section we provide a rigorous statement of the main assumptions we
impose on the marginals y, v. In view of this, it is convenient to introduce some
notation and terminology. A crucial role in this chapter is played by the inte-
grated convexity profile x; : R} — R, which for any differentiable function
U : R? — R is defined as the function

ky(r) == inf{ (VU() |_xv—l;|(¥), i) o=yl = r} .

Likewise, for a distribution {(dx) o exp(—U)dx, we simply write x; for xy
and referred to this function as to the integrated log-concavity profile of {. The
function xy; is often employed to quantify ergodicity of stochastic differential
equations whose drift field is — VU, see [Ebel6] and the discussion concerning
(5.2.3) in the previous chapter. The integrated concavity profile of U is defined
in a similar way as ¢y = —«x_y, and for { of the form {(dx) « exp(—U)dx
we set £; = {;. Our main results apply when the marginals y, v satisfy the
following property for ¢ € {u,v},

liminfx;(r) >0, liminfrx;(r) =0.

r—+00 r—0

Below we are going to give a more precise and detailed assumption on
marginals. In view of that, let us consider two sets of functions that will ap-
pear in our conditions: G := {g € C?((0,+0), R) : g satisfies (Hg)} with

(r — 1172 ¢(r'/?)) is non-decreasing and concave, hﬁ’)li’g(]’) =0 (Hg)
T
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and its subset

G = {g € G bounded and s.t. liigg(r) =0,¢ >0and 29" +g9¢ < O}.
T.

The above classes of functions are non-empty and in particular G contains r +
2tanh(r/2). Though it may not appear as the most natural at first sight, these
choices will become clear in light of our proofs. Indeed, the sets G and G enjoy
special invariance properties (see Theorem 6.1.1 and Lemma 6.1.8) under the
mapping
g — —log Prexp(—g),

upon which the proof of the lower bounds on the integrated convexity profiles
of potentials (see Section 6.1) are built.

Note that the properties prescribed in the definition of § in particular imply
that its elements are sublinear (i.e., sup,., g(r)/r < +00) concave functions on
(0, +0). Indeed, any g € G is clearly non-negative and non-decreasing, which
combined with the differential inequality, implies its concavity. Finally, since
¢(0) = 0, the sublinearity of any ¢ € G follows. We say that a potential
U : R’ — R is asymptotically strongly convex if there exist ay € R* and
gu € G such that

ku(r) > ay —r 1 gu(r) (6.0.10)

holds for all r > 0. We consider the set of asymptotically strongly log-concave
probability measures

Pac(R?) = {Z(dx) = e7Ydx : U € C*(R%), U asymptotically strongly convex}

(6.0.11)

Note that as soon as {(dx) = exp(—U(x))dx there exist fy; € (0, +co] and
g € G such that

ty(r) < Bu+rtgulr) (6.0.12)

holds for all r > 0. This is trivially true as we can choose f; = +oco. However,

if the above holds for some f;; < +00, we obtain better lower bounds on the

integrated convexity profile of Sinkhorn’s potentials and all contraction rates
appearing in our main results are better than those obtained for fi; = +oce.

Remark 6.0.1. Let us remark that the class of probability measures Py (RY) contains
in particular probability measures { associated with potentials U satisfying

o ifr >R
> .0.
ku(r) > {a—Cu fr <R, (6.0.13)

fora, Cy, R > 0. Indeed, [Con24, Proposition 5.1] implies that (1) > &« — p1 3r(r)
where g1, € G is given by

gr(r) :==2(L)"? tanh(r LV?/2) with L:=inf{L: R7' §;(R) > Cy} .
(6.0.14)
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Finally, it is worth mentioning that (6.0.13) holds if U can be expressed as the sum
of a strongly convex function and a Lipschitz function with second derivative bounded
from below.

We have now all the concepts and notations to introduce our assumptions.
A6. The marginals i, v € P(R) with log-densities Uy, Uy, that is
p(dx) = exp(—U,(x))dx, v(dx) = exp(—Uy(x))dx,

belong to the set Pyc(IRY) defined at (6.0.11) and have finite relative entropy with
respect to the Lebesgue measure Leb, Ent(u), Ent(v) < +o0.

Under A6, we denote by ay, By, §, and gy (resp. ay, By, § and g) the
constants and functions associated with p (resp. v) such that (6.0.10) and (6.0.12)
hold for Uy, (resp. U,).

A special case of A6 corresponds to the strongly log-concave case, that is
when assuming the marginals y, v satisfying

A7. There exist ay, ay € (0, +00) and By, By € (0,400 such that
ay < VU, < By and  w, < VU, < By.

Indeed this clearly implies the validity of A6 with &, ¢, §v and gy all null.
We will specify our results to the strongly log-concave case as in A7 in Sec-
tion 6.6 where the rate of convergence get a simple and explicit expression.

6.1 Integrated convexity profile propagation along
Sinkhorn’s algorithm

In this section we establish lower bounds on the integrated convexity profile of
Sinkhorn’s potentials. Before proceeding further, let us point out here that the
results of this section hold under a weaker assumption than A6. Namely, let us
consider the followings

A'1. The two distributions u,v € P(R?) specified by (2.2.16) have finite relative
entropy with respect to the Lebesgue measure Leb, Ent(p), Ent(v) < 4o0;

A2,
(i) There exist o, € (0,400) and B, € (0,400] such that
Ky, (r) > ay —r 18 (r) and y, (r) < Bu+ rlg,(r),

withg, € Gand §, € G;
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(ii) There exist x), € (0,+00) and B, € (0, +o0] such that
Kuﬂ(l’) > ay — r1 Su(r) and Ly, (r) < By + rleu(r),

with g, € Gand ¢, € g,

where

G = {g €G boundedandst. 2¢"+g¢g < 0} cg.

Notice that the above assumption allows for concave functions having non-
null limit value in the origin (whereas the elements of G are sublinear in a neigh-
borhood of the origin), that G C Q and hence that A6 implies A’l1 and A"2.

Let us introduce for any fixed § > 0 and any ¢ € G and § € G, the following
functions fora, s, u > 0
Sl /2 g ( Sl / 2)

1512 o(s1/2) 4 )
86 (1+ Ta)? 6.1.1)

F§8(a,s) = ﬁs+m

Gg’g(zx,u) = inf{s >0 : Fg’g(a,s) > uf,

with the convention Gé’g (a,u) = 0 whenever = +o0.
Then, the main result of this section can be stated as follows.

Theorem 6.1.1. Assume A’l. If A”2-(i) holds and if
kg (r) = ay =T 1 =7718,(r), (6.1.2)

then there exists a monotone increasing sequence (&y ) nen C (ay — T~ ay — T 1+
(B T%) Y] such that for any n > 1 and r > 0 it holds

lon(r) < r2 Fg:’gv(avrn,rz) — TV and Kyn (1) >ty — rilgv(r) , (6.1.3)

with Fg}’; & defined as in (6.1.1). Moreover, the sequence can be explicitly built by

setting
Ky = &y — T-1,
Y A (614
Xy ptl = Ay — T™ +T’ nelN,
Gg" A given in (6.1.1). Finally, (y,n)neN converges to ay- € (&, — T4, —T 1+

(/3 T2) =1, fixed point solutions of (6.1.4) and for any r > 0,

Loe(r) < ng’j gv(ocll,*,rz) — TV and Ky (1) > ayr — r‘lgv(r) , (6.1.5)

where ¢* and * are the Schrodinger potentials introduced in (6.0.1).
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Similarly, under A2-(ii) there exists a monotone increasing sequence (&,n)neN <
(ay — T7Y 0y — T~1 + (By T?) 7Y such that for any n > 1 and r > 0 it holds

byn(r) <772 Fg‘/’g“(zx%n,rz) —T ' and kg (r) > aun — 1 '8u(r), (6.1.6)

Bv
with Fgr'g" defined as in (6.1.1) and
Ny = 0y — T,
B ) ng 8y (@n.2) (6.1.7)
lxﬂ,n+1 — 06]4 T + 2 Tz 7 n 6 N 7

with G;Z’g” defined as in (6.1.1). Finally, (ayn)nen converges to ape € (ay —
T, ay — T~V + (B, T?) 1), fixed point solutions of (6.1.7) and for any r > 0,

bye(r) <772 Fé:'g”(%*,rz) —T ' and ke (r) > apr —r'8u(r) . (6.1.8)

Remark 6.1.2. The above result is an extension of [Con24, Theorem 1.2] where the
author just provides the limit-bounds (6.1.5) and (6.1.8) in the case when g = g =0
and $y, §v take the form (6.0.14). In the above result we show that the iterative proof
given there can be actually employed when proving the estimates (6.1.3) and (6.1.6)
along Sinkhorn’s algorithm.

Let us also mention that our result encompasses [CP23, Theorem 4] when consid-
ering ¢y = 0and g, = 0in A2-(i).

We provide a proof of the above theorem at the end of this section. Let us
mention here that we will show in Remark 6.1.9 that Assumption (6.1.2) on ¢°
can be essentially dropped; here we simply observe that it is met for a regular
enough initial condition, e.g., for ¢0 = U,.

Let us also point out that the above theorem guarantees the existence and
uniqueness for the strong solution of the SDE

o Yt — X 1

for any choice of I = ¢*, 9", ¢*, ¢". Indeed from Theorem 6.1.1 we immedi-
ately deduce

Corollary 6.1.3. Under the assumptions of Theorem 6.1.1 it holds for any y € R?
<w*<y>, 4= g bl =y = IV (O]

=&y =1V (0],

> ag [yl = &u(lyl) = Vo™ (0)[,

]/> > Xy,n
lyl
o)

y
<w” y>z w1yl = u(ly]) — V9" (0)] -
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As a consequence for any even p > 2 the potential V), (y) = 1+ |y|? is a Lyapunov
function for (6.1.9) with h € {y*, 9", ¢*, ¢"}. As a consequence, existence and
uniqueness of strong solutions hold for these SDEs.

Proof. The lower-bounds displayed above are a direct consequence of Theo-
rem 6.1.1. Let x € R? be fixed. We will only consider now the case h = ¥*.
The other cases follow the same lines. Since §, € § is bounded, it holds for any

y € R

—% (T =)+ V¢ (v), v)

ags + T Sy||co + | VR(0)| + T~ Hx
< P + 18vleo + [VR(0)] | ||y|,
2 2
and hence there exist y > 0 and R > 0 such that

1
— (T =0+ W), y) <=7y VIyl =R,

At this stage, [MSH02, Lemma 4.2] guarantees that for any even p > 2 the
potential V,(y) = 1+ |y|? is a Lyapunov function for the diffusion (6.1.9).
More precisely it holds a geometric drift condition, i.e., forany Ay € (0, py)

there exists a finite constant By« = By (Ayx, p) such that for any y € R
Ly Vp(y) < —ApVy(y) + By, (6.1.10)

where above Ly« = A/2 — Ty — x) + V¢*(y), V) denotes the genera-
tor associated to the SDE (6.1.9). Finally, existence and uniqueness of strong
solutions of (6.1.9) follows from [RT96, Theorem 2.1] (see also [MT93, Section
2]). O

The proof of Theorem 6.1.1 will be based on a propagation of integrated-
convexity along Hamilton-Jacobi-Bellman (H]B) equations observed in [Con24],
based on coupling by reflection techniques, which reads as follows

Theorem 6.1.4 (Theorem 2.1 in [Con24]). For any fixed function § € G, consider
the class of functions

Fei={heC'(R) : xy(r) > —r"14(r) Vr>0}.
Then, the class fg is stable under the action of the HJB flow, i.e.,
he F; = —logPr_texp(—h) e F; YO<t<T.

We omit the proof of the above result since it runs exactly as stated in [Con24].
There it is proven when ¢ is of the form (6.0.14). However the same proof al-
lows to reach the conclusion for any function ¢ € G since it only requires ¢ to
satisfy the differential inequality

29" +8(8) <0,



6.1. INTEGRATED CONVEXITY PROFILE ALONG SINKHORN 125

which is an equality in the special case considered there ¢(r) = tanh(r).
As a first consequence of the previous theorem we may immediately deduce
the following integrated propagation convexity-to-concavity result.

Lemma 6.1.5. Assume A’l. If A2-(i) holds true, &y, > —T ' and if for any r > 0
Kgn (r) = ayn =171 8(r) (6.1.11)
then

~1 4 N
Xy,n r gl/(r) -1 —2 p8uv 2
_ = —T F ’ .
T e AT Ta ) +r B (an, 77)

é(PnJrl (7’) S ,By +g}¢(7")
Similarly if A2-(ii) holds, ay,, > —T ' and if for any r > 0

Kgn (r) > apn — r1 Su(r),

then

1 A
o r r ¢
i ulr) g1y, oo " (g, 17).

a(r) < -1 —
b () <Pt e = T T w2 B

Proof. Let us firstly notice that our assumption (6.1.11) is equivalent to stating
that "

T v 2

ll]n = lpn _ 2 | . | 6 ngv ,

and therefore Theorem 6.1.4 implies that
—log Prexp(—¢") € Fg, . (6.1.12)
By recalling that ¢"*1 is defined via (2.2.18), in order to conclude it is enough
noticing now that
" d
—log Prexp(—y")(x) — 3 log(27tT)

x—y* a _
=—10g/e><p(—|2Ty| - ?Iylz—lﬁ”(y)> dy

. 1+ Tayu 12
_2(1+Ta1/,n) 10g/exp< 2T |y (1+T“Vﬂ1) x| lp (3/) dy

_ ¥ _ _n 1 4 2nT
_2(1 1 Tlxl/,}’l) ]‘Og PT/(1+T1X,,,H) exp( Ip )((1 + TD(V,”) x) 2 log 1 4 T‘XV,H

and combining it with (6.1.12) and A"2-(i).
The second part of the statement follows the same lines. O

Lemma 6.1.6. Fix B € (0,+o0] and two functions ¢ € G and § € G. Then the
following properties hold true.
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1. For any a > —T~! the function s — Fg’g(uc,s) is concave and increasing on
[0, +o0).

2. The function o — Gg’g (w,2) is positive and non-decreasing over (—T~1, +c0).
3. For any given ag > 0, the fixed-point problem

8.8
Gg (a,2)

oczao—T_l—F > T2

(6.1.13)

admits at least one solution on (ag — T~Y, ag — T~ + (B T?) ] and, as soon
as B < oo, ag — T~ does not belong to the closure of the set of solutions of
(6.1.13).

Proof.
1. Since r — r¢(r) and r +— r g(r) are non-decreasing and « > —T~!, an

explicit computation shows that s — F‘g’g (a,s) is an increasing function.

The concavity of the latter function follows from the properties of g, § €
G, since for h = g, ¢ it holds

d2
@ <M1/2 h(ul/Z))

-1/2
e [h,,(sm) s () =TT h(s V) < 0.

u=s

2. The proof is by contradiction. Notice that Gg’g (+,2) is a continuous func-

tion on (—T~!, +00) and assume that is not a positive function, which
implies that there exists some a > —T~! such that G;g;,g (0,2) = 0 and

hence by definition that there exists a sequence (s;),eN converging to
88

zero and such that Fg (a,s) > 2, which is clearly impossible since we
have limy Fg’g (x,s) = 0. Hence Gé’g (+,2) is a positive function. The

monotonicity of Gé; B (+,2) follows from the fact that Fg'g (w, s) is increas-

ing in s and decreasing in & € (—T~!, +0), which implies for any a’ > &
andu >0

{s: F¥¥(a,s) > ul C {s: Fg’g(oc,s) >u}.

3. Consider the map associated to the fixed-point problem (6.1.4), i.e., the
continuous function H: [ag — T~ !, +-00) — R defined fora € (—T~!, +0)
as 5
G&4(a,2)
H(lx) ::OC—QO+T71 — [;2#
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Let us now prove that

H(ag—T ') <0 and lim H(a) = +oo. (6.1.14)

a—r+-00
The first inequality follows from a direct computation, showing that it
holds Gé’g (a0 — T~1,2) > 0. In order to prove the second statement it

is enough noticing that Gé'g (+,2) is bounded, which is immediate since

¢, ¢ > 0 implies for any « > —T~ ! and s > 0 that Fg’g(oc,s) > Bs and

hence that

G (a,2) <2/B. (6.1.15)

From (6.1.14) and the continuity of Gé’g (+,2) we finally deduce the exis-

tence of some & € (a9 — T~!, +00) such that H(a) = 0, i.e., a fixed point
for (6.1.13). As a consequence (6.1.15) further implies & < a9 — T~ +
(BT?)~!. Finally ag — T~! does not belong to the closure of the set of
fixed-points solutions, because if this was the case then the continuity of
G;g;,g (-,2) would have implied H(ag — T~') = 0, clearly in contrast with

(6.1.14).
O

As a corollary of the previous lemma we have already proven the following

Corollary 6.1.7. Assume A’l. If A”2-(i) holds true, then there exists at least one solu-
tion a on (a, — T, a0y — T~ + (B, T2) 1] to the fixed point associated to (6.1.4).
Moreover, if By, is finite then ay, — T~ is not an accumulation point for the set of
solutions.

Similarly if A’2-(ii) holds true, there exists at least one solution &y, on (ay —

T4, a, — T~ + (By T?) 1] to the fixed point associated to (6.1.7). Moreover, if By is
finite then o) — T~ is not an accumulation point for the set of solutions.

The next result is the counterpart to Lemma 6.1.5 and it shows that we do
also have an integrated propagation concavity-to-convexity.

Lemma 6.1.8. Assume A’l. If A2-(i) holds, &, > —T ' and if
Cor (1) < =TV 412 E5 S (0, 12) (6.1.16)
then oy 41 > 71 and for any v > 0
Kynn (1) = g1 — r 1 g(r).

Similarly if A2-(ii) holds, ay, > —T ' and if

Cyn(r) < =T 147 2 F ¥ (ayn, 77)
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then ay 1 > —T~Yand forany r > 0

Kpnt1 (1’) 2 Xpn+1 — rt g'y(i’) :

Proof. We are going to prove only the first part of the lemma since the second
can be proven by an analogous reasoning. Firstly, let us consider the function

2
P (y) =Ty (y) — TUu(y) + % : (6.1.17)

Then (6.0.3) implies that its Hessian is given for any y € R by

n+1

N 1
Vi (y) = ?COV(T#’(P ), (6.1.18)
where we recall from the definition of 7T~yf’ 9" (6.0.2) that

. 2
sl ! (dx) o exp<—|x2];1/| - (p"“(x)) dx.

n+1
Moreover, if we set for notations’ sake V¥/*1 .= — log(dn?’(P /dLeb), then
our assumption implies

Cpmin (r) <172 P§§’§V(av,n,r2) Vr>0. (6.1.19)

In order to prove the desired bound for .11, we will first establish a lower

bound for the Hessian Vzlf)”H, i.e., a lower bound for the covariance matrix
(6.1.18). In view of that, let us consider for any fixed y € R, the variance

VarXN n%¢n+1 (Xl )

n+1
where X; denotes the i*" scalar component of the random vector X ~ 71% L

Next, observe that

Var (X1) > E Var_ X1|Xo, .., Xa)],  (6.1.20)

v+l y,¢n+1 [ y,,(,nJrl (
X7ty X~y ~TTF

and notice that for any given z = (z, ..., z4) € R*! it holds

Var (X1|X2 :Zz,...,Xd :Zd)

y'q,nJrl
X~y

1 4 2 : n—+1 : n+1 n
= /Rz\xﬂq 2" (dxlz) 2" (d2)2)

where (y,z, A) — n%h(A\z) is the Markov kernel on RY x R¥~! x B(IR) whose
transition density w.r.t. Lebesgue measure is proportional to exp(— V¥ *1(x, z)).



6.1. INTEGRATED CONVEXITY PROFILE ALONG SINKHORN 129

If we set V¥#(x) := V¥"*1(x,z) we then have, uniformly in z € R4 1

1= [ @) — v (2) (x - £)

:% /<Vvy,n+1(x,z) — VVYH(R), (x,2) — (%,2)) 7p*

(6.1.19)
<

n+1 n+1
" (dalz) " (d))

n+1

(dx|z) 7" (d2lz)

1 8y . iz N ias
5 | S i x = 22) 7 (dxlz) 7 ()
Su.8v
S F‘B; (zxv,n,ZVarXannH (Xl |X2 =Zd, .-y Xd = Zd)) ’
where the last step follows from the concavity of s Fg: L (@y,n,8) (point (i)
in Lemma 6.1.6) and Jensen’s inequality. By combining the above with (6.1.20),

since a,,, > —T~ ! and Fg: & (@y,n, -) is increasing (cf. Lemma 6.1.6), we deduce

by definition of Ggi: 4 that

1 _¢ug
VarXNHy’(PnH (Xl) > E ngg (avrn,Z) .
T

Since the definition ¢; is invariant under orthonormal transformation, for
any orthonormal matrix O the functions ¢"*1(O -) satisfy the condition (6.1.16)
too. The previous bound and this observation leads to

l IIAV
VarX ny,q,nﬂ((v, X)) > > Gi;g (@vn,2) Yy, veR st |v| =1,
~r

and hence from (6.1.18) we finally deduce

R 2
(v, V2" L (y)v) > Gi’;’g” (@y,n,2) % Vy,veR?.
By recalling (6.1.17) and (6.1.4), the above bound concludes our proof. O

Remark 6.1.9 (A first trivial lower bound). Under Al and A2, the above discussion
already provides a first trivial lower bound for xyn. Indeed (6.1.18) tells us that "1
is a convex function for any n > 0, which combined with (6.1.17) yields to for n > 0

Kyna (1) =y — T —r1g,(r).

Therefore in Theorem 6.1.1 we could consider any initialisation Y° without prescrip-
tions on its behaviour and run an iteration of Sinkhorn in order to get a1 > ay — T-1.
At this point once can proceed again with the proof of Theorem 6.1.1 with the same (but
shifted by —1) sequence of parameters (&y,n)neN-

Let us notice that the same discussion holds for the sequence of ¢", which yields to
forn>0

K4,11+1 Z 0(]4 — T_l — r_lgAy(r) ,
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which for n = 0 gives for free the base step of the iteration (6.1.7).
Finally, let us remark here that since the potentials couple (¢*, *) can be thought
as a constant sequence of Sinkhorn’s iterates, the above discussion proves also that

Ky (r) > ay — T — r_lgy(r) and  Kgx > 0y — T - r‘lgy(r) .

Given the above lemmata, we are finally able to prove how lower-bounds
for integrated convexity profiles propagate along Sinkhorn’s algorithm.

Proof of Theorem 6.1.1. Let us start showing the first statement. Consider the se-
quence (&, )neN defined in (6.1.4). We will prove our statement by induction.
The case n = 0 is met under the assumption xyo (r) > ay — T' —r=14,(r) Thein-
ductive step follows by applying consecutively Lemma 6.1.8 and Lemma 6.1.5.
As a direct consequence of item (ii) in Lemma 6.1.6 we deduce that the se-
quence (&, )eN is non-decreasing and hence ay, > a0 = ay — T-1. Since

Ggﬂ'gV 1

Bu is continuous and &, — T~ is not an accumulation point for the set of

solutions of (6.1.13) (cf. item (iii) in Lemma 6.1.6), we deduce that &, > a0 =
ay — T~1 for n > 1 and that the same holds for its limit ay+. The upper bound
on ay,, comes for free from (6.1.4) and the upper bound (6.1.15). The proof of
(6.1.5) is obtained in the same way by considering the (constant) Sinkhorn’s
iterates (¢*, ¥*) with the same sequence of (ay,,)neN-

The proof of the second statement is completely analogous and for this rea-
son we omit it. The only difference here relies in proving that the base case
n = 1 holds true, but this has been already proven in the discussion of Re-
mark 6.1.9. O

6.2 Wasserstein distance w.r.t a measure with asymp-
totically log-concave profile

In this section we consider two probability measures p, ¢ € P(R¥) that can be
again written with log-densities as

p(dx) = exp(~Up(x))dx,  q(dx) = exp(—Uq(x))dx
AO1. Assume that Uy, Uq € C1(R?) and that

1. U, is coercive, i.e., there exist vq > 0 and Rq > 0 such that
1 2
—§<qu(x),x) < —qlx]® Vx| >Rq.

2. Uy, has an integrated convex profile, i.e., there exist some a, > 0and §, € G
such that
Ku, (1) > ap — r1 Gp(r) VYr>0.
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Let us also emphasize here that the convexity of integrated profile assump-
tion is stronger than the coercivity, since the former implies

(VU (0)] + [I8p e

1 o
_- < 2P 2
S (VU (x), %) < =22 |22+ : ],

and hence that the coercive condition holds
1
—5 (VU (x),x) = —7p x> Vx| > Ry

for some 7, > 0 and R, > 0. Notice that p and g can be seen as invariant
measures of the corresponding SDEs

6.2.1
dY; = —3VUq(Y;) dt +dB; , (6.2.1)

{dXt = —1VU,(X;)dt + dB;,
which admit unique strong solutions, in view of the coercivity of the corre-
sponding drifts and owing to [RT96, Theorem 2.1]. Finally let (P);>o and
(P10 denote the corresponding Markov semigroups associated to the above
SDEs. Since p and q are invariant measures we clearly have pPf = p and
qP' = qforany t > 0.

The main result of this section is showing how the Wasserstein distance be-
tween p and q can be bounded w.r.t. the integrated difference of the drifts ap-
pearing in (6.2.1).

Theorem 6.2.1. Assume AO1. Then it holds

i 0 <29 Ly 500
(~//(<12))) "‘p"‘gp /‘Vlog’dq,

with R == || gl ((85'(0)) ™" +2/ap).
Proof. Firstly, let us consider the function
£olr) = Zp(r) ifr <R,
PUTT 80 (R) + 80 (R) (= R) otherwise.
Notice that f(0) = 0 and that f, € C!((0, +0), R+) N C%((0,R) U (R, +0), R+ )

with f,” having a jump discontinuity in r = R. Moreover, f,, is non-decreasing
and concave and equivalent to the identity i.e., for any > 0 it holds

$'(R)r < fo(r) < §'(0)r, since §'(R) < f/(r) < &'(0).  (622)
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Notice that, since §, € G, for any r € (0,R) it holds

250 = "L 1) <2850 - L5/ r+ 2505 0
< 80D 1t gy(r)

whereas for any v > R it holds

250 = "L () = =8 R) < BT R gy )
<880 ek + B 50,

where the last step follows from the concavity of §,, which implies for any
r > R that §,(r) < fp(r) and the monotonicity of F(r) := r/ f(r), since for any
r > R it holds

1y = o) =1 /' (1) _ 8p(R) = R§'(R)
PO =" NG

Therefore, by recalling the definition of R, for any r € (0, R) U (R, +00) we have
shown that

1t fo(r)

2fy(r) = =3

Ky, (r) < —Ap fp(r)  with Ay = gplz(R) (g:’q(go) +1) :
(6.2.3)

By relying on the above construction, we will prove our thesis considering
the Wasserstein distance

We (p, q) = negl(fa,q)IE(X'Y)N"[ p(1X=Y])]

induced by the concave function f,. The above is indeed a distance since
fp(0) =0, fp is strictly increasing, concave and hence also subadditive (which
implies the triangular inequality). Moreover, from (6.2.2) it follows the equiva-
lence between W fo and the usual Wy, namely

&' (R) Wi(p, a) < W, (p, a) < £/(0) Walp, q), (6:2.4)
For any t > 0 notice that

W (b, a) <Wp (p, aPf) +Wg (aPF, a) = Wg (p P, qPf) + Wy (aPF, q) .
(6.2.5)
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In order to bound the first Wasserstein distance appearing in the upper
bound (6.2.5), namely Wy, (p Pf, qP}), fix an initial coupling (Xo, Xg) ~ 7*
distributed according to the optimal coupling for Wy (p, q) and consider the
reflection coupling diffusion processes

dX; = —3VU,(X;) dt + dB;
dX{ = -iVU,(X!)dt+dB; Vte[0,7) and X; =X] Vi>1
(Xo,Xg) ~ 7T* ,

where T := inf{s > 0: X = X;}, and (B;);> is defined as

« Lt whenr; >0,
dB; = (Id —2e; €;r 1{f<T}> dB; where ¢; = |Z4] !
u whenr; =0.
where Z; := X; — Xt , 1= |Zi|and u € R? is a fixed (arbitrary) unit-vector.

By Lévy’s characterisation, (B;);>¢ is a d-dimensional Brownian motion. As a
result, X; ~ p and th ~ thp for any ¢+ > 0. In addition dW; := e;rdBt is a
one-dimensional Brownian motion. Let us notice that for any ¢ < 7 it holds
dZ; = — 271 (VUL (X;) — VU (X)) dt +2 e dW; ,
drf = — (Zy, VU, (X;) — VUR(X})) dt + 4 dt +4 (Zy, er) dW;,
dre = — 27 e, VU, (X)) — VU, (X)) dt +2 dW; .
Now, an application of Ito-Tanaka formula [RY99, Chapter VI, Theorem 1.5]

to the concave function f, € C1((0, +0), R1) NC?((0,R) U (R, +o0), Ry ), gives
foranyt <t

fo(re) = fo(ro) +/Otfp’(rs)drs + % /]RL? pg, (da), (6.2.6)

where (L?)t denotes the right-continuous local time of the semimartingale (r)t,
whereas yif, is the non-positive measure representing f," in the sense of distri-
butions, ie., py,([a,b]) = fp'(b) — fy'(a) for any a < b. Let us further notice
that the Meyer Wang occupation times formula [Kal21, Theorem 29.5], which
for any measurable function H: R — [0, +-00) reads as

t
| H Al = [ Hia)Lida,
0 R
implies that the random set {s € [0, 7]: rs = R} has almost surely zero Lebesgue

measure. Particularly, since j, is non-positive, this combined with the above
formula implies

t
3 [ (a) < 5 [ Uy LER" @da =2 [ 10, £ (r)ds
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As a byproduct of (6.2.6) and (6.2.7) we may finally state that forany t < T
it almost surely holds

dfp(r) < - f'“(z”) (er, VUy(Xp) — VU (X)) dt +2 f, (re) dt +2 £, (1) dW;
< (z folr) =2 f*;(”) Kup(rt)) dt+2 £y (r) AW,

(6:23) ,
S —/\p fp(rt) dt+2fp(7’t) th .

By recalling that f,(r¢) = f,(0) = 0 as soon as t > T, by taking expectation,
integrating over time and by applying Gronwall Lemma we have finally proven
that for any ¢ > 0 it holds

Wi, (p P, aPP) <E[fp(1Xe = XPD] < e Elfp(1Xo0 — X7

(6.2.8)
=Mt Wfp (p/ CI) :

Let us now provide a bound for the second Wasserstein distance appear-
ing in the upper bound (6.2.5), namely W, (qPF, q), by relying on the syn-
chronous coupling technique. Therefore fix an initial random variable Yy ~ q
and a d-dimensional Brownian motion (B;);>0, and consider now the diffusion
processes

dX{ = —1VU,(X)dt + dB;

dY; = —3VUy(Y;) dt + dB;

Xg = YQ = Yo ~q.
Notice that for any t > 0, Y; ~ q whereas th ~ thp . If we set now 7 =
|X' — Y| we then have

d(X! —Yy) = =271 (VU (X]) — VUq(Y)) dt,
di? = — (X} = Yi, VUp(X]) — VU4(Yy)) dt .

At this point we would like to apply the square-root function, however the
latter fails to be C? in the origin whereas 7; may be equal to zero (e.g., we already
start with 7o = 0). For this reason we are going to perform an approximation
argument. Fix § > 0 and consider the function ps(r) := +/r + d. Then it holds

dps(77) = — (2 ps(77)) " H(XP = Y, VUR(X]) — VUg(Yy)) dt
— (2 ps(F)THUX] — Y1, VU (XT) — VU,(Y;)) dt
— (2ps(77)) " UX] = Y1, VUR(Yy) — VUG(Y)) dt

< 2V T myde 2 T VU, - VU (Y dt
0s(73) ps() T !
72 - 7
< =27V b (ay—Gy) dt 427 — L | VU, — VU,|(Y;)dt,
ps(@) 7Y 05(77) ’ |
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where in the last step we have relied on the sublinearity of g, € G (namely that
3p(r) < Gy r for some positive constant G, > 0). Therefore it holds

d -2<M P2)dt + 271 VU, — VU4|(Y;)dt
ps(77) < 5 ps(7r)dt + VU, ql(Yp)dt .

By taking expectation and integrating over time the above bound gives
ap — Gp)T gt _
Blps()] < Elos ()] + 202 VB, (72)) ds

t
+2*1/ E[|VU, — VUqy|(Y:)] ds

Vo GOl Mgl as+ £ [ 19U, - vuglda,

where in the last step we have relied on the fact that Y; ~ q for any t > 0 and
that 79 = 0. Therefore Gronwall Lemma yields to

Elr) < Elps(r3)] < exp 50 = Cy) ") |3 1VU = Vg lda+ V3.

By letting ¢ to zero in the above right-hand-side, we obtain the desired upper
bound

(6.2.4)
Wi (aPf,q) < §/'(0) Wi(aPf, q) < g/ (0) B[|X} — Yi|] = g,/ (0) E[r]
~ t ~
<&'(0) 5 eXP(z (ap — Gp)+) /|Vup — V| dq.
By putting together the last estimate with (6.2.5) and (6.2.8) we have proven

that
We (p,q) <e P! Wg (p, q)

- t %
+85'0) 5 exp(5 (4 = G ) [ 19Uy = Vgl o,
or equivalently that

t/2

- t ~
Wy, (p, q) < 1ot ' (0) EXP(Z (ap — Gp)+> / VU, — VUq| dq,

1

which in the t vanishing limit reads as

Wi (p ) < S / VU, — V| dg.

Combining the above bound with the equivalence (6.2.4) concludes the proof.
O
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Remark 6.2.2 (Explicit constants for g, as in (6.0.14)). Particularly, when gy, is as
in (6.0.14) in Remark 6.0.1, i.e.

Gp(r) =2(L)/? tanh(r LV/2/2)
for some L, then in the previous proof we have R = 2(L)2(L~1 +2/wy,) and therefore

cosh*(2(L)V2(L~' +2/ay

W <

) /|vup — VU,|dqg.

Let us conclude this section by showing how the previous result and the
propagation of lower-bounds for integrated convexity profiles (studied in the
previous section) yield to the key estimates that will be employed in the proof
of the main results.

Corollary 6.2.3. Assume A6. Then, for any x € RY, it holds

Wi, ) <0 [ 199" - Iy, (6.29)
and similarly
Wl(n;’wﬂ, 77;’(?*) < 'ﬁf/ ‘Vgo”“ —Vo* dn;’q)*, (6.2.10)
where for any p € {y, v}, and for any n € IN it holds
3o’ (0)? 1
o= &' (0) (6.2.11)

2ty £ T4 5/ 0)
~ - p,n p
gP/<||gP|oo <g“p’1(0) + lXp/n<2FT—1>>

where (ayn)nen C (ay — T~ Ly — T+ (By T?) 7Y and (aypn)nen € (a0 —
T1,a, — T~1 + (B, T?) 1] are the monotone increasing sequences built in Theo-
rem 6.1.1.

Proof. Inequality (6.2.9) follows from the previous theorem when considering
p = n;"p and q = n;’w . Indeed these two probabilities are the invariant mea-
sures associated to (6.2.1) with U, (y) = (2T)~ ! |y — x|> + ¢"(y) and U,4(y) =
(2T)~ ' |y — x|? + ¢*(y) respectively. Theorem 6.1.1 guarantees that there exist
Ay, Qe > —T~! such that

Kku, (r) > T by, — rilgﬁ,(r) and (1) > T+ Ay — rilgl,(r) )

Therefore p and q satisfy Assumption AO1 and Theorem 6.2.1 gives (6.2.9).

We omit the details for the proof of (6.2.10) since it can be obtained in the
(Pn+1 *

same way, this time considering p = n?’ and q = ﬂ;’qj . O
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6.3 Exponential convergence of the gradients and in
W, along Sinkhorn’s algorithm

The convergence of the gradients will follow by iterating the following result.

Proposition 6.3.1. Assume A6 holds. Then for any n > 0 it holds

/IW”+1 ~Ve*ldu < T 1y / [Vy" — Vy*ldv, (6.3.1)

and similarly
/IWJ”+1 — VyH|dv < T~ / V"™ —Ve*|du, (6.3.2)

where v} and ¥y, are given in (6.2.11).
Proof. Let us start by showing (6.3.1). From (6.0.1) we immediatly have

¢t — ¢* = log Prexp(—y¢") — log Prexp(—¢*)
"t — y* = log Prexp(—¢" ™) —log Prexp(—¢*)

and since for h = ¢" "1, ¢* the gradient along the semigroup has the explicit

formulation (cf. Proposition 6.A.2)

V log Pr exp(— T/ —X) dy),

and we may deduce that

V"t — Vor|(x

T [y () - [y ()

< Tﬁlwl(n—f , 71'?#7 ).

(6.3.3)

Combining the above observation with Corollary 6.2.3 we end up with
Vo1 = V') < Ty [ 199" = Vyrlamy?,  (634)
with v}, as introduced in (6.2.11). Combining (6.0.6) with (6.3.4) gives (6.3.1).

The contractive estimate (6.3.2) can be proven in the same manner by relying
on (6.2.10) by noticing that

Ty =Ty |() < T (T ) and [ (dy) v(dx) = w(dy).

O

As a corollary we immediately deduce our first exponential convergence
result.
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Theorem 6.3.2. Assume that A6 holds. Then for any n > 1

[ 19" = Vorldn < —— 1‘[7" T [ 19y~ vy,
Vo1 k=
(6.3.5)
[199" = vyrldv < ]‘[’Yk i [ 1940~ 9ylav,
and
Wi (7 f[ " [194° = vyridv,
= (6.3.6)

W (", 7Ty < oY H 7" 7" /Ile — Vy*|dv,
k=0

where ('y,’: Jken and (v )rew are non-negative non-increasing sequences defined at
(6.2.11), depending on ay, By, §u, Su, T and on ay, By, v, u, T respectively. De-
noting 750 =limy, 1o 7,% for ¢ € {u, v}, as a corollary, as soon as T? > vk, %, the
asymptotic rate is strictly less than one, and for any T2k 7Y, < A < 1, there exists
C > 0 such that for any n € IN*,

Vo' — Vor|du+ [ |Vy" — Vy*|dv <CA* [ [Vy? — Vy*|d,
¢ ¢"|dp ¥ Y [

Wi (", )+ W (4, ) <A [ 9y - vyl

Remark 6.3.3 (Explicit rates). Let us simply remark here that the sequences (v} ) nen
and (v4)neN given in (6.2.11) are non-increasing, i.e., they provide faster convergence
as the index n increases. Indeed this follows from the fact that (ayn)nen € (ay —
T oy —T 1+ (B T?) Y and (avp)nen C (a0 — T~ L — T1 4+ (B, T?) 1]
are monotone increasing sequences, built in Theorem 6.1.1. If a, and oy, denote their
respective limits, then the asymptotic rates of convergence read as

o= 8’ (0)? 1
oo 25 -1 4/ ’
o (Il (o +i2r)) T TR
w8kl \ gr@) T aerr
,)/1/ — gV/(O)Z 1

2 +T-1 4+ 6 /(0) '
~ - P 8v
gvl(||g1/|oo (gv/l(o) + ,le*iTl))

From the above expressions it can be deduced that the condition for exponential con-
vergence T~2yh~Y, < 1 is always satisfied for large enough values of T. To be more
precise, a sufficient condition for the exponential convergence of Sinkhorn algorithm is
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the following

T > $u' (0) (ay +gy/(0))71 3 (0) (wy +$/(0)) !

2 2"
o (I8l (A +2)) & (lgle (o +2))

Expressions simplify when considering gy as in (6.0.14) in Remark 6.0.1, i.e.

(6.3.7)

3p(r) = Z(Lp)l/2 tanh(r L}J/Z/Z)

for some Ly, > 0, since the previous asymptotic rates would read as

1 1 2
K__ - h4 L 1/2 -
oo DC(P* + T-1 + LP‘ cos ( ( M) <Ll" + Dé(P* + T1>> !

1 1 2
v~ cosh*(2(L,)1/? < ),
Teo apr + T 14+ L, cos < (Lv) L, + ayr + T71

whereas (6.3.7) would read as
1/2 1/2
cosh* (L}f/ 4&;’ ) COSh4( iz + L )

ay+ Ly ay + Ly

T? >

Finally, explicit expressions for ('y;l)keN, (77 )ken and their limits fully simplify
under A7, i.e., when y and v are strongly log-concave. We focus on this particular sce-
nario in Section 6.6 where we give simple expression for (’yf JkeNs (V) )kens 1o, VL.
In particular we show that Sinkhorn’s algorithm converges as soon as

Bupv — apay
K K

T> .
\/"‘H By oy B (ay + Bu) (aw + By)

As By = By = +oo, this expression simply reads as T > (a, ay)~V/2. Lastly, notice
that in the Gaussian quadratic case, that is when By, = ay and By = «y, then the expo-
nential convergence condition reads as T > O which means that Sinkhorn’s algorithm
converges exponentially fast for any fixed T > 0.

Proof of Theorem 6.3.2. As concerns (6.3.5), it is enough concatenating the bounds
proven in Proposition 6.3.1, as already sketched at (6.0.8) and (6.0.9).

The Wi-convergence bound (6.3.6) can be deduce from (6.3.5) and Corol-
lary 6.2.3 since 77" € T1(x,v), 7"+ € T1(u, *) and hence

* n *
Wq( n”'",rtT ) < /W1 nx"P ,nx’q) ) dv,

Wi (7, </wl Y dp
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Remark 6.3.4 (Convergence along adjusted marginals). By relying on the previ-
ous result, we are also able to prove exponential convergence of the LY (u™)-norms and
LY (v")-norms of the difference of the gradients, along the adjusted marginals u™, v".
This follows from the fact that Sinkhorn’s iterates may be considered as potentials of
appropriate Schrodinger problems. Indeed, the decomposition given in (2.2.19) implies
that

o the couple (91, ") corresponds to a couple of Schrodinger potentials (as de-
fined in (6.0.1)) associated to the Schrodinger problem with reference measure
Ro,7 and with marginals p and v" = (projy)ﬁn”H'”;

o the couple ("1, " +1) corresponds to a couple of Schridinger potentials (as
defined in (6.0.1)) associated to the Schrodinger problem with reference measure
Ro,r and with marginals p" ! := (proj, );n" "1 and v.

This simple observation, the bound (6.3.3), the conditional property of n;’lpnl, and
arguing as in Corollary 6.2.3 (this time with p = n?’w* and q = n;’lpn ) prove that

[ 199"~ Vgt < 2= H’“‘ T [ 19y - vyrian,

n * n [ee] ’y ’)/
[ 194" = vyrldv SJ’ H Lk [199° — Vyrlav.
n

-1 k=0

Our coupling approach can also be employed in order to prove pointwise
convergence result. In order to establish such a result the assumptions we im-
pose on the regularization parameter T are more stringent than the ones we
need for Theorem 6.3.2. In addition we must impose an additional assumption
(6.3.8) on y. As we explain below there is a natural choice for ° that guaran-
tees that (6.3.8) holds.

Theorem 6.3.5. Assume A6 holds, $° € C'(IRY) and that there exist two positive
constants A, B > 0 such that for any x € RY

|Vy® — V*|(x) < A |x|+B. (6.3.8)
Then for any n € N* and x € R?

I17 T (Alx| + B)

<

Vo" —Vo*|(x) <

'Yn k=0

wﬁyy (6.3.9)
V" — Vy*|(x H " £ (Alx|+B),

n,n

et us recall that 7t is the optimal coupling for the Schrodinger problem with marginals

and v, that the corresponding potentials are given by ¢", " and therefore n;’lpn (dy)u"(dx) =
" (dx dy).
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where

A1+ gl + Ve (0)]
AL -1 Hlloo
g =L max{(szq,*le) , <1+B wp £ T )}/

and

. AT+ [3v]le + VY= (0)]
A=y max{(Talp* +1)71 <1+ 5 ;W T ,

where (')’]}:)keJNf (7{)ken are the non-decreasing non-negative sequences defined in
Remark 6.3.3, apr € (0 — T~V 0 = T~V 4 (B, T?) " Hand ayr € (a0 — T~ 10 —
~L+ (B T?) 1] are given in Theorem 6.1.1. In particular, denoting the correspond-

ing limit rates as 'ygo = limy 1 'ylg and @Eo = limg '?Efor ce{mv}, ifTis
large enough, e.g., if

'YooA

W 5,B — (14 [18ullo + [V (0)]),

T>max{ ~1 ;1, %o
(6.3.10)
Yoo 5 x
Vot B2+ I3l + O]
v

then T? > 4k, 4% and as a result for any A € (T~2 454, 1), there exists C > 0
such that for any x € R? and n € N*¥,

(Vo = V™| (x) + [V§" = V™[ (x) < CA" (Alx[ +B) .

As for Theorem 6.3.2, expressions of ('?,il JkeNs (97 )ken simplify as U, and
U, are strongly convex. These expressions are given in Section 6.6.

We stress that the previous theorem holds for any smooth initialisation ¢° €
C'(RY) satisfying (6.3.8). A common choice would be starting at ° = U,,
which corresponds to ¢® = 0. This choice agrees with the usual normalisation
imposed to Sinkhorn’s iterates when studying its convergence [DMG20, CL20,
DdBD24, Car22]. Let us also point out that if one starts Sinkhorn’s algorithm
one step before with the null initialisation ¢° := 0, then at the first iteration we
immediately get ¢° = U,. Under this choice, from (2.2.17) we deduce that

y? — ¢ = —log Prexp(—¢")

hence

w9l = 1 | [0 @ < e L nlani® ).
(6.3.11)
The latter combined with the bound we are going to give later in (6.3.16) shows
that the initialisation ¢° = U, automatically satisfies the linear growth condi-
tion of Theorem 6.3.5. At the same time, integrating (6.3.11) w.r.t. v and using
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(6.0.5) (exchanging the roles between first and second marginal) yields to

/|V1,b0 —Vy*|dv < T7! / lx —y| n7? (dy) v(dx) = T~* / Ix —y| drcT
(6.3.12)
which allows us to state (6.3.5) in terms of the first moments of the marginals y
and v.
Summarising the above discussion, if we start from ¢° = U,, the previous
results read as

Corollary 6.3.6. Assume A6. If we set the initial Sinkhorn’s iterate equal to $° = U,
(or equivalently if we start with ¢° = 0), then the linear-growth condition (6.3.8) is
satisfied with

K 1 ~ *
Ty 12 and B — + |8 ]| o + [Vor(0)]

A=T1_* =
Tag +1 Tag +1

, (6.3.13)
where a g € (2 — T~ Y, 0 — T~ + (B, T?) "1 is given in Theorem 6.1.1.
Moreover, the integrated bounds (6.3.5) read as

1 n—1

[199" = Vo (0u( —ﬁ e (M (1) + M (v)

>T‘§
»< <

I
Tn-1
[ 199" = vy lvidy) srj” (M1 () + M (v))

As a consequence of the previous corollary, starting from ¢° = U, we
have exponential pointwise convergence of the gradients as soon as T is large
enough, as mentioned in Theorem 6.3.5.

The proof of Theorem 6.3.5 relies on a contractive technique which is based
on the linear growth condition and reads as follows.

Lemma 6.3.7. Assume that A6 holds true. If there are positive constants A,B > 0
such that forany x € RY, |V — Vy*|(x) < Alx| + B, then it holds for any x € RY,

Vg™t —Vo*|(x) < T4, (Alx| +B),

with

. Al+[|gv]le + [V (0)]
v o.__ v "
4y = g max{(Toc¢ +1)7! <1+ B P ,

and 7yy, is given in (6.2.11).
Similarly if for any x € RY, |Vo"+t1 — V¢*|(x) < Alx| + B, then it holds for
any x € R,
V™! = Vy*|(x) < T7'90 (Alx| + B),



6.3. EXPONENTIAL CONVERGENCE OF GRADIENTS AND IN W, 143

with

- AL+ 8yllo +[Ve*(0)]
M. M 1 M
o=t max{ (o + )7 (14 5 =P
and 4% is given in (6.2.11).

Proof. We will prove only the first inequality since the proof of the second one
can be achieved by following the same argument. Owing to the computations
performed in Proposition 6.3.1 and Corollary 6.2.3, let us consider (6.3.4) as
starting point of our proof here. Therefore we have

Vel Vetl(x) < Ty [ 199" = Vgl

which combined with our assumption yields to
V"™ —Ve*|(x) < T !9 <A E .y Y| + B) . (6.3.14)
T

Therefore our proof follows once we provide a bound on the above right-hand-
side. In order to do that, let us denote by Y* the strong solution of

*
Yi—x

dyy = —( =+ 1 V¢*(Y;)) dt +dB;

* x P
Yy~

Then Ito formula, Corollary 6.1.3 and the boundedness of §, € G imply that
dYF|? = =Ty )P de + T HYE, x) de — (Y7, Vg*(Y7)) dt +1dt
+2Y; -dB;
< (e + THYEP A+ (14 T x| + [§ulleo + [V (0) )] Y[ dt
+2Y/ -dBy,

and therefore for any ¢ € (0, ay+ + T~!) we have

dlYF > < — (age + T —¢)[Y/|*dt
+(4e) (1 T x| + [Igvlles + | V" (0)])?dt +2 Y7 - Bt .
If we consider the stopping time Ty := inf{t > 0 : |Y/| > M}, where we set

inf(@) = +oo, by integrating over time on [0, t A Ty], taking expectation and
owing to the Optional Stopping Theorem we deduce that

t
E[|Yiho, ] S EIYGP] — (g + T —¢) /0 E[1s<, [Y{]?] ds
t

+48

(14T x| + [|gvllee + [V (0)])? .
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Since Tp; 1 +co almost surely as M 1 +co (as a consequence of Corollary 6.1.3),
in the asymptotic regime Fatou Lemma implies for any ¢ > 0 that

t
BIY; 2+ (g + T =) [ B2 P ds
t _ ~
SEIG P+ (1 Tl + @l + V9 (0)])2
lp*

which combined with the stationarity of the process Y ~ 71;' , gives

1+ T x| + [I8vlleo + [V (0)]
\/48(DC¢* +T-1—¢)

By minimising over ¢ € (0, ay+ + T~!) we finally get the desired upper-bound

. N 211/2
E (Y]] < E [YIF]= <

1+ T x|+ [1§vlleo + [V9*(0)]
0(¢*—|—T71
__ b 14 l8vlle + [VYT(O)]
Ta,p* +1 ‘XI/J* —+ T71 ’

E e (Y]] <
(6.3.15)

By combining the above bound with (6.3.14) we finally conclude that

L+ vl + IV (0)] B)

A
‘x‘_‘_ Déw*—'—T_l

n+1l _ * <71,V
Vo1 = Vol <7 0t (g

<T 4y (Alx|+B)
where the last step holds true because of the choice of 4;},. This concludes the
proof of the first part of the statement. The proof of the second one is similar
and for this reason we omit it. Let us just mention here that the same reasoning
yields to the moment bound
x| L+ [18ullee + Vo™ (0)]
Tag+1 agr + T1

E o [IY]] < (63.16)
T

O

Proof of Theorem 6.3.5. It is enough concatenating the bounds we have deduced
in Lemma 6.3.7 and observing that at each step ¢* and ¢ satisfy (6.3.8) with
constants Ay, By such that the ratio Ak/Bk = A/B. O

6.4 Exponential pointwise and entropic convergence
of Sinkhorn’s algorithm

It is possible to infer the convergence of Sinkhorn’s iterates (¢"),enN, (¥")neN
from the convergence of their gradients. Since Schrédinger potentials are unique
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up to a trivial additive shift, let us recall that we impose the symmetric normal-
isation (2.2.13), that is we suppose it holds

/ ¢*dy + Ent(p) = /1/]* dv +Ent(v) = % (Ent(y) + Ent(v) — jf(n'T|RO,T)>.

This normalisation has already been used while showing convergence of the
(rescaled) Schrodinger potentials and their gradients to Kantorovich potentials
and the Brenier map respectively, see Chapter 3. In what concerns Sinkhorn’s
iterates, we work with the normalisation already considered in (5.1.8), i.e., we
consider the shifted iterates

o = gl — (/q,ndy_/q,*dy) g g (/wndv_/lp*dv),
(6.4.1)
This choice guarantees that

/¢°”dy+Ent(y) = /(p*d;H—Ent(y) = /w*dv—i—Ent(v) = /zpo”dv—kEnt(v).

Theorem 6.4.1. Assume that A6 and (6.3.8) hold. Then for any n > 1and x € RY it
holds

on _ x T ' T 2
o7 —¢"(x) < ]~ [A |x|* + (A Mi(p) + B) |x| + B My ()
Tn—1 k=0
+2A Mz(}l):|,
n—1 ,?P‘ 4v
9 () < [ [A (X2 + (A Mi(v) + B) || + B Mi(v)
k=0

+2A Mz(v)].

Hence, for T large enough (e.g., (6.3.10)), the pointwise exponential convergence of
Sinkhorn’s iterates holds. Finally, if the initial iteration is set equal to ¢° = U, (i.e.,
@° = 0), then the above bounds hold true with A and B given at (6.3.13).

Let us mention here that a straightforward adaptation of the proof of The-
orem 6.4.1 implies that this result also holds true under a pointwise normali-
sation (e.g., ¥*(0) = ¥°"(0) = U,(0)) or for the symmetric zero-mean option
considered in [DMG20, CL20, DdBD24, Car22].

Proof of Theorem 6.4.1. Owing to the normalisations (2.2.13), (6.4.1) and to The-



146 CHAPTER 6. SINKHORN: NON-PERTURBATIVE APPROACH

orem 6.3.5, we immediately deduce that

9" = ¢"[(x) =|¢ /(P“dy " ( +/(P*du’
‘/ " —¢ (9" = 9") W) dﬂ(y)‘
</’<P —¢ (go”—qv)(y)’du(y)
1
g// V(0" — (v + tx —y)) |x —y| dt du(y)
639 T f)/ f)/
ST [ [ty bt )+ B ol duty)
Tn—1 k=0
< T (A kP (A My + B B M
S 11 2 |x|% + ( 1(p) + B) |x| + 1(p)
n—1 k=0
+2A Mz(]i)
The second pointwise bound can be proven in the same manner. O

As a consequence of Theorem 6.4.1 we may also deduce the convergence of
the L!-norms along the adjusted marginals and along the real marginals.

Corollary 6.4.2. Assume A6 and (6.3.8) for some positive constants A, B > 0. Then
for any n > 1 it holds

N (=
19" = @™ llL1 () < P I 7z |34 My (p) + (A My(p) + B) M1 (p)
n—1 k=0
+B MI(V)} p
n—1 /)\/V ,:}\,%
197 =7 < TT 5% (34 Mao) + (4 My(s) + B) M)
k=0
+ B Ml(U)],
(6.4.2)
and
l¢”" — @™ [L1ny < C(A, B, ) ?" L
" (6.4.3)

[#°" = ¢"[lLagny < C(A, Bv H
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where

CUA B0 = 3.4 Ma(y) + (4 M 1)+ B) M) + B M )|
1
e Coln) (vt )+ D) (4 )+ B) € ) L)
(6.4.4)

and

C(A, B,l/) = |:3A Mz(l/) + (A Ml (1/) + B) Ml(V) +B Ml (1/):|

Wy
+AC(v) (\/H(vov) + 7—[(2 | )> + (AM;(v) + B) C1(v) \/H(Ov),

with C1({) and Cy(() are positive constants defined below in Lemma 6.4.3 for { €

{n v}

Proof. The proof of the integrated bounds along the marginals (6.4.2) is a straight-
forward consequence of the pointwise convergence, whereas the bounds along
the adjusted marginals follow from the weighted Csiszar-Kullback-Pinsker in-
equalities [BV05, Theorem 2.1] which imply for any ¢ € {y, v} that

Mi(§") < My(Z) +Ci(D) H(@1D),
MZ(gn) < MZ(Z;) +C2(€)< ’H(ngM) + /H(QZM))

where C1({), C2(Q) are positive constants (independent from n € IN). For sake
of clarity we postponed the proof of the above moment bounds to Lemma 6.4.3,
below. The proof of (6.4.3) then follows from the fact that the two sequences
(A (W |1))nen and (A (V"|v))neN are monotone decreasing along Sinkhorn’s
algorithm [Nut21, Proposition 6.10]. O

In the next lemma we show how the weighted Csiszar-Kullback-Pinsker in-
equalities imply the above moments inequalities along the adjusted marginals.

Lemma 6.4.3. Assume A6 and let { € {u,v}. Then for any probability measure
p € P(R?) such that H(p|g) < oo it holds

Mi(p) < My(Z) +Ci(2) \VH(ID),
Ma(p) < Ma(0) + @) (010 + HEEL)
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where C1((), C2() are positive constants (independent of p) defined as

2 2 2\ 2
C1(0):= inf ( + —log/e(’C'x‘ d§> ,
UgE(0,0Lg/Z) (TC UZ §
C2(0) = inf <3 + 2 e”éxzdg) .
07€(0a;/2) \ 07 oz

Proof. For any o, € (0,a,/2), from the weighted Csiszar-Kullback-Pinsker in-
equalities [BV05, Theorem 2.1] applied to the measurable functions F;(x) =
ot/?|x| and F>(x) = 0, |x[2/2 we immediately deduce

Mi(p) = Mi(v) +0; /2 [ ol/2|x]d(p—v)

2 2
< Mi(v) 44/ H(plv) (Uv + U—ylog/e"”‘"|2 dv)

Ma(p) = Ma() + = [ Flxd(p-v)

BV (\/m+ 7—[(1201/)> (2} i a% /ealezdv)

which are finite by Lemma 6.A.1 and A6. Minimising over o, € (0, a,/2) con-
cludes the proof of the first claim.

Lastly, the moment bounds corresponding to the choice of reference y, can
be proven in the same way. O

1/2

6.4.1 Exponential entropic convergence of Sinkhorn’s plans

Finally, let us conclude the section with the exponential entropic convergence
of Sinkhorn’s algorithm on the primal side, i.e., for Sinkhorn’s plans (7""),cN
and (7t"*1"), . defined in (2.2.19) and for the adjusted marginals (1"),cn and
(V") neN, using the symmetrised version of the relative entropy 7Y™ (as de-
fined at (4.0.1)). As observed in [CCGT23, GN22], measuring distances between
plans with this divergence leads to tractable expressions.

Theorem 6.4.4 (Exponential convergence of Sinkhorn on the primal side). As-
sume that A6 and (6.3.8) hold. Then, for any n > 1 it holds

~ 2
Yo1kso T
n—1 sHsv
jspsym(n,nJrl,n/ 7TT) < D(A, B,l/) H

k=0

Y™ (71 7 TY < D(A, B, i)
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and

%sym(ﬂn-i-l,n nn ) %sym(y V) < D A B V

T 14l s
7 [1-5
V-1 k=0

y
%sym(nn+l,n+1/nn+1,n) _ <%asym(vnly) < D A B, 1/ H k

where the multiplicative constants expressions D(A, B, i), D(A, B,v) are explicitly
given in (6.4.5) and (6.4.6).

As a consequence, for T large enough (e.g. (6.3.10)), entropic exponential conver-
gence of Sinkhorn’s plans and adjusted marginals holds. Finally, if the initial iteration
is set equal to $° = U, (i.e., o° = 0), then the above bounds hold true with A and B
given at (6.3.13).

In Remark 6.4.5 we show how the multiplicative constant D(A, B, -) can be
further improved. The benefit of considering symmetric relative entropies in
Theorem 6.4.4 is twofold: not only it allows us to bound these relative entropies
in terms of ¢" — ¢* and ¢" — ¢*, but also allows us to translate it in terms of
¢°" — @™ and ¥°" — p* and therefore apply the results of Theorem 6.4.1.

Proof of Theorem 6.4.4. Let us preliminary point out that as a first consequence
of Corollary 6.4.2, for any n > 1 it holds

9" — @ € L) NLI(W") and ¢ —p* € L' (v)NLI(V"),

which will guarantee that the following integrals (and corresponding summa-
tions) are all well-defined.
Now, (6.0.1) and (2.2.19) imply that

T
log ST (x,y) = 9" (x) — 9" (1) + 9" (v) — ¥ (9)

and hence the symmetric relative entropies can be rewritten as
AV (7, 7l = (" n'T) + (T | )
—/qv—fp (¥ —¢7)d /(¢”—¢*)®(¢”—¢*>dﬂ””
:/ oM @ (P — ) AT — /((pon — M) @ (¢ — ) A
—/ ") du” —/(<P°”—<P*)du-

By combining the above with Corollary 6.4.2, we then deduce that

1AM A
D(A,B, i) "+ 9 ¢
TLYnlkO T2

%(n_n,n, 7'L'T) <

4
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with
D(A,B,p) == C(A,B, i) +3A Ma(p) + (A My(p) + B) Ma(p) + B My (pt)
—2(34 My() + (A My(u) + B) M () + B Mm]

1
+ACa(n) (/1) + PO

+(AM;i(p) + B) Cr(p) \/ H(pt ),

with Cy(p), C2(p) being the constants introduced in Lemma 6.4.3.
Similarly (6.0.1) and (2.2.19) imply

dnT n+1 * n *
log i (0 y) = 9" (x) =" () + 9" (y) =" (v),

hence
%(nn+1,n|nT) +jf(7rT‘7-[”+1'”) — /(lpon _ lp*) dv" — /(lpon _ l/J*) dv.
The latter combined with Corollary 6.4.2 yields to
%sym(nn—i-l,n, 7TT) :%(nn—l—l,nprT) + %(HT|7'(71+1’”)

SH v
Te Tk
) H T2 4

with
D(A,B,v) :=C(A,B,v) +3A My(v) + (A M1(v) + B) My(v) + B M1(v)
=2 3AM2(U)+(AM1()+B)M1 +BM1 :l
e (o + 28
+(AM(v) + B) Ci(v) \/H(O).

(6.4.6)

Finally, the proof of the last claims runs exactly as in the last part of the proof
of Theorem 5.2.7 and for this reason we omit it here. O

Remark 6.4.5. Let us remark here that from Theorem 6.4.4 we can consider a sharper
multiplicative constant Cg(A, B, u) in Corollary 6.4.2. Indeed, instead of relying on
the monotonicity of relative entropies along Sinkhorn’s algorithm, in (6.4.4) we could
define Cg(A, B, u) as

Cs(A,B,u) = |3A Ma(p) + (A My () + B) My (i) + B My ()| +eu(n),



6.5. EXPONENTIAL CONVERGENCE OF THE HESSIANS 151

where

euln) = 4Ca0) (/1) + ) A+ 8) a0 )

is a positive constant exponentially small as n 1 +oco thanks to Theorem 6.4.4. Then, in
Theorem 6.4.4 instead of (6.4.5), we can consider the sharper multiplicative constant

Ds(A,B, ) =2 [3A Ma(p) + (A M () + B) My (1) + B Ml(ﬂ)] Feu(n).

The same reasoning applies for Cs(A, B,v) and Ds(A, B,v).

6.5 Exponential convergence of the Hessians along
Sinkhorn’s algorithm

In this section we show that the pointwise convergence of the iterates’ gradi-

ents (V¢"),en and (V§P") e implies the pointwise convergence of the corre-

sponding Hessian matrices (V2¢"),cn and (V2¢"),cn , with the exact same

exponential convergence rate. We will measure this convergence through the
Frobenius norm, that is defined for any matrix A € RA*d

[AllF = /Tr(AAT) .

The proof of the convergence for the Hessians follows a scheme similar to
the one for the gradients, replacing the representation formula for the deriva-
tive of Sinkhorn’s potentials with its second order counterpart, that is

V2log Prexp(—h)(x) = —T 11d + T2 Cov(n?’h) , (6.5.1)

which is proven as a part of Proposition 6.A.2.

For notations sake for any couple of vectors v, w € RY we will denote by
v@w =ovw' the matrix given by their tensor product. Then, for any v, w € R?
the Frobenius norm of their product reads as

lv®@w|r = |v||w] . (6.5.2)
Through this section we will always assume the validity of the hypothesis
of Theorem 6.3.5, i.e., that both A6, and (6.3.8) are met.
Lemma 6.5.1. There exist two positive constants C1, Co > 0 independent of x and T,
such that for any coupling 1w € H(n;’w , n?’lp ) it holds
V29" = V2" [[e(x) < T2 By z)re | 1Y = ZL (Y] +Z] + G T [x] + C)
(6.5.3)
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Proof. As a byproduct of (2.2.18) and (6.5.1) we immediately have for any x €
xlw* xlwn
7 7TT )

R and for any coupling 7 € IT(7t}
T2 (V29" — V2p*)(x) = Cov(n;’lp*) - Cov(rc;’wn)
_ ®2 _ 7®2 L7192
=Exy z)~n _Y Z } +Ez~n;"” Z]

~E [Y]¥2

X, *
Y~y

- ]E(Y,Z)Nr[ (Y - Z) ® Y:| + ]E(le)wn |:Z ® (Y - Z):|

~Eyz)n [Y - z} E, 2]

ey
By applying the Frobenius norm, and recalling (6.5.2), we then deduce that
T2 || V29" — V2™ || (x)
<E(v 2|V =21 (141214 E, (120 +E, e (1¥1))]
In order to bound the last two expected values in the right hand side we will

proceed as in the proof of Lemma 6.3.7. Particularly, (6.3.15) already proves that

|x] L4 [18vlleo + [V ()]

E
Tﬂéw* —+ 1 DCI[J* —+ Tﬁl

Y]} <

x,p*
Y~y
By reasoning in the same way we can prove that

X 14 vl + [VH"(0)

E
Tlxy,n +1 Qypn + T-1

12} <

an;’tp ’
Particularly, the pointwise convergence of the gradients of Theorem 6.3.5 and
the convergences ayn T ap+, ayn T ay+ stated in Theorem 6.1.1 yield to the
uniform bound

IE [IY]] v supE, 1z]) <G T a+ G,

x, "
nelN T

X, p*
Y~y

for some positive constants C1, C > 0 independent of x and T. This concludes
our proof. O

Let us recall here (cf. Corollary 6.1.3) that V(y) = 1+ |y|? is a Lyapunov
function for (6.0.4) satisfying a geometric drift condition, i.e., there are constants
Ay, Ay > 0and By, By, independent of n (but depending on x and T), such that

6.5.4
ACQO*V(]/) V Eq)n V(y) S BV — AV V(y) ’ ( )
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where £;, == A/2 — (T~ (y — x) + Vh(y), V) is the generator associated to
(6.0.4). The possibility of choosing parameters A,, Ay, By, B, independently
from n € IN follows from the pointwise convergence of the gradients of Theo-
rem 6.3.5 and the convergences ay,n, T &g+, ay,n T ay» stated in Theorem 6.1.1.

We are now ready to state and prove the convergence of the Hessians. Our
proof relies on the construction of a concave function (similar to the one con-
sidered in Section 6.2). For exposition’s purposes we have partially postponed
these computations to Section 6.5.1.

Theorem 6.5.2. Assume that A6 and (6.3.8) hold. Then, for any n > 1 it holds
V
T
T
V
k

| V29" — V29 |&(x) < C(x,T,v, A, B)

~

T n
V2" — V2™ ||p(x) < C(x, T, 1, A, B) 74 H
Y
where C(x,T,v, A, B) and C(x, T, u, A, B) are given in (6.5.15). As a consequence,
for T large enough (e.g., (6.3.10)), pointwise exponential convergence of Sinkhorn’s

Hessians holds in Frobenius norm. Finally, if the initial potential is set equal to ¢° =
u, Ge., q)O = 0), then the above bounds hold true with A and B given at (6.3.13).

Proof. For sake of notations let us introduce the constant
Cy =max{1, C; T ! |x| + G},

with C;, C; > 0 as in Lemma 6.5.1. We will proceed as in Corollary 6.2.3, this
time considering a distorted Wasserstein semi-distance

W) = LA Bz FUY =2Z)) A +eV(Y)+eV(Z)| .  (655)

In the above definition V (y) := 1+ |y|?> and we consider the bounded concave
function fy and the parameter € € (0, 1) built in Section 6.5.1 below, by follow-
ing [EGZ19b, Theorem 2.2]. Let us just state here that there is no dependence
from the index n € IN, ¢ € (0,1) is taken small enough such that (6.5.18) will
hold, Wy contracts along the semigroup (P} )¢>9 associated to the SDE

n_ oy
dyp__(YfZT + w( ))dH—dBt,

and there exists a rate A > 0 (independent from n € IN, explicitly given at
(6.5.27)) such that for any u1, o € P(RY)
W (i P w2 PP) < e MWy (ua, o) - (6.5.6)
Moreover, Wy satisfies a weak triangle inequality, ie., for any pq, po, ps €
P(RY)
W (u1, p2) < Ca(Wv(p1, p3) + Wi (pis, p2)) (6.5.7)
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with Cy = max{3, 2 +2 R? 5}, with the radius R, > 0 given in (6.5.17) such that

Czjlr<fx()§r and %S(f;)’(r)gl Vr <Ry,

fl(r) = fY(Rp) andhence (fy)(r)=0 Vr>Ry,

(6.5.8)

for a positive constant C; € (0,1) given in (6.5.19). This particularly implies

that for any coupling (Y, Z) ~ 7t € I1(7; W ;’wn) we have

- C
T2 = Z| (Y] +1Z] + C) < 573 [Y = 21 (L2 Y| 672 2))

cz, man fx(|Y Z|) (1 + e 2|y +€2]Z]) if]Y —Z| <Ry,
7 fL(Ro) 71 fU(R) (1+ €2 |Y| +€/2(Z])> Y ~Z| > Ry

_0 G <§vW)f;(y_z|)(1+eV(Y)+£V(Z)).
1

=3 T2.1/2 el/2
Using (6.5.3) and by minimising the above over 7 € H(n;’w*, n;’ll]n), we
deduce then that
10 C f (Rz) P x "
2 n+1 2 % 34
HV ¢n+ \ 4)*” =3 T2€J§/2 (Cl N x81/2 Wf}{(nT , Tl )
(6.5.9)

Y-

Now, recall that 71; corresponds to the invariant probability of the SDE

Y — 1
dyy = _< tZT ¥y zvlp*(yf))dt + dB;

and let (P}");>0 be its corresponding semigroup. Particularly we have n? v P =

n;’lp* for any ¢ > 0. Similarly, for any ¢ > 0 it holds n;’lpn P = ﬂ;lp , with
(Pf)¢>0 being the semigroup introduced above.

Given the above premises, from the weak triangle inequality (6.5.7) we de-
duce that

Wf;(”?lp ’ ;C" ) Wy (17 Ptr ”Tlp P)
<Cx (va( oy Pt,TCTw Pt>+va( sl Pt,T[TlP Pt))
(6.5.6) " i
< CaWg(mry " Pt,nTlp Pl')+Cpe” “qu(nTlp,n?w ).
Therefore for any t > A~! log C, it holds

g x CA *
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We will show that Wy (7.[;{#’* Pf, n?’w* P}') is exponentially small as n 1 +oo.
Hence consider the diffusion processes

dy; = — (an - ;vlp*(yt*))dt +dB;,

4z = — (Zg;x + ;w%zg) dt + dBy, (6.5.11)
Yg =7y~ 7'[;'4]* ,

. . . . . . x,p*
where (Bt );>0 is the same d-dimensional Brownian motion. Notice Y} ~ nTw Py

whereas Z; ~ n;’lp* P}', which yields to

W (" P, gV PP) < Eye g, | FY(YE = Ze]) (L4 eV (YF) + eV (Z7))
(6.5.12)

By construction, if we introduce r; := |Y} — Z;|, we immediately get

2
dr? = —%f dt — (Vg (YF) — Vg™ (Z0), Yi — Z4) dt .

By reasoning as in the proof of Theorem 6.2.1, fix § > 0 and consider the func-
tion ps(r) = +/r 4+ 0. Then it holds

.
0s(r?)

2
t

dps(7t) = — (2T) 7" dt — (2 p5(F)) " (VY (YF) = V" (Z4), Yf — Zy) dt,

and hence we deduce that it holds

v/ 2 2
aft(pstrh) = — LD (11

(o) (TR (Y) — V2, i - zt>) dt

gy U 0D 7

: 2 )
o\t
v\/ 72 r
+ (fx) (gé( t)) pb(;tz) |V1,b* _ Vg[]n‘(yt*)df
€19 U2 (osr?) 7

< (T 4wy —r7180(r)) dt

2 ps(r?)

(f)lt/)l(pfs(r%)) "'t * ny(y*
R [V - 907
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Since &, > a0y — T~! (cf. Theorem 6.1.1), the sublinearity §,(r) < G, r and the
upper bound (6.5.8) for (f¥)’, imply

v/ ‘7’2
af(ps(rD) <(G — a) ™ LLEUD) ooy ar 4 Loy — vy 0 a
L (G — ) FpsD) dt + 1 [V — V(7 )

Gronwall Lemma and the monotonicity of f¥ (i.e., (f!) > 0, cf. (6.5.8)) finally
yield for any f > 0 to

FYE = Z11) < f(ps(7)) < exp(Cy <Gv—au>+t>1/tlw*—vw"m)ds

(6.3.9) - 1
< eXp(Cl_l (Gv _va)—&- ) / (A|Y*| _|_B ds H 7k 'Vk .

where the last step follows from Theorem 6.3.5. By recalling (6.5.12) and taking
expectation, so far we have proven that

va(Tl'TLp Pt/ l/} Ptn)
< 1 CrH(Gy—ay) e f * * g /)\/Iil rﬂcj
< 3¢ /0 E|(A|YS| + B)(1+eV(Y7) +eV(Z1)) dsg ok
(6.5.13)

Next, we claim that the above integral is bounded by a constant indepen-

dent from n € IN. From Young’s inequality and the stationarity of Y ~ ﬂ;’lp

we have

[ B[+ B+ ev )+ eviz) | s

< Bt(1+eE[V(YZ)] + €E[V(Z))) (6.5.14)
+ AtE[Yg|] + A;t(ZIE[IYOI] E[V(Y5)*] + E[V(Z:)?]) -

At this point it is enough noticing that the geometric drift condition (6.1.10)
obtained in the proof Corollary 6.1.3 guarantees the finiteness of the fourth
moments of the random variables appearing in the last display and hence the
finiteness of the above expected values. For exposition’s clarity we provide a
proof of this last statement in Corollary 6.A.4 in the Appendix, where we show
in (6.A.4) that U(t,v,x, A, B, T), the upper-bounding constant, can be chosen
independently from n € IN.

As a byproduct of (6.5.9), (6.5.10) and (6.5.13), and by minimising over ¢ >
A1 log Cx we have proven that
L A

||qu)n+1 _ VZQD*HF(X) S C(x, T/V/ A/B) I—I T2 4

k=0
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where the above constant C(x, T,v, A, B) is equal to

C = inf 10 C (C fV(RZ) > CA 1 Cl_l(cvfﬂﬁt/)ﬂu,
I

F>A 1110gCA 3 T2¢l/2 el/2 1 —CAe*)‘tZE
(6.5.15)
where U = U(t,v,x, A, B, T) is the constant defined at (6.A.4).
By following the same line of reasoning, it is possible proving that
2 n+1 2 % “Yk ’Yk
IV —V¢||F()<C(xTV/ABﬁyH %
and the constant C(x, T, t, A, B) can be built in analogy to (6.5.15). O

6.5.1 Explicit construction and contractive properties of the W -
distance

Here we carry out the explicit construction of fy and the proof of (6.5.6) and
(6.5.7). The following result follows form [EGZ19b, Theorem 2.2].
Firstly, notice the geometric drift condition (6.5.4) implies

LynV(2) + Ly V(y) <0 V(z,y) & Baa(2Bs/ Ay),
eLynV(z) +eLynV(y) < —% (1N4Bye)(1+¢€V(z)+eV(y))  (6.5.16)
¥(z,y) & Baa(4By(1+ 4. 1)),

where Byg(r?) € RR* denotes the centred Euclidean ball of radius r. For later
convenience let us also define the radii

Ry :=sup{|x—y|: (x,y) € Bog(2B,/A))},
Ry :==sup{|x —y| : (x,y) € Byg(4B,(1+ A, 1))} .

Now, take € € (0, 1) satisfying the condition

R s o +
(4Bye)~! > / ' / exp(GVfI’)(s2 — 1) +22(s — r))dr ds, (6.5.18)
o Jo

(6.5.17)

which is always possible since the left hand side diverges as € vanishes, whereas
the right hand side is bounded.
Finally, define

. /OrARZ o(s)g(s)ds, with ¢(r) = exp<_(v—8“v)rz Y r>,

' 0 90 9(5)
D(r) = (s)ds and g(r)=1-
/o ? § 4f31 Slds 4 [ SElds
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Let us also consider the positive quantities

R R
1 —(D(S)ds and pli= ’ CD(S)ds ,
0o ¢(s) 0o ¢(s)
and notice that (6.5.18) equivalently reads as 4B, e < ¢. The function fY is clearly

bounded, increasing and concave. Moreover, from the above definitions we
immediately deduce the validity of the properties stated at (6.5.8) with

el

Cr:= 4)(R2) , (6.5.19)

and the inequality regarding the first derivative can actually be strengthen since
for any r < Rj it holds

(R () ()"t =g(r) € [1/2,1].

Finally, a straightforward differentiation shows that for any r € (0,R;) U
(Rl, Rz) it holds

g@%mz(“IQWJqugm)M@ﬂ@Hkgf+ﬁ¢u)

. (6.5.20)
< (Cmtel raan) (rry - Hemt .

We conclude with the proof of the triangle inequality and the contractive
property for the distorted Wasserstein semi-distance introduced at (6.5.5)

W)= nf Bz | F0Y = Z1) (1+eV (1) +eV(2)

Proof of the weak triangle inequality (6.5.7). The following proof is an adaptation
of [HMS11, Lemma 4.14]. It is enough showing that there exists Cp > 0 such
that foranyy, z, p € R? it holds

filly =z (1 +eV(y) +eV(z))

<Ca [fi(ly—pN(A+eV(y) +eV(p) + fi(lp—z) (1 +eV(p) +eV(z))] .
(6.5.21)

Firstly, notice that for any y,z € R such that |y — z| < R; it holds
V(y) <max{2,1+2R3}V(z). (6.5.22)

Without loss of generalities assume that |z| < |y| (and hence V(z) < V(y)).
Since fy(r) < f¥(Rp),if [y — p| > Ry then

filly =z (1 +eV(y) +eV(z)) < fi(R2)(142eV(y))
= fx(ly=pN(1+2eV(y)) (6.5.23)
<2f(ly—pD(A+eV(y) +€V(p)).
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On the other hand, if |y — p| < Rj then (6.5.22) and the subadditivity of f¥
(which is guaranteed by its concavity) imply

filly =z +eV(y) +€V(2))
< (fx(ly=pD+ fi(lp = 2D)) (1 +eV(y) +eV(z))

< filly—pD(1+2eV(y) + £ (Ip — 2)) (1 + max{2, 1+ 2R3} eV (z) + eV (2)).
(6.5.24)

As a byproduct of (6.5.23) and (6.5.24) we get the validity of (6.5.21) (and hence
of (6.5.7)) with
Cp = max{3, 2+ 2R3} .

O

Proof of the contraction (6.5.6). Fix two probability measure py, pip € P(IRY) and
let T € I1(py, u2) be a coupling between them. Our proof starts by considering
the coupling by reflection, i.e., the diffusion processes

dz; = — (ZQ;X + ;vlp”(zt)>dt +dB;,

dYt:(YtZTx+%V¢n(Yt)>df+dBt VfG[O,T) andY;=27; Vt>rT,
(Zo,Yo) ~ 7,

where T :=inf{s > 0: Z; = Y;}, and (Bt)tzo is defined as

Z=Y when |Z; — Yi| > 0
dB; == (Id —2eref 1 dB; where ¢; := { 12X ’
b= rer 1yory)dBs t {u when |Z: — Y| = 0.

with u € R? being a fixed (arbitrary) unit-vector. By Lévy’s characterisation,
(Bt)i>0 is a d-dimensional Brownian motion, hence Z; ~ p1 P/ and Y; ~ uaPf,
and finally dW; := e[ dB; is a one-dimensional Brownian motion. By setting
rt = |Z; — Y| and by applying Ito-Tanaka formula as in the proof of Theo-
rem 6.2.1, the trivial bound &, ,, > &y — T~ (cf. Theorem 6.1.1) and the sublin-
earity §,(r) < G, r imply that

artm < (202 - B 0 71 g ) ) a

+2 (fY) (1) dW;

< (20700 + M 6, -y ) arv2 (12 () amy - 6529
(6.5§.20) —4 81/2 (f;/)/(rt)dl’ — 1{”t<Rl}gf;f/(rt) dt — 1{”<R2}§f¥ (rt) dt

+2 (f;(/)/(i’t) th.
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The validity of the above Ito-Tanaka formula for f; can be proven as we have
already done in the proof of Theorem 6.2.1 and for this reason we omit it; we
refer the reader to [EGZ19b, Formula (5.15)] for a detailed discussion on that.

Next, we notice that from the geometric drift condition (6.5.4) and the defi-
nition of Ry, R it follows that

d(l + EV(Zt) + SV(Yt)) = E(ﬁlpn V(Zt) + ﬁwn V(Yt)) df + 2¢ <Zt + Y, dBt>

—4e <Yt, €t> th

<2eB,dt —eA,(V(Z;)+ V(Yy))dt 4+ 2e{Z; + Yy, dBy) — 4e (Y}, ey AW
(6.5.18)

< 1{rt<R1}<g/2—SAV(V(Zt)+V(Yt))>dt

+e l{r[E[Rl,Rz)}(£¢" V(Zt) + Eq;” V(Yt)) dt

+e 1{7‘¢2R2}(£1P" V(Zt) + [,,I,n V(Yt)) df + 2¢ <Zt +Y;, dBt>

—4¢ <Yt, €t> th

(6.5.16)
S <l{rt<R1} 5/2 - l{rtZRz} /\ (1 + sv(Zt) + EV(Yt))> dt

+2¢ <Zt + Yt, dBt> —4e <Yt, €t> th
(6.5.26)

where in the last step we have taken

A= min{B, Ay, 4A,Bye}/2. (6.5.27)

Finally, notice that the choice of coupling by reflection gives to the covaria-
tion between fY(r¢) and 1 + eV (Z;) + eV (Y;) the expression

dlfy(r.), 1+eV(Z.) +eV(Y)]r =4er (fY) () dt
<462 (1+eV(y) +eV(2)) (f2) (ry) dt .

(6.5.28)
where the last step follows from the trivial series of inequalities
de|y—z| < 4e(1+ €V (y) + €V (2)) < L/ )
1+eV(y) 1+¢€V(z2)
<de(1+eV(y) +V(2)) s 1&% — 41+ eV(y) +eV(2) | 1

If for sake of notation we set Fy(z,y) = fY(ly —z|)(1 + eV (z) +eV(y)) the
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inequalities (6.5.25), (6.5.26) and (6.5.28) gives

dFy(Z:, Yi) = (1 +eV(Z) + eV (Ye)) dfy (re) + fo(re) d(1 + eV (Zs) + eV (Yr))
+d[fY(r.), 1+eV(Z.) +eV(Y.)];s
< ey (200 = £00) = (1§ + Lo ) Fol@ v d
+dM;
< —AFy(Zy,Y;)dt +dM;,
where
th =2 (f;c/)/(l’t)(l + EV(Zt) + £V(Yt)) th + 2€f;/(1’t) <Zt -+ Yt, dBt>
—4e fY(re) (Y, er) AW

is a local martingale. Hence eMFy/(Z;, Y;) is a local-supermartingale.
Now, for any N € IN consider now the stopping time

5 =inf{t > 0:|Z; = Y;| < N1 or |Y{|V|Z| >N},

and notice that Ty 1 +o00 as N grows (cf. Corollary 6.1.3). Then the previous
discussion, Gronwall Lemma and Fatou Lemma give

M E[Fy(Z:,Yy)] < UminfE[1g; o,y €M Fy(Z,, Yy)] = E[Fy(Zo, Yo)] -
M—+o0

In conclusion, since Z; ~ u1 P/' and Y; ~ up P}' we have
W (1 Pz PP) < E[Fy(Z, V1)) < e M Ex[Fy(Zo, Y0)] -

By minimising the above bound over 7w € II(py, i) concludes the proof of
(6.5.6). O

6.6 Convergence rates for marginals with strictly log-
concave densities

In this section we further develop the discussion started in Remark 6.3.3. There-
fore assume the validity of A7, or equivalently A6 with ¢, = ¢, = g, = g = 0.
Let us firstly observe that Theorem 6.1.1 in this particular setting simply reads
as

Theorem 6.6.1. Assume A6 with § = $y = gy = g = 0. Then there exist two
monotone increasing sequences (zxy n)ne C(ay—TYay,—T 1+ (B, T?) 1 and

(@ n)nen C (ay —T71 + (Bu 2) 1 such thatfor any n > 1 for any
n € IN it holds r > 0 it holds

Kon(r) >y and  kyn(r) >ty
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These two sequences are defined as
— -1
ayo=ay—T77°,

-1
i1 =0y — T 1+ (T2 Bu + (aun + T—l)—1> , neN,

and
Ry = dy — T-1,

-1
Wypiq =0y — T+ <T2 By + (avn + Tl)l) , neN.

Moreover, both sequences converge respectively to

(zxy+\/ + 4wy / Tﬁv))— 71,

1
s 1= 5 (ocv + \/a§ +4oc1,/(T2/3,,)) -7,

(6.6.1)

and for any r > 0 it holds
Koo (1) > age  and Ky (r) > ays,
where ¢* and * are the Schrodinger potentials introduced in (6.0.1).

Proof. This is a particular instance of Theorem 6.1.1 when ¢, = &y = g, = & =
0. The only statement that does not follow from that theorem is the identifica-
tion of the limit values a,+ and ay+ in (6.6.1). We will only prove the first one
since the second identity can be proven in the same way. From Theorem 6.1.1
we already know that ay,, T apx € (zxy T Yay—T 1+ (B Tz)’l]. Consider
the shifted sequence 0} := a;,, + T~!. Clearly 9” > 0,00 10k = ap + T}
and the latter limit value can be seen as a fixed point for the iteration

0 1 =+ (T2 Bu+ (0h)"H) 7,

A straightforward computation shows that the there are just two possible fixed
point solutions, namely

;("‘V - \/a,%+4ucy/(T2,By)> and ;<zx#+ \/ + 4,/ ( T2,3v)> :

Since one solution is negative, whereas (6}),c is a positive increasing se-
quence, we immediately deduce that 8%, equals the largest (and positive) fixed
point. This proves (6.6.1). O
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From the previous result we immediately deduce the explicit expressions for
the rates of convergence appearing in Remark 6.3.3. Indeed Theorem 6.6.1 im-
plies the strict convexity of the Schrodinger potentials, which allows to perform
all our contraction estimates without relying on reflection coupling. Namely, by
relying on synchronous coupling we are able to improve on Theorem 6.3.2 and
consider W»-distances, obtaining

Theorem 6.6.2. Assume A7. Then foranyn > 1

n 1

T =
V" — Vo~ HL2 y H k HVV’ Vyp* ||L2
-1 OV (6.6.2)
n * — ")/ *
V" = V™|l H k IV = V§* (2 .
and
— ’Y
W (™" H T i IV° = V™ llia) .
= (6.6.3)

’Y ’Y
W (", Ty < o H LNV = Vrlizg .
k=0

where ('ﬁ: JkeN and (7] )keN are non-negative non-increasing sequences satisfying

')/g ::zx;l and 'yg::aljl
’Y;P;H = (au + (T* By + '7;};)_1)_1 Yig1 = (@ + (T?Bu+p)H!

(6.6.4)
and which converge respectively to the limit rates
-1
vho =2 (ay + \/zxg + 404}‘/(’[2/@))
1 (6.6.5)
vy =2 (vc,, + \/vcg + 4,/ (TZ,BH))
Henceforth, as soon as
T> Pubv — tpty (6:6.6)

\/"‘V Bu v By (ay + By) (2w + Bu) ’

the asymptotic rate is strictly less than one, and for any T2y, 9%, < A < 1, there
exists C > 0 such that for any n € IN*,

IV9" = Vo™ lli2gy + V" = V*llagy < CAM VY = Vi |ag,
Wo (7", 7eT) + W ("0, ) < CAM [V — Vi,
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Proof. The key Wp-contractive estimates
Wi, ) <(n)? [y - vy Pyt
with = ()" = (a,n +T71) 71,
and
20 %" xgt 2 nt1 | g
Wi, ) < ()2 [ | Vet - Vgt [ dry
with v} = (64) ' = (an + T 1L

can be obtained as in Corollary 6.2.3 and Proposition 6.3.1, this time directly
considering a synchronous coupling (which allows to get estimates in Wasser-
stein W-distance). Because of Theorem 6.6.1, these two rates sequences are
non-negative, non-increasing and satisfy (6.6.4) and converge to vk, 7% as in
(6.6.5).

The proof of (6.6.2) and (6.6.3) follows as in Theorem 6.3.2.

Finally, from the explicit expressions (6.6.5), the exponential convergence
condition, that is T~2947Y% < 1, can be obtained as follows. By solving T >
0k and T > 81 %, we deduce that for any 6 € (0, o) it holds

T>6a,'—607'," & T>60%,

(6.6.7)
T>60"a,'—08," & T>60"9%,

and therefore if

- 1 _pg-lp-1 g-1,-1 -1
T>9€1(r(},foo)max{90cy —07B, 0 e, —0B,}

-1,-1 —1p-1
&y oy _:By By _ ,Byﬁv_“y“v

\/("‘}71 + ﬁp_tl)(“v_l +8.1) \/"‘H By aw Bu (a4 Bp) (aw + ,31/),

then we are guaranteed that T2 > 9k %, and hence the exponential conver-
gence of Sinkhorn’s algorithm. O

Notice that if we start Sinkhorn’s algorithm at ¢° = U,, then the constant
term appearing in the above right hand sides can always be bounded as in
(6.3.12), which this time yields to

199" = V9" 2y, = [V log Prexp(—¢") [z < T2 [ x—yPdn”
< 2T 2(Ma(p) + M (v)) .

Clearly, the above result implies the L! and W results of Theorem 6.3.2 in
the log-concave setting, with the rates defined as in Theorem 6.6.2.
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Remark 6.6.3. If the marginals are Gaussian distributions, i.e., if U, = ay|x|* /2 and
U, = ay|x|?/2 then Theorem 6.6.2 proves the exponential convergence of Sinkhorn's
algorithm for any choice of T > 0 since By, = «yp, forp € {1, v} and therefore the right
hand side in (6.6.6) is null.

Similarly, we may also give explicit expressions for the exponential rates
('%l)keINr (97 )kew appearing in Theorem 6.3.5, Theorem 6.4.1, Theorem 6.4.4
and Theorem 6.5.2 which in the log-concave setting read as

NS - AL+ [V (0)])

G = max{T Lk, <1+’)’I:o B ,
*

W= maX{T1 Yeo s <1 + 7% AL+ |Z¢ <0))>} .

Finally, when ¢° = Uy (i.e., ¢° = 0) the above expressions read as

= ol max{T7 ol 24 Tt = of @4 T,
. _ _ w1+ |Vy*(0)]
V. AV Tlv’1+Tlv+'Y<>o> )
L max{ e ( ( =T TV 0)
Notice that, if for instance we assume the validity of (6.6.7) for § = 1, then
the asymptotic rates read as
o =9k @+ T 19k) <39k,

. - L\ 1+ [V (0)] 1+ [Vy*(0)]
L=k (14 (T 7‘”) <9 (1+M ,
T ”°°<*( T E ) TH Ve ) = = U T Y T Ve )

ay s+ /0% s+ day /By
with M = 1+ sup < oo,
520 vy s+ (/ad s? 4+ 4n, /By,

Therefore the exponential convergence of Sinkhorn’s algorithm in Theorem 6.3.5,
Theorem 6.4.1, Theorem 6.4.4 and Theorem 6.5.2 holds for any

T > max{Stxyl -3718,1,

1+ [V ()] 4 1+ [V (0)\ ',
<”M1+|w*<o>|)"‘” <”M1+w*<o>|> 5%‘}'
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Bibliographical Remarks

When working on discrete spaces, convergence of Sinkhorn’s algorithm is well-
known and we refer to the book [PC19] for an extensive overview. However,
let us mention that in the discrete setting, convergence of Sinkhorn’s algorithm
dates back at least to [Sin64] and [SK67]. More recently, [FL89, BLN94] show
that Sinkhorn’s iterates are equivalent to a sequence of iterates associated to an
appropriate contraction in the Hilbert projective metrics, therefore proving the
convergence of the algorithm boils down to studying a fixed-point problem,
whose (exponential) convergence can be deduced from Birckoff’s Theorem. In
the case of continuous state spaces, the use of Birckoff’s Theorem for the Hilbert
metrics has also been employed by [CGP16a, DdBD24, Ber20], in order to estab-
lish the exponential convergence of Sinkhorn’s algorithm under the condition
that the state space is compact or that the cost function is bounded.

When considering non compact spaces with possibly unbounded costs and
marginals, results are scarcer and the techniques developed to handle the dis-
crete setting cannot apply as such and new ideas have emerged. When it comes
to results that allow for unbounded costs, [Rus95] shows qualitative conver-
gences of iterates in relative entropy and total variation for Sinkhorn’s plans.
More recently, [NW23] establishes qualitative convergence both on the primal
and dual sides under mild assumptions. Concerning convergence rates, [Lég21]
gives an interpretation of Sinkhorn’s algorithm as a block coordinate descent on
the dual problem and obtains convergence of marginal distributions in relative
entropy at a linear rate n~! under minimal assumptions. [EN22b] derives poly-
nomial rates of convergence in Wasserstein distance assuming, among other
things, that marginals admit exponential moments. Lastly, [GN22] improves
existent polynomial convergence rates for optimal plans with respect to a sym-
metric relative entropy.

Let us further report on results available for multimarginal entropic optimal
transport problem and the natural extension of Sinkhorn’s algorithm in this
setting. For bounded costs and marginals, (or equivalently compact spaces)
[CL20] shows well-posedness of the Schrédinger system and smooth depen-
dence of Schrodinger potentials on the marginal inputs. In [DMG20] the au-
thors manage to show qualitative convergence of Sinkhorn’s iterates towards
the Schrodinger potentials in LP-norms using tools from calculus of variations:
their results require bounded costs but apply to multimarginal problems. These
results have been subsequently improved by Carlier [Car22] who establishes
exponential convergence.

The results proven in this chapter have been presented in [CDG23]. In
contrast to the above existing works, the main contribution of [CDG23] is to
establish exponential convergence bounds for the gradients and Hessians of
Sinkhorn’s iterates as well as for the optimal plans. To the best of our knowl-
edge these findings are new both in their dual and primal formulation in that
they represent the first exponential convergence results that hold for unbounded
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costs and marginals. They also are among the very few results that yield con-
vergence of derivatives of potentials. On this subject, let us also mention the
recent work [GNCD23] (from which Chapter 5 is based) where the state space
is the d-dimensional torus and therefore deals with bounded cost functions.
As [GNCD23], our proofs are mainly probabilistic, and differ from other pro-
posed methodologies in that they rely on one-sided integrated semiconvexity
estimates for potentials along Sinkhorn’s iterates. These estimates are by them-
selves a new result, that has potentially several further implications. Though
both the approaches we proposed in [CDG23] and in [GNCD23] are inspired by
coupling methods and stochastic control, there is a fundamental difference. In
[GNCD23] exponential convergence is achieved through Lipschitz estimates on
potentials. In the current setup, we make assumptions on the integrated log-
concavity profile of the marginals; these assumption are of geometric nature
and not perturbative.

In addition, to the best of our knowledge and understanding, ours are the
very first exponential convergence results of Sinkhorn’s iterates and plans for
unbounded costs and marginals. Moreover, when solely considering Gaussian
marginals (that is when &, = B, and &, = B, see Remark 6.6.3) our results
holds for any positive regularising parameter T > 0, which is crucial when
considering application where we take V ¢* as proxy for the Brenier map.

We should also mention that, after [GNCD23] and [CDG23] appeared, very
recently [Eck23] has managed to extend the approach based on Hilbert’s pro-
jective metric for unbounded settings in the general EOT problem, solely for
marginals satisfying a light-tail condition. Though their result applies to gen-
eral EOT problems for any regularising parameter ¢ > 0, still they can’t cover
the landmark example of quadratic cost with Gaussian marginals (as we do
here as well for any regularising parameter T > 0).
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Appendix 6

6.A Technical results

Lemma 6.A.1 (Exponential integrability of the marginals). Let { € P, (R%)
associated with U : R* — R satisfying (6.0.10). Then for any o € (0, ay;/2) it holds
[ explefxP)dg (x) < +oo.

Proof. Tt is enough noticing that for any x € R? it holds
(VU(x), x) = (VU(x) = VU(0), x) + (VU(0), x) = xy(|x]) x> = [VU(0)] |x|
> ay |x* = (Gu(lx]) + [VU©O) ) |x| > ay |x|* - Gu |x|

where above we have set Gy = || 3| + |VU(0)|. Therefore for any x € RY it
holds

1
U(x) =U(0) + / (VU(tx), x) dt
0
1 _ _
>U(0) + [ (aut |2 = Gulxl) dt = U(0) + 5 [+~ Cu x| .
Finally we may deduce for any o € (0,ay;/2)

lexpelxPlluw = [ ewlelP)ac + [ el

< o7 IRI? U({|x| <R})+ e~ U(0) / exp(—(ay/2 — o) |x[? + Gylx|) dx
{lx[>R}

< /R U({|x| <R}) +e UO /{ oy O (/A= o/ < oo,

where above we have set R := 2Gy; (a; /2 — o)~ L. O
The following results proves the identities stated in (6.0.3).

Proposition 6.A.2. Assume A6 holds. Then for any n € IN*, h € {y*, ", ¢*, 9"}
it holds

ViogPre (x) =T~ [ (y - x) wf(dy)
VZlog Pre "(x) = — T7'1d 4+T72 Cov(rcéf’h) .

(6.A.1)
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Proof. We will only prove the case h = " since the other cases can be proven
with the same argument. The proof will run as in [Con24, Proposition 5.2],
once we have noticed that A6 and Lemma 6.A.1 guarantees the validity of
exp(oy|x|?) € L1(v) for some positive o;, > 0. Therefore from (2.2.18) we know
that

. 2 n |x7y|2 o ' 2
./]Rd><]Rd exp((fvy| — " (x)—y"(y) — o )dxdy_'/]Rd oy ly|”dv(y) < 400,

and hence there exists at least one point ¥ € R? such that

[ exp(ar -y - E Y ay < oo
RA ! 2T '

Since for any x € RY we can always write
e =y =2 -yl —20x -2 y) + |x] = |2 > |2 -y = 2]x — 2| [y] + |x* - 2%,

for any & < 0, we have

=112 n |X_y|2 d
/}Rdexp<(f|y| —y"(y) — 5T )dy<+oo VxeR". (6.A.2)

This allows to differentiate under the integral sign in
n d n |x —Y |2
log Prexp(—¢")(x) = —7 log(27T) +10g/e><p 9" () — 57— )dy

and get the validity of (6.A.1) for h = ¢", i.e

_x 1 Jyep(=y"(y) - EE)dy
rr fexp wn( ) — ) dy

=T / (dy) -

The bound (6.A.2) guarantees to differentiate again the above integral and fi-
nally deduce our thesis. O

V log Prexp(— ") (x) =

Finally, let us conclude by giving explicit upper-bounds for the fourth mo-
ments appearing in the proof of Theorem 6.5.2, under the geometric-drift con-
dition (6.1.10) obtained in the proof of Corollary 6.1.3. More precisely if for
any even p > 2 we set V,,(y) = 1+ |y|?, similarly to what happened in (6.5.4),
Corollary 6.1.3 and (6.1.10), the pointwise convergence of the gradients of The-
orem 6.3.5 and the convergences ay,, T &y, &y,n T ay+ (stated in Theorem 6.1.1)
imply the existence of constants A, ,, Ay > 0and By, By, independent of
n (but depending on x and T), such that

Egﬂ*vp(y) v ﬁ(p"Vp(y) < Bup — Aup Vp(y) ’
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where £;, == A/2 — (T~ (y — x) + Vh(y), V) is the generator associated to
(6.0.4). We will bound the moments appearing in the proof of Theorem 6.5.2 in
terms of the above constants Ay », Ay, > 0and By, p, By p.

Lemma 6.A.3. Take p > 2 and set V,(y) = 1+ |y|P. Let (Y] )¢>0 and (Zt)i>o be
defined as in (6.5.11) in the proof of Theorem 6.5.2. Recall that Zy = Yj ~ n;’lp*,
Yo~ N;’lp*Pt* = n;’w* whereas Z; ~ n;’lp*Pt”. Then for any t > 0 it holds
E[Vy (Y1) =E[Vy(Y§)] < Bu,p/ Aup
E[V,(Zt)] <(Bv,p + Bvp/Avp)exp(t Ayp) .
Proof. By choosing h = 1™ we immediately deduce that
AV, (7) =Ly Vp(¥7) dt + 47 (Y7, dBy)
< — AypVy(Y)dt + By pdt + p |YF[P2(YF, dBy)

Therefore, up to considering a stopping time as already detailed in the proof

of the contraction (6.5.6), by taking expectation and integrating over time, from
the stationarity of the process Y} ~ n;’w we deduce

E[V,(Y})] < Byp/ Ay VE>0. (6.A.3)

Similarly, when considering i = " we get
dVp(Zs) =Ly Vy(Zy) dt +4|Z4[*(Zy, dBy)
< — AypVp(Zy) dt + By dt + p | Zi|P~2(Z, dBy) .

Up to considering again a stopping time, taking expectation and integrating
over time yield to

E[V,(Z1)] < E[Vy(Z0)] + Bupt — Ay, /Ot E[V,(Zs)]ds .

By recalling that Zy = Y{, the previous bound (6.A.3), from Gronwall lemma
we finally deduce

E[V,(Z1)] < (Bup t + Bu,p/ Avp)exp(tAy,) VE>0.
O]

Then, from (6.5.14), (6.3.15) and Lemma 6.A.3 (for p = 2, 4) we finally con-
clude that

Corollary 6.A.4. Let (Y{)i>0 and (Zy)i>o be defined as in (6.5.11) in the proof of
Theorem 6.5.2. Then (6.5.14) can be bounded as

t
/ IE[(A|Y5*|+B)(1+8V2(Yt*)+eV2(Zt)) ds < U(t,v,x, A, B,T),
0
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with

B
U(t,v,x,A,B,T) =Bt (1 + s—Avfz (1+4e'4v2) +¢B,, te“*m)
v,2

At
aw* =+ T_l

By, By tA tA >
=4 ——(1+ev4)+ B atevh .
AVIZ A]/A( ) v,

(T x|+ 1+ [1§lleo + [V (0)])  (6.A.4)

—i—Ast(



Chapter 7

The kinetic Schrodinger
problem

In this chapter we investigate a different Schrodinger problem, known as the ki-
netic Schrodinger problem, hereafter KSP. Contrary to what done in the rest of the
thesis where we have often focused our attention on the small-time asymptotics
of SP, here we discuss this model with particular emphasis on the long-time and
ergodic behaviour of the corresponding Schrédinger bridges.

A heuristic formulation of KSP can be given in terms of the thought exper-
iment originally considered by Schrodinger, in the same fashion as we already
portrayed in Chapter 1 with Brownian motions. Henceforth, consider a system
of N >> 1 independent stationary particles (X}, ..., X)N);c[ 1] evolving accord-
ing to the (underdamped) Langevin dynamics

dXi = V/dt,

dVi = —-VU(X})dt — yVjdt +/2ydBi, i=1,...,N,
where X! and V/ denote respectively the position and the velocity of the i par-
ticle at time ¢. Notice that a first difference with the classic setting stems from
the fact that two parameters now encode the dynamics of the particle system,
namely position X and velocity V. As a consequence in order to describe parti-
cles’ trajectories we need both and therefore the space of continuous trajectories
considered here is equal to Q4 := C([0, T]; R*).

The Schrodinger problem is that of finding the most likely evolution of the
particle system conditionally on two snapshots of the particle system at the ini-
tial time t = 0 and at the terminal time t = T. In order to turn this heuristic
description into a sound mathematical problem, we introduce again the empir-
ical path measure as in (1.1.1), which this time is

1
PN = N 25()(_1‘/‘/;) € P(My),
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and consider two probability measures y, v on RY, representing the observed
configurations at initial and final time, that is to say

1Y 1Y
N;(Sxézy and N;éx,%zv.

Notice that the above information is only a partial condition, if compared to
(1.1.2) where the snapshots’ condition was P) ~ u, PY ~ v. Still, we may again
leverage Sanov’s Theorem [DZ10, Theorem 6.2.10], whose message is that the
likelihood of a given evolution P is measured through the relative entropy

Prob|PN ~ P| ~ exp(~N.#(PR)),

which yields this time to the variational dynamic problem

Cr(u,v) := inf {%(P|R) P e P(C([0, T];R*)), (Xo)4P = u, (X1)4P = 1/}.

(7.0.1)
In the above, R is the reference probability measure, that is the law on P ()
of
dX; = Vidt
dV; = — VU(X;y)dt — yVidt + /2y dB; (7.0.2)
(Xo, Vo) ~m,

where the invariant (probability) measure m is given by

1 lof?
m(dx, dv) = Ze_u(x)_de do,
with Z being a normalising constant. The term kinetic in KSP comes indeed
from the above reference dynamics (7.0.2), since its probability density with
respect to m satisfies namely the kinetic Fokker-Planck equation

Atfr(x,v) = Y Ao fe(x,0) —yv-Vofi(x,v) + VU - Vyfi(x,0) —v- Vi fi(x,0).

(7.0.3)
Because of this, analysing KSP and its ergodic behaviour requires more at-
tention: the hypocoercive [Vil09] nature of the kinetic Fokker-Planck equation
makes more challenging quantifying its trend to equilibrium which reflects, as
we will see later, in the long-time behaviour of Schrédinger bridges for KSP. In
order to deal with that, we rely on the important progresses made in the study
of the long-time behaviour of (7.0.3) over the last fifteen years using either
an analytical approach see e.g. [Baul7, DMS15, HN04, Vil09] and references
therein, or a probabilistic approach, see e.g. [EGZ19a, GLWZ21], as well as on
the new developments around the long-time behaviour of Schrédinger bridges,
in order to gain some understanding on controlled versions of the kinetic Fokker-
Planck equation. We refer the reader to the bibliographical remarks section at
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the end of this chapter for a more accurate comparison between our results and
the existing literature.

Besides the change of the reference measure, another difference between
KSP and the classical instances of the Schrodinger problem (e.g., (1.1.4)) lies
in the fact that it is not the full marginal that is constrained at initial and final
time, but only its spatial component. Even though KSP seems to be a more
faithful representation of Schrodinger’s thought experiment, also the problem
with fully constrained marginals

C%(ﬁ,ﬂ) = inf {%(Pu{) :Pe P(Q), (Xo, Vo)#P =, (XT/ VT)#P = 17} .

(7.0.4)
where 1,7 € P(IR??) is worth studying and we shall work on both problems in
the sequel. We will refer to the above problem as to the Kinetic Full Schrodinger
Problem, hereafter KFSP. Through a classical argument, namely the same consid-
ered in Section 1.2, it is possible to reduce the dynamic formulations (cf. (7.0.1)
and (7.0.4)) to static ones. For example, KSP is equivalent to solving

inf {%ﬂ(rdRO,T) VIS Hx(]/l, V)} , (7.0.5)

where Ry 1 := ((Xo, Vo), (X1, V1))4Ris the joint law of R at initial and terminal
time and the set ITx(y, v) is defined as

IIx (u, v) = {7'( € P(]RM X ]RZd) | (proj,, )47t = p, (Projy, )47 = 1/} ,

with proj, ((x1, v1),(x2, v2)) = x; for any i = 1,2. In a similar fashion, the
static formulation of KFSP is

inf{%ﬂ(nmoj) cme I, 17)} , (7.0.6)

where I1(fi, 7) is the (usual) set of couplings of ji and v.

It is worth noticing that, since the stationary Langevin dynamics is not a
reversible measure, Cr.(-,-) is not symmetric in its arguments. Nevertheless,
due to the “physical reversibility” of the dynamics [CGP15], that is, reversibility
up to a sign flip in the velocities, it is not hard to show that Cr (-, -) is symmetric
in its arguments.

Lastly, let us add a bit of notation: if PT is the unique solution of (7.0.1), we
call entropic interpolation (VtT)te[o,T] the marginal flow of PT and denote with p]
its density against m, i.e.,

Vte[0,T], uf = (X, Vi)sP" of = dthT
7 7 t ’ , i dm .
With the obvious small modifications, we also define the entropic interpolation
(! )te[o,7] and their densities (PtT)te[o,T] in the framework of KFSP.
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7.1 Stochastic control formulation and turnpike prop-
erty for kinetic Schrodinger bridges

KSP can be rephrased into a stochastic optimal control problem, as we already
did for the classic problem in Section 1.3. Namely, Girsanov’s Theorem [Léo12b,
Theorems 2.1 and 2.3] this time implies the equivalence between (7.0.1) and

1 T
inf{%”((XO, Vo)#P|m) + EIEP{ / |a{’|2dt] : P € P(Qyy), Padmissible ¢,
0

(7.1.1)
where a path probability measure P is admissible if and only if under P, there
exist a Brownian motion (B;)c[o,r) adapted to the canonical filtration and an
adapted process (al )tefo,7) such that Ep| fOT |aP|2dt] < +o0 and the canonical
process satisfies

dX; = Vidt,
dV; = —VU(X;)dt — yV,dt + af dt + /27dB, (7.1.2)
Xo~u, Xt ~v.

The same control formulation clearly holds for KFSP, with the correspond-
ing full-marginals constraints at time 0 and T.

The above control formulation inspired the discussion of the present chap-
ter, where we study the long-time behaviour of the controlled SDE (7.1.2) and
establish the turnpike property. The latter is a general principle in optimal con-
trol theory stipulating that solutions of dynamic control problems are made of
three pieces: first a rapid transition from the initial state to the steady state,
the turnpike, then a long stationary phase localised around the turnpike, and
finally another rapid transition to reach the final prescribed state. For the con-
trol problem (7.1.1), the turnpike is the invariant measure m. Indeed, the nat-
ural tendency of the particle system is that of reaching configuration m and
since Schrodinger bridges aim at approximating as much as possible the un-
conditional dynamics while matching the observed configurations, they should
also favour configurations close to m. Obtaining a quantitative rigorous ver-
sion of this statement is one of the main objectives of this chapter and, in view
of (7.1.2), it is equivalent to show that Schrédinger bridges satisfy the turn-
pike property. In the field of deterministic control, the turnpike phenomenon
is rather well understood both in a finite and infinite dimensional setting, see
either [TZ15, TZZ18] and references therein, or the monographs [Zas05, Zas19].
The understanding of this phenomenon in stochastic control seems to be much
more limited: see [CLLP12, CLLP13, CP19] for results on mean field games and
[CCG22, BCGL20] for results on the classical and mean field Schrédinger prob-
lems. The reason why the turnpike property for Schrodinger bridges in the
present context cannot be deduced from existing results lies in the hypocoer-
civity of the kinetic Fokker-Planck equation (7.0.3).
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Proof strategy A general idea to obtain exponential speed of convergence to
equilibrium for hypocoercive equations, systematically exploited in [Vil09], is
that of modifying the natural Lyapunov function of the system by adding some
extra terms in such a way that proving exponential dissipation becomes an eas-
ier task. For the Langevin dynamics, a suitable modification of the natural Lya-
punov functional, that is the relative entropy .#(-|m), is obtained considering

p—r a(p|m) +IZ(p)

for a carefully chosen constant 2 > 0, where the Fisher information (w.r.t. m)
we recall to be defined for any g < m € P(R*) as

dg |2 . d
I(g) = Jraa |V log %‘ dg  if Vlog 3L € L?(q),
400, otherwise.

Emulating Bakry-Emery T-calculus [Baul7] it is possible to show that the
modified Lyapunov functional decays exponentially fast along solutions of the
kinetic Fokker-Planck equation. Our proof of the turnpike property consists in
implementing this abstract idea on the fg-decomposition of the entropic inter-
polation, as we now briefly explain. Indeed, in order to bound Z(y/) one is
naturally led to consider the quantities

2
/]R [ iog e fT| dul, (7.1.3a)

. R
./]de IVIOgPTfsg ‘ dus , (7.1.3b)

where (fT,¢7) is the fg-decomposition of KSP (cf. Proposition 7.2.3), (Ps),c 0,7]

the semigroup associated to (7.0.2) and (Ps*)sE[O,T] its L.2(m)-adjoint. However,
it is not clear how to obtain a differential inequality ensuring exponential (for-
ward) dissipation of (7.1.3a) and exponential (backward) dissipation of (7.1.3b).
But, as we show at Lemma 7.4.1, it is possible to find two norms | - |1 and
| - | -1, that are equivalent to the Euclidean norm and such that if we define

2
T — * T T
@ (s) = /}de ‘VlogPsf ‘Nil du; ,
2
T(e) — T T
0T6) = [ ViogPrsg[, il

then @7 (s) and ¢ (s) satisfy the desired exponential estimates. To complete the
proof, one needs to take care of the boundary conditions. This part is non triv-
ial as it demands to prove certain regularity properties of the fg-decomposition
and it is accomplished in two steps: we first show in Proposition 7.4.3 a regu-
larising property of entropic interpolations, namely that if 5 (u|mx), 5 (v|mx)
are finite, then the Fisher information Z(y]) is finite for any t € (0,T). The
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proof of this property is based on a gradient bound obtained in [GW12] and is
of independent interest. The second step (Proposition 7.4.2) consists in show-
ing that for a fixed small 6, ¢ (5) and (T — &) can be controlled with by the
sumof Z(u!) and Z(ul_;). We prove this estimate adapting an argument used
in [TZ15] in the analysis of deterministic finite dimensional control problems.

7.2 Assumptions and preliminaries

In this section we collect our assumptions and useful results about the Markov
semigroup associated to the kinetic Fokker-Planck equation. We conclude with
structural results for KSP (and KFSP).

In what follows we write < to indicate that an inequality holds up to a multi-
plicative positive constant depending possibly on the dimension d, the bounds
on the spectrum of U, « and B, or the friction parameter 1.

7.2.1 On the assumptions

We state here the assumption on the potential U and on the constraints y, v, jI
and 7 that we use in the sequel. We define my, my € P(R?) to be the respec-
tively the space and velocity marginals of m, in particular m = my ® my.

(H1) U is a C* strongly convex potential with bounded derivatives of order
k> 2.

(H2) There exist 0 < a« < B such that
VB—Va<q, and  ald; < V2U(x) < Bld;, forallx € RY,
where 7y > 0 is the friction parameter in (7.0.2).
(H3) The probability measures y and v on R? satisfy

H(pmyx) < 400 and ' (v|my) < +o0.

dv
dm X

(H4) p,v < my, d%x’ € L®(my) and are compactly supported on R%.

(FH3) The probability measures fi and 7 on R?? satisfy
H(film) < +c0o and 7 (V|m) < +oo.

(FH4) 51,7 < m, 3—51, 47 "¢ L*°(m) and are compactly supported on R%.
In what follows we report some straightforward consequences of the var-
ious assumptions listed above that we shall repeatedly use from now on. We
begin by observing that assumption (H1) guarantees that m € P,(R??) and that
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my satisfies Talagrand’s inequality because of [BGL13, Corollary 9.3.2], i.e., for
any q € P(RY)
Wa(g, mx)* S A (glmx) (7.2.1)

Since the Talagrand inequality holds also for the Gaussian measure my, from
[BGL13, Proposition 9.2.4] it follows that for any g € P (R*)

Wa(gq, m)* < H(q|m). (7.2.2)

Let us also point out that (H4) implies (H3) and that under (H1) and (H3) it
easily follows that u, v € P,(IR). Indeed,

(7.2.1)
Jo P dn s [ IxP dmy WaGumy)? S [l dmy 5 (pfmy) <+,

(7.2.3)
and similarly for the measure v. We also remark that (FH4) implies (FH3).
Moreo;zer, from (H1) and (FH3), by means of (7.2.2), it follows that ji, 7 €
P (R?).

Finally, let us also notice that (H1) and (H2) guarantee the validity of a log-
Sobolev inequality for my because of [BGL13, Corollary 5.7.2], and by means
of [BGL13, Proposition 5.2.7 and Proposition 5.5.1] it follows that m satisfies a
log-Sobolev inequality. Therefore for any 4 < m it holds

H(qlm) S Z(q). (7.2.4)

7.2.2 Markov semigroups and heat kernel

The generator L associated to the SDE (7.0.2) is given by
L=9A,—qv-V,—VU -V,+0v-Vy
while its adjoint in L?(m) reads as
L*=v9Ay —y0-Vu+VU-Vy —v-Vy.

Under (H1), it is well known that Hormander’s Theorem for parabolic hypoel-
lipticity applies [Hor67, Theorem 1.1] to the operator L, and thus the associated
semigroup (P;);>0 admits a probability kernel p((x,y), (y, w)), which is C* in
all of the parameters, with respect to the invariant probability measure

dm(x,v) = le*u(")*% dxdo

s - Z 7

where Z is a normalising constant. Sometimes, with a slight abuse of notation
we will write m(x,v) to denote the density of m with respect to the Lebesgue
measure. Similarly, we will denote by (P;")¢>¢ the semigroup associated to L*.
Note that the function p; also represents the density of Ro; (the joint law at time
0 and t of the solution to (7.0.2)) with respect to m @ m. Moreover, according
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to [DM10, Theorem 1.1], p;(+, -) satisfies two-sided Gaussian estimates. Impor-
tantly, p is locally bounded away from zero and infinity, but with constants
that might depend non-trivially on the time horizon T.

For some of our proofs, we need lower bounds that are uniform in T. To this
aim, we have the following consequence of the results of [DM10].

Lemma 7.2.1. Let Ty > 0 be fixed. Under assumption (H1), there exists a constant
cr, > 0 such that for all T > Ty and all (x,0), (y,w) € R
log pr ((x,0), (y,w)) > —cr, (1 + |x|2 + |v\2 + |y|2 + |w|2) . (7.2.5)

Proof. Let Ty > 0 be fixed. From Jensen’s inequality we know that

log pr((x,v), (v, w))

=tog [, prry2 (x,0), ) pryy2 (z0), (v,)) dm(z,u)

7.2.6
= /1R2d logpr-Ty/2 ((x,0), (z,u)) dm(z,u) ( )

+ [, 10gpry/2 ((2,m), (v, w) dm(z ).
By [DM10, Theorem 1.1], there exists C > 1 depending on Ty such that
|2

— zZ,U)— w T
pry/2 ((2,1), (y,)) 2 pr,j2((z 1), (y,w))m(y, w) > C1e o2~ yw)

where 0;(xp,v9) = (6%, 6?)" denotes the solution of the denoised Langevin
ODE system
d gx v
505 =16
dt”t t with 6y = (xg, v9)T .
{:i@f — oy vu(e) 0= o)

Since under (H1) there exists a large enough positive r € R such that (7.2.11)
holds for (Id, —r), from [Mon23, Theorem 1] (with £ = 0) it follows

|9t(y/w) - Qt(010)| S ert ’ v(]//w)T € ]RZd/ vt Z 0. (727)

(y,w)"

Therefore, up to changing the constants C from line to line, we have
[ s l08P1/2 ((2010), (3,0)) dma(z, )
-1
>logC™ " — C/]Rld
2 2 2
—C(1 P + [P + [, 1020z, 0)[ dm(z, )

—C(1+IyP + o),

2
Or/2(2,1) = (y,)" | dm(z, )

(7.2.8)

v

Y
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where the last step holds since m € P,(IR?%), and therefore

[ 1813/2z0) Pz, )
2 2
< 2167,/2(0,0)| +2/1R2d |01,/2(z, 1) — 07,/2(0,0)|" dm(z, u)

7.2.7) ) ) )
<" 2105,/2(0,0)| +2€2r/]RZd(|z| + [uf?) dm(z,u) < C.

Now, notice that we can rewrite the first integral of the RHS in (7.2.6) as

Jasl08PT11/2 ((3,0), (2,1)) dm(z, )

~ o198 [P (0), (01)) oy (0,1, (2 ) Gz )

Because of (7.2.9), we know that pr_t, /2 ((4,7), (z,u)) dm(q,7) is a probability
measure over R? and therefore by Jensen’s inequality and Fubini the above
displacement can be lower bounded by

/1R2d /IRZd log [pr, /2 ((x,9), (9,7))] pr—1, ((9,7), (2,u)) dm(g,7)dm(z, 1)
= [ 1ogpm/2 (x,0), (3,7)) dm(a, 1)
(7.29) /IRZd log pr, /2 ((4, 1), (x,—0)) dm(q,7)
- /RM logpry/2 ((q,7), (x,—v)) dm(q, ) 2 —C(1 + [x* + \v|2).

Putting the above lower bound and (7.2.8) into inequality (7.2.6), we get

logpr ((x,0), (y,w)) = —cr, (14 |x” + o + |y + [w]?)

O

Finally, let us stress that the Langevin dynamics (7.0.2) is not reversible,
and in particular the probability kernel p; is not symmetric. However, it is
symmetric up to a sign-flip in the velocities,

pe((x,0), (y,w)) = pt((y, —w), (x,—v)) Vt>0, Y(x,0), (y,w) € R*.
(7.2.9)
As we said above, this useful property is sometimes called physical reversibil-

ity.
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7.2.3 Contraction of the semigroup

In our setup, due to the lack of a curvature condition CD, the standard Bakry-
Emery machinery does not apply to obtain a commutation estimate for the
semigroup of the type

|VPh(z)| < e ' P(|Vh|)(z), (7.2.10)

for some ¢ > 0. It is still possible to obtain a commutation estimate simi-
lar to (7.2.10) by replacing the Euclidean norm | - | by a certain twisted norm
€|y = V& M¢ on R? for some well chosen positive definite symmetric ma-
trix M € R?#*24_ This is a common idea in the kinetic setting and it is exploited
for example in [Baul7, GLWZ21, Mon23]. Particularly, Assumption (H2) im-
plies local gradient contraction bounds for the semigroup of the Langevin dy-
namics with a certain rate x > 0 (see Proposition 7.2.2 or [Baul7]). The expo-
nential rate x of Theorems 7.5.1 and 7.5.3 below is precisely the one, computed
e.g. in [Mon23, BGM10], at which the synchronous coupling is contractive for
the (uncontrolled) Langevin dynamics.

For instance, in [Mon23, Theorem 1] the author studies the contractive prop-
erties of the semigroup P; associated to the SDE on R"

dz; = b(Zt)dt + XdB;,

with the drift b : R" — R™ being globally Lipschitz and X a constant positive-
semidefinite symmetric matrix. The author shows that the condition on the
Jacobian matrix [, of the drift

E-(MJy(2))E < —k&-ME = —x |E3; VEER™ VzeR", (7.2.11)

where x € R and M is a positive definite symmetric matrix, is equivalent to the
commutation estimate

[VPh(z)|p1 < e P(|Vh|pya ) (2).

Our setup, which is also discussed in [Mon23, Section 3.3], corresponds to the
choice m = 2d, and

(ol ) =6 )

and therefore the Jacobian reads as

Jo(x,0) = (—VZOLI(x) —I’Ydld> '

In [Mon23, Proposition 5], the author shows that (7.2.11) holds with ¥ > 0 as
long as « and B from assumption (H2) are close enough. The slightly sharper
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condition \/B — v/a < 7y (which corresponds to (H2)) can be obtained by mim-
icking the computations in [Baul7, Theorem 2.12], where the case v = 1 is
discussed. By exploiting the symmetry of the heat kernel up to a sign flip, we
obtain a similar commutation estimate also for the reversed dynamics.

In view of the above discussion we have the following.

Proposition 7.2.2. Assume that (H1) and (H2) hold. Then, there exist a constant
x > 0 and positive definite symmetric matrices M,N € R***?? sych that (7.2.11)
holds and

(i) Forallh € CL(R*),t > 0and z € R

|VPh(z)| 1 < e ™ P(|Vh|py-1)(2). (7.2.12)

(ii) Forallh € CH(R*), t > 0and z € R*

VPE(z) g1 < e B (| Vhly ) (2). (72.13)

Proof. A proof that (7.2.11) holds with ¥ > 0 under (H1) and (H2) is included in
Section 7.B for the reader’s convenience. Given (7.2.11), (i) follows from Theo-
rem 1 in [Mon23].

We now derive (ii) from (i) with the help of (7.2.9). For any function f on
R?? define the transformation Sf(x,v) = f(x, —v) and set

d 0 d 0
N:(o —Id>M<0 —Id)'

Note that S? = Id, moreover in view of (7.2.9), for all h € C}(R*), P} (Sh) =
S(Pth) and S|Vh|y1 = |V(Sh)|y-1. Itis then immediate to derive

VPl = S|VP(Sh) 1 <e ™ S(R(IV(Sh)|y))
Py (|Vhly 1)
which is the desired conclusion. O

As a result of Proposition 7.2.2 and [Mon23, Theorem 1] we have the equiv-
alent statements, with M, N and x > 0 as above, and all 41,42 € P(]RZd),

W2 (1P, 02P) < e Wiai2(q1,92), (7.2.14)

W (q1Pf, q2PF) < e *"Wia(g1,92),

where Wy2(q1,92) is the Wp-Wasserstein distance on P(IR??) with the Eu-
clidean metric replaced by dp(x,y) = |x — y|p and similarly for Wy 2(q1,42).
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7.24 The fg-decomposition for KSP

Optimal couplings in the Schrodinger problem are characterised by the fact that
their density against the reference measure takes a product form, often called
fg-decomposition, as we have established in Theorem 2.2.1. In KSP f and g
have the additional property of depending only on the first and second space
variables respectively.

Proposition 7.2.3. Grant (H1), (H3). Then, for all T > 0, (7.0.5) and (7.0.1) admit
unique solutions 77, PT with 77 = ((Xo, Vo), (Xt, Vr))4PT and there exist two
non-negative measurable functions fT, g* on R? such that

drT
pT(x oy w) = m—(voyw) =f(x)g"(y), Roras (7215
0, T

Moreover, fT,¢" solve the Schridinger system:

{dmx<x> FT(x) Er[¢7(X1)| X0 = x],
2 (y) = gT(v) Ex [fT(Xo) X1 = ¥].

A similar structure result holds for KFSP. Particularly the corresponding
fg-decomposition can be deduced from Theorem 2.2.1 (cf. Section 7.2.5). On
the contrary, the case KSP requires some extra work. We remark here that for
both dual representation of the cost (cf. Proposition 7.2.4 later) and the fg-
decomposition the strict convexity of U and its smoothness are not really nec-
essary. A bounded Hessian would suffice. Nevertheless, since the convex case
is the one we will be interested in later on, we prefer not to insist on this point.

(7.2.16)

Proof of Proposition 7.2.3. We only sketch the proof as it is rather standard. We
consider the measure R())fT = (projxl,pronZ)#Ro/T = (Xp, X7)#R and the min-
imisation problem,

min 47 (g|R , 7.2.17
o (LI| 0T> ( )
where TT(p.v) is the set of couplings of y,v € P(R? x R?). In view of the
heat kernel lower bound in Lemma 7.2.1, we know that for some C > 0 and
uniformly in x, y it holds

ROy s L)
(xy) ~
d(mx @ my) ct

which in combination with (H3) implies that #'(y ® v|[R§;) < co. Indeed
the bound above implies that for any T > Ty, Tp fixed, there is a constant
Ci,ap,,T, > 0 such that

X dR§
H(p@VIRyr) = (@vjmy @myx) — /4d gmdiﬂgﬂf 7219
(7.2.3)
< Caapn,m |1+ (plmx) + #(vimx)] .
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Thus, Proposition 2.5 in [Léo14] applies and the above minimisation problem
has indeed a unique solution 77 € Il(y, v). By applying [RT93, Theorem 3],
there exist two non-negative measurable functions f7, ¢* on R such that

dr
W(X, y) = f1(x)g" (), R())(,T—a.s.,
0,T

from which (7.2.16) directly follows. Now, in view of the additive property of
the relative entropy (1.A.4), we get for any P € P (Qyy)

# (PIR) = o (P IRYy) + [, 7 (P™¥|R™) 4Py (x,v),

with R*Y = R( - |Xp = x, X7 = y) and similarly for P*¥. Therefore, a minimiser
to (7.0.1) can be found by defining

PT() = [, RC-1Xo=xXr = y)dn(x, )

which satisfies (Xo, X7)#PT = 7 and Cr(p,v) = #(PT|R) = A (R 1) < oo
In particular, in view of (7.2.18), for all T > Tp, Ty fixed, there is Cy 4 p,1, > 0
such that

Cr(p,v) < Canpo,my [1+ 2 (pmx) + 7 (vjmy)] . (7.2.19)

Similarly, for any q € Ilx(p,v), denoting g% = (projy,, proj,, J#q, we have
H(qIRo ) > %(qX|R8(,T) > %”(71|R8(’T) with equality if and only if g = 7T
where
T = Ror(-|Xo = x, Xp = y)dr(x, y). 7.2.20
A1) = [, Ror(|Xo=xXr=y)dn(vy). (7220

By construction &7 = ((Xo, Vo), (X1, V1))#PT and 2 (PT|R) = 22 (nT|Ror) =
Va (7T|R(§T) < oo. The solutions are unique by strict convexity of the entropy
and the linearity of the constraint. Equation (7.2.20) implies equality of the
conditional distributions of 7t7 and Rq r given the space variables. But then,
Ro,r-a.s. it holds

T dm

~ GRX_
dRo,T

dneT d(projxl,pronZ)#n'
——(x,0,y,w) = : -
dRo,T d(projy,, proj,, J#Ro,

(x,y) (x,y) = fT(x)g" (v).

O

As we did for the classic problem we can define the kinetic Schrodinger
potentials as the measurable function ¢” = —logfT € L!(u) and ¢T :=
—log g™ € L(v) and then clearly it holds

T
(?I:(—),T ((x,0), (y,w)) = exp(—¢" (x) = $"(y)) Ror-ae..
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Moreover, as already noticed in the classic setting (cf. Proposition 2.2.2)
these potentials (actually their opposites (—¢') and (—y7)) are optimiser in a
duality representation of the entropic cost, analogous to the Monge-Kantorovich
duality (1.2.9).

Proposition 7.2.4. Grant (H1) and (H3). Then Ct(u,v) < co and
Cr(uv) = /d+/d—1/“@5dR}.
rlpy) a,ﬁesf\l/lllz(lid){ R ]Rdﬁ Y08 Jru© o
Finally, the supremum is attained at the couple (—g@T, —yT).

Proof. We have already seen in the previous proof that Cr(y, v) is finite. Now,
since (7.0.5) is equivalent to the minimisation problem (7.2.17), from [Léo01,
Proposition 6.1] it follows

_ _ ®p _ X
Cr(p,v) = sup]Rd){/]Rdzxdy+/]Rdﬁdv /1RZd (ea 1) dRO,T}

a,BEMy(

sup {/Rdrxdy—f—/l{dﬂdv—log/ﬂw e”‘@ﬁdRo,T}

a,ﬁGMh (]Rd)

= sup {/IRd (x® B) dn—log/RZd e dRé(’T}

a,BeMy(RT)

su hdmr—1lo / ¢ dRX }
he/\/lbgRZd){ R S Jrea” ST

(1A2)
=" (n|R§r) = Cr(u,v),

where 7 is the unique optimiser in (7.2.17). This concludes the proof since
Ré(,T = (projy,, proj,, )#Ro,r- O

IN

IA

The Schrodinger system (7.2.16) is particularly useful when fT and g are
regular enough. Under (H1) and (H4) they inherit the regularity (smoothness
and integrability) of the densities of y, v respectively. This follows from the
identities

dp _
de -

dv

T T _ T x ¢T
f /]RdPTg dmy, dmx_g /]RdPTf dmy,

and since P;fT and Prg’ are smooth and positive (as a result of the lower
bound (7.2.5)). Moreover, arguing exactly as in Lemma 2.1 in [CT21], owing
to the lower bound in (7.2.5), and the continuity of pr, we have that there is
ct, > 0, (possibly depending on y and v) such that forall T > Ty

T T
1 i 18 ey < 6 | o

17 18 o < 73| e |
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These bounds are pivotal to prove that fT — du/dmy and g7 — dv/dmy as
T — oo in LP(m) for all p € [1, c0) akin to what is done in Lemma 3.6 of [CT21].

To ensure that fT, ¢T are in L*(m) and with compact support, we work
under assumption (H1) and (H4) for the rest of the section. With the help of the
forward and adjoint semigroup, and (7.2.15) we can write

py = fPrg"m,

pr =g Prflm,
where we recall that ytT = (X, Vt)#PT, with PT being optimal for (7.0.1). Fur-
thermore, if we set,

f=Pf" and g =Prag’,

then u/, t € [0, T], can be represented as

dul = fl¢fdm. (7.2.21)
It is also immediate to check that it holds

T _ 7x¢T T _ 1% T T

atftT =L ftT and o logftT = L*log f; T—|— F(logftT) (72.22)
dhgr = —Lg; dtlogg, = —~Llogg; —T'(loggy),

where'(h) = v |V,h |2 is the carré du champ operator associated to the generator

L.

The f g-decomposition gives us a nice representation formula for the relative
entropy along the entropic interpolation ( ]/‘tT)te[o,T]- Indeed, if we introduce the
functions

h}(t) = /]de log ff of dm and K} (t) = /]RZd logg! pf dm vt e |0,T],
then it easily follows that
A (i [m) = hi(t) +hy (1), Vte(o,T]. (7.2.23)
Moreover, we have
ath}(t) =— /]RZd T(log f)pf dm and 8kl (t) = /]de T(logg!)pl dm.
(7.2.24)
For a proof of (7.2.24) we refer to Lemma 3.8 in [Con19] where the classical set-

ting is studied, the only difference in the kinetic setting being that the operator
that acts on f should be replaced with L*, since L is not self-adjoint.

In addition to (7.2.23), the fg-decomposition gives the following represen-
tation for the kinetic entropic cost

Cr(u,v) = (" [Ro 1) = Egy [PT IOgPT}

T T T T T . (7.2.25)
:/]leogf 00 dmf/]RZdlogg pTdm:hf(0)+hb(T).
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As a byproduct of (7.2.23), (7.2.24), and (7.2.25), we get the identities
Cr(p,v) = (4 Im) +/ [y Tlog gl el dmat,

Cr(p,v) = (3 m) + /0 [y T(log o dmat,

which corresponds to what we have already shown in Lemma 2.3.1 for classical
SP.
A straightforward consequence of the previous identities is the following

Lemma 7.2.5. Under the assumptions (H1), (H4), for any t € [0, T| it holds

(7.2.26)

t
Cr(p,v) = A (uf|m)+ # (uFlm) + [ [ | T(loggl)p! dmds

T
Ty, T T
+/t /]der(logfs )ps; dmds — 7 (;/tt |m> .
(7.2.27)

Proof. From (7.2.26) we can write

Cr(p,v) = A (u§|m) +/ / I'(log gl )p! dmd5+/ / T'(log gl )p? dmds.

Applying the identities (7.2.24) we obtain that the last summand equals

T
/t ./]RZd F(loggsT)PsTdmds
! T
= [ [, Tog 1)l dmds + [ 3l (s) +a:hf (s) s
! T
:/t /de F(logfsT)PsTdmder/t 9,7 (1T |m) ds

T
=/t /RMF(IngsT)psTdmder%(#?!m)—Jf(uflm),

and we reach our conclusion. O

7.2.5 The fg-decomposition for KFSP

We now discuss the structural properties for KFSP, as we did in Section 7.2.4
for KSP. Notice that, since we consider fixed the full marginals at time 0 and T,
clearly in this case f and g are function of both space and velocity.

Proposition 7.2.6. Grant (H1), (FH3). Then, for all T > 0, (7.0.6) and (7.0.4) admit
unique solutions 7T, BT with 7T = ((Xo, Vo), (X7, Vr))#PT and there exist two
non-negative measurable functions f*, T on R* such that

d=T ~
pT(x, v,Y,w) = L(x, vy, W) = fT(x,v)gT(y,w) Ry r-a.s.
dRo 7
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and that solve the Schrodinger system

{i’i(%v) = f1(x,0) Er[§" (X1, V1)|Xo = x, Vo = 0], (7.2.28)

E(y,w) =g (y,w) Er [fT (X0, Vo) X7 =y, V7 = w] .

Proof. This follows in a standard way from [RT93] or [Léo14] (or also Theo-
rem 2.2.1). O

Then, we may again define the potentials As we did for the classic problem
in (6.0.1) we can define the kinetic Schrédinger potentials as the measurable
function g7 := —log fT € L'(j1) and ¢T := —logg’ € L'(7) and then clearly
it holds

d=T

dRo7 ((x,), (y,w)) = exp(=¢" (x,0) = §"(y,w)) Ror-ae.,

and we may consider again a Kantorovich-type duality (for (—¢") and (—¢T))
Proposition 7.2.7. Grant (H1) and (FH3). Then, CE(j1, 7) < co and

CE (4, 7) = {/ d-+/ d‘—l/ 99 R, }
T (#,7) (P,lp:/\jfmm) g PART [ pav—log | e 0T

Finally, the supremum is attained at the couple (—@T, — 7).

The proof of the above results runs exactly as the one presented for Propo-
sition 2.2.2 and Proposition 7.2.4.

Exactly as in Section 7.2.4, under (H1) and (FH4), f T and gT inherit the inte-
grability and regularity of the densities dji/dm and d/dm. In this case this is
due to the identities

dii _ zrp o1 dv _ aror
dm_fPTg ’ dm_Png ’

and the fact that P;fT and Prgr are positive and smooth. For the rest of the
section we shall assume that (FH4) holds true which guarantees that fT and g’
belong to L*(m) and have compact support.

We define for any t € [0, T|

fl=PfT  and gl :=Pr.g’.
We recall that fi] = (X;, Vt)#I_’T, with PT being the solution to (7.0.4). Then
il = flglm.
Furthermore, (7.2.28) implies that

mo=fogm=p and  pp=
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and it is easy to check that it holds

aff =L ff dlog f = L*log f +T(log f")
T T and T T T
0§ = —Lg; dlogg; = —Llogg; —I'(logg;)-

Similarly to (7.2.27), under (H1) and (FH4) it holds that, for any t € [0, T},
Cr (1,7) = A (f|m) + A (7]m) — A (A] |m)

+// T'(log g7)p! dmds—l—/ / T(log 77)pT dm ds.
(7.2.29)

7.3 Qualitative long-time behaviour

Throughout the whole section we will always assume (H1) and (H3) (respec-
tively (FH3) for KFSP) to be true. Let us just recall here that (H1) implies that
m € P>(R*). Note that since (Pt)tejo,7] is strongly mixing [DPZ14, Theorem

11.14] for any ¢, ¢ € C,(R??) it holds

Lo [ 2ty 0)dRe s,
- /2dlpPTn(Pdm4) /

R2d /]Rz,j lP(xl”W(% w)dm ® dm.

From the Portmanteau Theorem, it follows that
Ror, ~m®@m. (7.3.1)

This first weak-convergence result already suggests the turnpike property, or
at least a qualitative version of it. Intuitively, this implies that the variational
problem KSP (i.e., (7.0.5)) converges, in a sense to be made precise, to the prob-
lem

min (71| m®m), (7.3.2)
rellx (u,v)

whose optimal solution and optimal value are easily seen to be (4 @ my) ®
(v®@my) and 52 (u|my) + 5 (v|mx) respectively. From the point of view of the
particle system, this means that in the long-time limit, initial and final states of
the system become essentially independent of one another. Moreover, the initial
and final velocities are well approximated by independent Gaussians, and are
independent from the spatial variables. The result below turns this intuition
into a solid argument. For a quantitative version of the convergence of the
entropic cost towards the sum of the marginal entropies we refer the reader
to Theorem 7.5.4 below. For the classical Schrodinger problem, an analogous
statement can be found in [CT21].
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Our approach relies on a I'-convergence approach similar to the one used in
[CT21] for the classical Schrodinger problem. The main difference with [CT21]
is the lack of compactness for the set ITx(y, v), problem that we address in the
next lemma.

Lemma 7.3.1 (Equicoerciveness). The family of entropic operators

{#(- | Ro,): Tix(p,v) — [0,00]}, o

is equicoercive, i.e., for any h € R there exists a (weakly) compact subset K;, C
ITx(p, v) such that

{9 elx(u,v) st. #(q|Ror,) <h} €K, VneN.

Proof. Since (Rg 1,)nen is tight, a proof of this result is obtained by following
the same argument given in [DE97, Lemma 1.4.3c].

Thanks to Prohorov’s Theorem it is enough to show that for any ¢ € IR, any
sequence (qn)neN C {q € IIx (p, v) s.t. #(q | Ro1,) <t Vn € N} is tight.
Firstly, fix a real number ¢ € R.

Notice that (Ro 1, )nen is tight since Rg7, — m® m (cf. (7.3.1)). Hence for
any € > 0 there exists a compact subset Ke C R* such that

sup Ry, 7, (Kg) <e€.
nelN

Now, consider the bounded measurable function 1: R% — R defined as

P = log <1 + i) Tyc.
Then, the Donsker-Varadhan formula (1.A.2) tells us that for any n € IN
A (qn | RoT,) > /W pdgy —log /RM e’dRy,r,

~ log (1 + i) an(KS) — log (/K 1dRy 7, + /Kg (1 + i) dRO,Tn>
—tog (142 ) au(KE) ~ o (Ro1, (Ke) + R, (KE) + TRy, (KE) )
=log (1 + i) gu(KE) — log (1 + %Ro,n (K§)>
> log (1 + i) gn(KS) —log2.

Therefore, since 5 (g, | Ry 1,) < t, for any 6 > 0 it holds

<4,

R log2
sup 4 (KS) < sup 2(qn | Ro,) +1log2 __t+log2
neN neN log (1 + %) log (1 + %)
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where the last inequality holds for € = €5 small enough, and hence (%)neN is
tight. O

Theorem 7.3.2 (A I'-convergence result). Assume (H1) and (H3). Let (T,),en be
a sequence of positive real numbers converging to co, and for each n € IN consider the
functional 7 (- | Ry 1,) defined on I1x (u, v) endowed with the weak topology. Then

I~ Jim #(-[Roz,) = #(Im@m).
As a direct consequence, we obtain that

Tlgn Cr(p,v) = |mx)+7(v|mx) < oo, (7.3.3)

and that as T — oo it holds
al = (pemy)® (vemy) € Hx(u,v) weakly. (7.3.4)

Proof.

(T-convergence lower bound inequality) From (7.3.1) and the lower semi-
continuity of the relative entropy we immediately obtain that for any sequence
(qn) pen C IIx (1, v) weakly converging to some g € ITx(y, v) it holds

lim inf 72 (4, |Ro1,) > (g | m@m) . (7.3.5)

(T-convergence upper bound inequality) We prove that forany g € ITx(p, v)
it holds
limsup # (9 | Ro1,) < (q | m@m) . (7.3.6)

n—o0

We may assume 7 (glm @ m) < oo otherwise the above inequality is trivial.
Note that this implies g € P, (R*) since u, v € Po(R?) (cf. (7.2.3)) while

./]Rd |v|2d(projvl)#q < 2./]Rd \v|2dmv —l—2W2((projyl)#q,mv)2
(7.22)
S 1+ AZ((proj,, sqlmy) <1+ A (glm@m) < oo,

and similarly for the measure (proj,, )#q. Then we have

H# (| Roz,) = 2 (| mom) — [ logpr,((x,0), (v,v))dg,

R24  R2d

Thanks to the lower bound given in Lemma 7.2.1 and the fact that g € P, (R*),
we can apply Fatou’s Lemma and get

limsup s (q | Ror,) < (g | m®@m) — / liminf log pr, dg. (7.3.7)
R

00 24 R2d  11—00
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Now, for all t > 0 and for all (x,v), (y,w) € R

pr, ((x,0), (y,w)) = Pr,—¢ (P (-, (y,w))) (x,).

For any M > 0, we introduce the function pM(-, (y,w)) := pt(-, (y,w)) AM €
Cp(IR?). Then, since Pr is strongly mixing (cf. [DPZ14, Theorem 11.14]), we
get

b, ((5,0), (3,))
> Pr, o (B (1)) (o) —— [ oM ((x,0), () dm(x,0)

R24

Taking the limit as M — oo, by dominated convergence we get that

/]de pf”((x,v), (v, w))dm(x, ) ﬂ N pt((x,0), (v, w))dm(x,v) =1,

where the last equality follows from (7.2.9). Therefore it holds

11}£r_1>1o£1flongn((x,v), (y,w)) >0, m®m-—as.

which, together with 4 < m ® m (since # (g | m ® m) < c0), leads to
lim inflog pr, ((x,0), (y,w)) >0, g-a.s.

Therefore, from (7.3.7) we get inequality (7.3.6). The desired I'-convergence
follows as a byproduct of (7.3.5) and (7.3.6).

As a consequence of the I'-convergence, we deduce the last two claims as
follows. Firstly note that the unique minimiser in (7.3.2) is given the probability
measure % = (y @my) @ (v®@my). Now let us consider (T, ),eN to be any
diverging sequence of positive real times. Then, from the optimality of 7T it
follows

(7.3.6)
limsup # (™" |Ry1,) < limsup 2 (n®|Roz,) < H(n|m®@m)

n—o0 n—o0

= A (p | mx) + (v | mx),

which is finite by our assumptions. Then Lemma 7.3.1 implies that the subse-
quence (7t7"),c is weakly relatively compact. Then, from the Fundamental
Theorem of I'-convergence [Bra06, Theorem 2.10], the uniqueness of the min-
imiser in (7.3.2) and from the metrizability of the weak convergence on P (R*)
we deduce (7.3.3) and (7.3.4). O

Even though here we are just interested in the I'-convergence (as introduced
by De Giorgi) on ITx(y,v) equipped with the weak topology, the previous re-
sult is actually stronger: indeed we have actually proven the Mosco conver-
gence of the functional 7 (- | Ry 1,) since we have considered a constant se-
quence g, = q for the upper bound inequality.
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Remark 7.3.3. Equation (7.3.4) implies in particular that p} — p ®@ my and that
ul — v ®@wmy. This convergence is also exponential, as we will show in Theorem 7.4.5.

The same reasoning applies to the full-setting in KFSP. We omit the proof of
the next result since it runs similarly to the one given above in the kinetic set-
ting. The main difference is that in this case the equicoerciveness is not needed
since we have the weak compactness of IT (ji, 7).

Theorem 7.3.4. Assume (H1) and (FH3). Let (Ty,)qenN be a sequence of positive real
numbers converging to oo, and for each n € N consider the functional 7 (- | Ry 1,)
defined on I1(ji, V) endowed with the weak topology. Then

I~ lim #(-[Roz,) = #(Im@m).
As a direct consequence, we obtain that

lim CL (1, 7) = A (film) + 7 (7|m) < oo, (7.3.8)

T—o0

and that as T — oo it holds

Al ~pevell(f,v) weakly. (7.3.9)

7.4 Corrector estimates

In the remaining part of this chapter we are going to prove quantitative esti-
mates for (7.3.3), (7.3.4), (7.3.8) and (7.3.9). Throughout we assume (H1), (H2)
and (H4) to be true and we will point out whenever the latter can be relaxed
to (H3) for KSP. Let us start by defining a few key objects whose behaviour
will help us in controlling the convergence rates for the turnpike property. We
define the correctors as the functions ¢,y : [0, T] — R given by

') = [,

where M, N € R**2? are the matrices appearing in Proposition 7.2.2. Let
us also note that by the fg-decomposition it follows Z(ul) < ¢ (s) + ¢ (s).
Notice that, besides the change of metric induced by the matrices M, N, the
above quantities are the analogous of the correctors considered in Section 3.1
and the next result provides a kinetic version of (3.1.7) in Proposition 3.1.2.
More precisely, with the next lemma we show that the contractive properties
introduced in Section 7.2.3 translate into an exponentially fast contraction for
the correctors.

2 2
VlogfsT N poldm and ¢T(s):= / VloggsT v ol dm,

R2d

Lemma 7.4.1. Under (H1), (H2) and (H4), for any 0 < t <'s < T it holds

9T (s) < @T(H)e 26D and T (T —s) < T (T —t)e 261 (7.4.1)
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Proof. By definition fI = P ,f and thus

2
T _ T —
o' = [, yapldm=[

An application of the gradient estimate (7.2.13) and Cauchy-Schwartz inequal-
ity yields

Vlog fl (Pr i) 'gl dm

2
N-1

VP f]|

2
pl(s) < e b /]de (Ps*—t ‘VftT‘N,]) (Piiff)'Pr_sg" dm

2
—2K(s—t * |VftT’N71 T
S e K(S )A{zd PSt(ftT PTfsg dm

_ 672K(sft) /
R24

which concludes the proof for the first inequality. The analogous inequality for
T runs as above by using inequality (7.2.12) for the semigroup (P)teor)- O

2
N

VIngtT‘ » p; dm < eiZK(S*t)(PT(t),

Proposition 7.4.2. Grant (H1), (H2) and (H4). There exists Cy,,p,, > 0 such that
forany 0 < & < land foranyt € [5, T],as soonas T > Llog Caa,p,y + 20, it holds

o' (1S e [T (uf) +T (uFs)]
i e [2(d) +2(11.)].

Proof. Without loss of generalities we may assume Z (u!) and Z (u1_;) to be
finite, otherwise the above bounds are trivial. From Lemma 7.4.1 and the fg-
decomposition of p] = fl¢] we know that

(7.4.2)

QDT(T _ 5) < 672;( T+4K§(PT<5)
2
= 2K T+4’“5/ ‘V logpl — Vloggg’Nil dul
< 672;( T+4K§I (#(]5"> + 6721( T+4K6¢T<5>

< o2k TH4KOT (ﬂg) o T4y T(T _ 5

~

Using the basic inequality |a — b|> > a?/2 — b? we obtain

2
¢'(T—0) = /]RM ‘Vlogg%,t; - Vlogp%ﬂs‘N,l dpt_s
29T(T—0) 21 (uh_,).
As a result, we get

lpT(T —6)—2T (P‘%—a) < 2T+ T (ﬁ) e T+8K5¢T(T —5).

~
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Therefore, as soon as T > % log Cy,4,p,4 + 26 for some constant Cy, 5, > 0, we
find

(T =0) ST (1)) + T (whs) -
Plugging this bound into the contraction estimate (7.4.1) gives the second in-

equality in (7.4.2) for any t € [, T|. The first inequality is obtained by exchang-
ing the roles of ¢ and 1 in the above discussion. O

The above results already provides us a uniform in time bound for the
Fisher information along Schrodinger bridges.

Proposition 7.4.3. Assume (H1), (H2) and (H3). Let 0 < 6 < 1 be fixed. Then, for
allt € [6,T — 6]

Z(ul) 567 (Crluv) = A (uf | m)).

Proof. Let us first work under (H4). We claim that for any ¢ € [§, T — §] it holds

2
VPrig"|" S 67 [Proi(g" logg") — (Pr_1g")log(Pr1g")| Prig”
(7.4.3)
Indeed by applying Corollary 3.2 in [GW12] to any directional derivative we
have

2
Oy, Pr_18 T‘

<4 inf Y4(1,0) [PT_t(gT loggT) — (PT_th) log(PT_th)} PT_th,
s€(0,T—t]

av,vPT—th’z

<4 _inf ¥i(0,1)[Pri(s" logg") — (Pr_1g")log(Pr1g")| Pr-sg",
s€(0,T—t]

where ¥(a, b) is defined for any a,b > 0 as the quantity
1 6 3y 4 4B 2
Ys(a,b) = 275 [a(52+5+25)+b<s+27s+7>} .

By considering s = 6 € (0,1] we can bound the above RHS with 673, up to a
multiplicative constant. Particularly this yields (7.4.3). Similarly one can prove
that it holds

‘th*fT’z N 573 {Pt*(fT long) - (Pt*fT)lOg(Pt*fT)} Pt*fT-
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Therefore because of the fg-decomposition (7.2.21) we obtain

vV P* T|?
P T+ |ff|pT_th] dm

I(nf) <2 [ o

|VPr_igT |2
]RZd

Pr_;g"
S (5—3 ./]I;Zd{ |:PT*t(gT loggT) - (PTft gT) log(PT,th)} Pt*fT
+ [P (T g £1) = (0 £ log(P7 )] Pr-ig” i

By integrating by parts and (7.2.21) this last displacement equals

-3 T T T T
é (/}Rdlogg dv+/}Rdlogf dy—/lRMlogpt 04 dm),

and the thesis follows in view of (7.2.25).
Now let us just assume (H3). Firstly, define the probability measure g. as
the measure whose Ry r-density is given by

d‘hTz . T 1Kn
R (p /\n) e (7.4.4)

where (Kj),en is an increasing sequence of compact sets in R* and C, is
the normalising constant. Then, by applying Lemma 7.A.1 we know that the
marginals y" := (proj,, )#ql and v"* := (proj xz)#q,Tl satisfy (H4) and by means of
Proposition 7.A.2 and Corollary 7.A.3 it follows that there exists a unique min-
imiser P"T € P(Qy,) for KSP with marginals 4", v, and as soon as 1 diverges
it holds

urt ol and Cr(u",v*) — Cr(p,v) . (7.4.5)

Then, the thesis in the general case follows from the one under (H4) and the
lower semicontinuity of Z(-) and #(-|m). 0O

The presence of the factor 62 in the previous result should not be surpris-
ing: indeed the more we get close to the extremes t = 0, T the worse we expect
this bound to behave. Indeed we do not have any a priori information on the
Fisher information of the two prescribed marginals y, v which could possibly
be infinite. Moreover, since the velocities are not fixed at time t = 0, T, even
assuming Z(y), Z(v) to be finite, yet we are not guaranteed a priori bounds on
the Fisher information of the full marginals !, u1.

As a byproduct of Proposition 7.4.2 and Proposition 7.4.3 we get

Corollary 7.4.4. Under (H1), (H2) and (H4), there exists Cj 5, > 0 such that for
any0 < 6 <landt €[5, T], assoonas T > %log Ca,apy + 20, it holds

et () <o 3e ™ Cr(pv) and ¢T(T—1t) <6 3e 2 Cr(p,v).  (7.4.6)
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Let us now draw a few useful consequences from the above correctors esti-
mates. In the first result we consider the long-time behaviour of the marginals
of the solution to KSP at times t = 0, T; in the second one we give a bound for
the entropic cost, uniformly in time.

Theorem 7.4.5. Under assumptions (H1),(H2) and (H4) there exists a positive con-
stant Cy 4 g, such that forany 0 <6 <1land T > %log Caapyy + 20 it holds

‘Jf(y(ﬂm) - %”(me)’ < Cinpy 73 Cr(p,v)e T, i
]«%”(u%\m) - %(v|mx)] < Caupqd 2 Cr(uv)e T,

Proof. We will prove only the first bound since the second one can be proven

similarly. Since d%lx (*) = Jra P8 (-, v)dmy (v), the log-Sobolev inequality for the

Gaussian measure my gives

H (g [m) = (p|mx)

= ) |:/]Rd ot log pd — (/}Rd pgdmv> log </]Rd pgdmv> dmv} dmy

2
2 11V pT
/T _ 11 Vofg T
ngURd‘vv po‘dmv}dmx—/ﬂwz Pg po dm

1 2
=3 o [V otog(Terg)| of dm

1 2
=3 Jras | Vo108 7 + Volog Prg” | pf dm

! Tz T < T (74<6) -3 —2xT
3 fras [Vologgh| ol dm S9T(0) S 67 Cr(uv)e >,

where the equality in the last line follows from the fact that fT = f7(x) does
not depend on the velocity variable. Finally, since (proj, ), ul = p we know
that the left hand side term above is positive. O

The above result can be seen as an entropic exponential convergence esti-
mate for the convergence of the full-marginals at time t = 0, T towards the
independent couplings # ® my and v ® my respectively (as pointed out in Re-
mark 7.3.3).

Since it holds %(}me) = I ((Xo)#TL’TKXo)#RQ,T) < (7TT|RO,T) =
Cr(p,v), and similarly 7 (v|mx) < Cr(u,v), the following lower bound is al-
ways true
A (pmx) + A (v|mx)

> .

We now give a corresponding upper bound for sufficiently large times.

Cr(p,v) >
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Lemma 7.4.6. Under (H1) and (H2) there exists a constant Cg 4 g, > 0 such that for
any 0 <6 <1land T > (1 log Cyp,, +20) V (Llog d“ﬁ”) it holds

Cr(,v) < Canpn [%wmx) 4 %me)] . (7.48)

Proof. Firstly, let us assume (H4) to hold. meg to the bounds |V, log gT|? <

|Vlog gST _and |Vylog fI? < |Viog fI? -1, from (7.2.27) it follows

Crlpn) < im)-+oe e im + [F o as+ [o )

(7.47)
< A (plmy) + A (vimy) + 2673 Cr(u,v) 2”+/ o7

4—/Z @7 (s)ds

We first consider |. TT /2 @' (s)ds. For any s € [T/2, T] from Corollary 7.4.4
we have

T T
/T ¢T(s)ds <63 Cr(p,v) /T e ®5ds S o3 Cr(pv) (e T —e 2T,
’ ’ (7.4.9)
By reasoning in the same way, this time by using the fact thats € [0,T/2],
we get
T
/ pT(s)ds S 63 Cr(u,v) / T (T ds <63 Cr(py) (e KT — e 2T,
0

(7.4.10)
Therefore there exists a positive constant Cy 4 g, such that

Cr(p,v) < Canpy {%(me) + 0 (vimy) + 63 Cr(p,v) (e*"T — e*ZKT) ,

L . Cia
which yields our thesis as soonas T > % log % forawell chosen Cy 45, > 0.
Now, let us prove the result under (H2). Firstly, notice that we may assume
that p and v satisfy (H3), otherwise the bound is trivial. The main idea is defin-
ing the probabilit M and v)! on R imati d v, as th
g the probability measures ;" and v, on R?, approximating y# and v, as the
measures whose my-densities are given by

M M
dpi = (d#/\n) 1k, and dvy = ( dv /\n) 1k, , (74.11)

dmy dmy CZ dmy dmy Cy

where (K;)uen is an increasing sequence of compact sets in R? and CJ;, CY,

are the normalising constants. Then, u} and v satisfy (H4) and by means of

(7.A.2) it follows

n—oo

A (M my) =5 #(ulmx)  and A (WM|myx) =3 A (v|my). (7.4.12)
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Owing to Lemma 7.A.4 and (7.4.8) for the approximated u!,vM, we conclude
our proof. O

The results given in Theorem 7.4.5 and Lemma 7.4.6 will come at hand while
proving the turnpike property in Section 7.5.

Corrector estimates in the kinetic-full setting

In this section we collect results in the kinetic-full setting analogous to the
ones already presented above for KSP. We omit the proofs since the arguments
are very similar to the one already seen. Throughout we assume (H1), (H2)
and (FH4) to be true and we will point out whenever the latter can be relaxed
to (FH3)

Therefore, let us define the correctors as the functions ¢7,97: [0,T] — R
given by

97(s) = [, IV1og TR wpldm and §7(s):= [ [Viogg! 3, 1ol dm,

where M, N € R?*? are positive definite symmetric matrices as appearing
in Proposition 7.2.2. In the next result we collect all the contractive properties
satisfied by the above correctors, which correspond to the ones proven for KSP
in Lemma 7.4.1, Proposition 7.4.2, Proposition 7.4.3 and Corollary 7.4.4.

Lemma 7.4.7. Grant (H1), (H2), (FH4) and fix 6 € (0,1]. Forany 0 < t <s < T it
holds

T(s) < @ (e 26D and §T(T—s) < T (T —t)e 261,
Moreover, for any fixed 5 € (0,1] as soon as T > %log Ci,ap,y + 26 the followings
hold true

pT() s e [T (p])+T(ats)] veeloTl,
PIT — ) S e [I (ﬁ}) +7 (ﬁ%fé)] Vi e 5,1,
I(pf) $67° (C%(ﬁ,ﬁ) — (] | m)) Vte[s,T—46,
F

() <o 3e > Ch(p,v) and pT(T —t) <o 3e 2 Ch(p, ) vte s, T].
(7.4.13a)

Clearly there is no kinetic-full equivalent statement of Theorem 7.4.5 since
A = fiand fif = 7.

The analogous of Lemma 7.4.6 in the full setting can be shown under (H1)
and (H2) following the same approach. Hence, it holds
Lemma 7.4.8. Under (H1) and (H2) there exists a constant Cy 4 g, > 0 such that for

any 0 <6 <land T > (LlogCyapy +20) V (3 log d"“”) it holds

Cr (71,7) < Canpy | (M) + 2 (7|m)
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7.5 Exponential turnpike results

One of the main contributions of this chapter are the upcoming quantitative
results on the long-time behaviour of Schrodinger bridges, which imply in par-
ticular exponential convergence to m when looking at timescales of order T
and exponential convergence in T to the Langevin dynamics when looking at
the Schrodinger bridge over a fixed time-window [0, £].

Below we propose two turnpike results in which distance from equilibrium
is measured through the relative entropy (:|m) and the Fisher information
Z(-). The use of 7 (-|m) is natural in light of the fact that the costs Ct(p,v)
and CE(1,7) are also relative entropies, but computed on different spaces. On
the other hand, the bound on Z(-) is reminiscent of the celebrated Bakry-Emery
estimates [BES5] and the CD gradient estimates (2.1.12).

Theorem 7.5.1 (Entropic turnpike for KSP). Grant (H1), (H2) and (H3). There
exists a positive constant Cq g, such that forany 0 < 6 < landt € [§, T — 6], as

soonas T > % log Cy a4 + 20, it holds

I(ul) < Cappy 0 2 e 2NT=DlCr(p,v), (7.5.1)
H (i [m) < Caapy 82 e 2N Cr (). (7.52)

Moreover, as soon as T > (1 log Caapy +20)V 11og %, we have
H (U Im) < Caapy 02 e 2NTIN o2 (p|my) + 2 (vmy) | . (7.5.3)

Proof. We start proving the result under (H4). Since Z(u]) < @7 () + ¢7(t), the
first inequality (cf. (7.5.1)) is an immediate consequence of Corollary 7.4.4. The
relative entropy bound (cf. (7.5.2)) follows from the first one by means of (7.2.4).
In order to extend (7.5.1) and (7.5.2) to (H3), it is enough to consider the approx-
imation of the optimiser (cf. (7.4.4) and (7.4.5)) together with the lower semi-
continuity of Z(-) and J#(-|m). Finally, (7.5.3) follows from (7.5.2) by means of
Lemma 7.4.6. O

Remark 7.5.2. The bound on the Fisher information is our strongest result as it implies
immediately an entropic bound thanks to the logarithmic Sobolev inequality (7.2.4).
Moreover, entropic bounds are stronger than bounds expressed by means of a transport
distance such as W1 or Wy, since m satisfies Talagrand’s inequality (7.2.2).

Theorem 7.5.3 (Entropic turnpike for KFSP). Grant (H1), (H2) and (FH3).There
exists a positive constant Cq g, such that forany 0 < 6 < landt € [5, T — 6], as

soonas T > % log Cy a4 + 20, it holds

Z(]) < Caupy 0 e 2N Ch(,7),
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A (Af|m) < Cppy 02 e 2 INT-DICE(p, 7). (7.5.4)
Moreover, as soon as T > (3108 Cgap +26) V £ log %, we have
A (AfIm) < Cyppy 072 e 2 NT=01 52 (m) + 2 (v|m) | . (7.5.5)

Proof. The proof of the result under (FH4) follows the same reasoning presented
in the first part of the proof of Theorem 7.5.1 and for this reason is omitted. An
approximating argument akin to the one in the proof of Theorem 7.5.1, this time
considering the full marginals 1", 7" and the corresponding KFSP, gives

gt —~pl and  CE(@", ") - Ch(pv).

Therefore the first two bounds follow from the lower semicontinuity of Z(-)
and 7 (-|m). Finally, (7.5.5) follows from (7.5.4) by means of Lemma 7.4.8. O

Finally, let us provide quantitative exponential versions of Theorem 7.3.2
and Theorem 7.3.4. The key ingredient in the proof of the exponential estimates
is the representation formula for the difference

Cr (wv) — A (umyx) — A (v|mx)

that we have established in Lemma 7.2.5 and allows to profit from the turnpike
estimates in Theorem 7.5.1 and Theorem 7.5.3.

Theorem 7.5.4. Grant (H1), (H2) and (H3). Then there exists a positive constant
Ci,np,y (depending only on d,a, p and 7y) such that for any 0 < & < 1, as soon as

T > (L1og Cappy +20) V Llog <7 it holds
Cr (p,v) = A (p|mx) = (v|mx) |
. (7.5.6)
< Cappy 0 3e—xT [%” (u|myx) + 7 (vmx)}

and as a consequence the following entropic Talagrand inequality holds

Cr(p,v) < (1 + Canpy 673 e*KT> [%ﬂ (u|myx) + 72 (vmx)} .

Proof. Firstly, assume (H4) to hold. By (7.2.27) and owing to the trivial bounds

|Vologgl|> < |V loggsTﬁW1 and |V, log fI'|> < |Viog £ %\],1, we know that

Cr(u,v) = 2 (uf |m) = 7 (uk|m) | < # (e jm) + [ * 97 (s) ds

T
+ [, 9 (s)ds,
2
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and from (7.4.9), (7.4.10) and the entropic turnpike (7.5.2) it follows
Crlpv) = (i jm) = o (uFlm)| S 6727 Cr(p,v) + 57 Cr(p,v) e ™.
As a byproduct of the above inequality and Theorem 7.4.5 we get

Cr (u,v) — A (nlmx) — A (vlmx)| < Chap, 6 e T Cr(u,v), (757

which combined with Lemma 7.4.6 proves (7.5.6) under (H4).

Let us now assume that y and v satisfy (H3) only. Firstly, consider the ap-
proximating sequence (1) en of the optimiser (cf. (7.4.4) and (7.4.5)). Then,
by means of (7.5.7) under (H4) and the lower semicontinuity of the relative en-
tropy we have

A (p|mx) + A (vimy) — Cr (p,v)

(7.45)
< liminf {%ﬂ (u"|mx) + 2 (vV'|mx) — Cr (‘u”,v")}

(7.5.7)
< 5*367"T1inl>infCT(y",1/") =6 T Cr(p,v)
n—oo
(7.4.8)
< 53T [%” (p|lmx) + 2 (v|mX)] .

For the other bound we are going to use the approximation on the marginals
(cf. (7.4.11)). Therefore, let us consider uM, vM such that (H4) holds. Then, from
Lemma 7.A .4 and the convergence of the relative entropies in (7.4.12), we get

Cr(u,v) = (plmx) — A (vimx)
< timint|Cr(e, o) — e ) — ()|
(7.5.7)

< 53T “,?3,{}% (ynM, vflw)

n—o00

< 67%¢*T liminf [% (! mx ) + 2 (v%mxﬂ
=3 rT {%ﬂ(;ﬂmx) +éf(vmx)} .

O
Theorem 7.5.5. Grant (H1), (H2) and (FH3). Then there exists a positive constant
Ci,apy Such that for any 0 < 6 < 1, as soon as T > (Llog Canpy +20)V

C .
P it holds

1
b log

Cr (1, 7) — A (Alm) — A (7|m)| < Caapy 6 e [ (film) + 2 (7|m)|,
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and as a consequence the following entropic Talagrand inequality holds
CF (1, 7) < (14 Caapy 02T [%ﬂ (flm) + # (17|m)} . (7.5.8)

Proof. By means of (7.2.29), the corrector estimates (7.4.13a), the turnpike es-
timate (7.5.4) and Lemma 7.4.8, at least under (FH4), it follows that for any

0<é<1,assoonas T > (% log Cy .y +26)V %log %,
Cr (1,7) — A (ilm) — A (7|m)| < Caapyd e ™" [%”(ﬁlm) +<%ﬂ(17|m)}f

and from this immediately deduce (7.5.8). The extension to (FH3) is a conse-
quence of a standard approximation argument. O

7.5.1 Wasserstein convergence over a fixed time-window

In this section we show in Theorem 7.5.6 that the entropic interpolations for KSP
and KFSP enjoy a turnpike property with respect to the Wasserstein distance.

Notice that a turnpike property in the Wasserstein distance could be de-
duced from the entropic one (cf. Theorem 7.5.1 and Theorem 7.5.3) by means of
the Talagrand inequality (7.2.2). However, below we provide a different proof
that is of independent interest for two reasons. Firstly, the inequality below
holds for any ¢ € [0, T], while the entropic turnpike is restricted to the sub-
interval [§, T — ¢]. Secondly, the argument in the proof, which uses the optimal
control formulation of the Schréodinger problem, will be instrumental for the
study of the short-time behaviour of the Schrodinger bridge.

Theorem 7.5.6 (Wasserstein turnpike). Under hypotheses (H1), (H2) and (H3),
there exists a positive constant Cy 4 g, such that for any 0 < 6 < 1, as soon as

T > 110gCypp, + 26, forany t € [0, T] it holds

Wa(pf, m) < Caapry 572 ¢ K INT=0)] Ver(wv).

Proof. Let us firstly assume (H4). We we will prove our result for the distorted
Wasserstein distance Wy, » induced by the metrics |-|,;. Fix 6 € (0,1) and as-
sume t € [0, T — J]. Define jiT as the marginal flow generated by the uncon-
trolled process 70T — (x0T, VSO’T)SE[O,T] solution of (7.0.2) started at the initial
distribution ] € P(R??). Then, since jil = u], it holds

Wi (pf,m) < W (uf, if ) + Wi (fif, m)
(7.2.14) o , . (7.5.9)
< Waa(pi iz ) +e " Wy (pg,m),
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The second term in the right hand side can be handled with the Talagrand in-
equality:

722
Wi (g, m) S Wa(pg, m \/«% \/CT(%V)r

where the last step holds since C(y,v) > A ((projx] YarcT| (proj,, )#RO,T).

Let us now focus on Wy o(pf, fil). We will use a synchronous coupling
between these two measures. Therefore let us introduce the process Z;"T =
(X%T, vy ~ ul, ie., the solution of (7.1.2) (driven by the same Brownian
motion for Zg’T) when considering the control u; = 2y V;log gsT (X;"T, VS”’T).
Particularly, from (7.2.22) it follows that u is the optimal control and zT ~ ul.
For notation’s sake set ZA T, Z”’ Zg’T. Then it holds

4zAT = [b (ze7) ~ b (Z?’T)] ds + ( ) ds,

where b(z) denotes the drift of the Langevin dynamics (7.0.2). By It6’s Formula
we obtain

A ‘%M —2MZ2 . (b(z;’) - b(zg’))ds +2MZB. (33) ds

S

1
=2 / zA& . M, (rZ;"T +(1- r)zng) z8drds +2MZ&T - (3) ds
0

< -2k

2
Z2T| ds+2MZ3T. ( 0 ) ds,
M Us

where the last inequality follows from (7.2.11). By taking the expectation, and
applying Holder’s inequality we get

d g ?| < _okE > 4oE 2%naoTZ%
3w 227, | < -2 227 |+ 2w [z 7 [[0.m0 |
Therefore it holds

%\/IER “ZsATﬁVJ < —x4/Er “ZsATﬁVJ + Egr U(O/MS)T’;} %‘

Recalling that the optimal control is given by us = 2y V, log ¢ (X¥ T vl w
obtain that

% Er “Z?,TM S </1de

Therefore, by integrating over s € [0, t] we get

VER (12870 = [ B (17275 as " st Joru),

1
o
pde)2 < yT(s)k.

log g¢
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and hence it holds
Wi (i, if) S 673 e T0 \ Jer(uv) . (7.5.10)
Then, from (7.5.9) we deduce that for any ¢ € [0, T — 4] it holds

Waia(uf,m) S673 e T JCr(u,v) + e\ /Cru,v)

3

53 e K[IAN(T—1)] CT(,M,V) :

A

By considering the contraction along P*, the same argument gives us the same
bound for t € [§, T| and therefore on the whole domain [0, T].

In order to relax the assumption to (H3), it is enough to consider once again
the approximation of the optimiser (as in the proof of Theorem 7.5.1) together
with the lower semicontinuity of the Wasserstein distance. O

The previous argument can also be applied in order to analyse the behaviour
of entropic interpolations for a fixed time ¢, while T grows large. More pre-
cisely, we show that the (uncontrolled) Langevin dynamics and the Schrédinger
bridge are exponentially close in the long-time regime T — oo, for all time-
windows [0, t]. Note that this result cannot be deduced from the turnpike esti-
mates of the former section.

Theorem 7.5.7. Under hypotheses (H1), (H2) and (H3), there exists a positive con-
stant Cq o p,, such that forany 0 < & < land t € [0, T — 6], as soon as T >

2108 Cy g py + 20, it holds
Wal!, 15°) < Caapr 62 e T\ JCr(n,v),
where y§° is the law of (X., V.) satisfying
dX; = Vidt,

dV; = —VU(X,)dt — yV;dt + /27 dB;, (7.5.11)
(Xo, Vo) ~HU X my.

Proof. At first, let us assume (H4). We have

W (uf, i) <Wo (ul, il ) +Wa (] 65%)
(7.5.10),(7.2.14) (7.5.12)

3

< 572 *(T-D) Cr(p,v) +e W, (y%,y@mﬁ ,

where jiT is the marginal flow defined in the previous proof, i.e., the flow gen-
erated by the uncontrolled process (Xg'T, VSO’T) sclo,) started at the initial dis-
tribution ul € P(R?%). Using the inequality

W (iwomy) < [ W (10 my ) dn(o,
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applying Talagrand’s inequality for my and using the additive property of rel-
ative entropy (1.A.4), we obtain

Wo (i uomy)’ <2 [ o (W Clny) i) = 2 (4 omy)

du®m
=27 (uf [ m) —Z/IRM 10g%du§

d
=2.(pud|m) —2./]Rdlog dnilx du

(747)
=2 (g Im) =24 (ulmx) S 67 Cr(pv)e ™7

By combining the above inequalities with (7.5.12) we get our result.
The extension of the result to the weaker (H3) follows from the same ap-
proximating argument discussed in the previous proof. O

With a similar reasoning one can prove that the Wasserstein turnpike holds
also for KFSP under (FH3). Notice that since in this setting we fix the whole
marginals at time 0 and T, it holds fi] = i and il = 7 and therefore in this
case we do not need a result similar to Theorem 7.4.5. Therefore we have the
following

Theorem 7.5.8 (Wasserstein turnpike). Under hypotheses (H1),(H2) and (FH3),
there exists a positive constant Cy, ., such that for any 0 < 6 < 1, as soon as
T > 1108 Cyp,y + 26, for any t € [0, T] it holds

W2(ﬁtT/ m) < Cd,tx,,B,’y 5_% e ” A(T=1)] C% (,‘1/_1, 17) .

Similarly, we can easily prove a statement for KFSP equivalent to Theo-
rem 7.5.7 where Assumption (H3) is replaced with (FH3) and where the initial
condition in (7.5.11) is just the full fixed marginal /.

Theorem 7.5.9. Under hypotheses (H1),(H2) and (FH3), there exists a positive con-
stant Cy . p, such that for any 0 < 6 < landt € [0, T — 6], as soon as T >

L1og Cyap,y + 20, it holds

where fif° is the law of (Xy, Vi) satisfying

dX; = Vidt,
dv; = —VU(Xt)dt — yVidt 4+ dB;,
(Xo, Vo) ~ 1.
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Bibliographical Remarks

The results presented in this chapter come from [CCGR22].

Given that Schrodinger’s thought experiment is motivated by statistical me-
chanics and the physical relevance of the (underdamped) Langevin dynamics
and its various applications, the study of the kinetic Schrodinger problem ap-
pears to be quite natural. Nevertheless, to the best of our knowledge, it seems
that there has been no dedicated study so far, with the exception of [CGP15].
The objective of [CCGR22], from which this chapter is based, is to take some
steps forward in this direction, in particular by gaining a quantitative under-
standing of optimal solutions, namely the Schrédinger bridges.

Proving the turnpike property for Schrédinger bridges in this context is
harder than in the classical setting, and we need to work under stronger as-
sumptions on the potential U than its strong convexity. This is not a surprise.
Indeed, proving the exponential convergence to equilibrium for the kinetic
Fokker-Planck equation is a difficult problem that has been, and still is, inten-
sively studied by means of either a probabilistic or an analytic approach, see
[CGMZ19, EGZ19a, Tal02, GLWZ21] for some references on the probabilistic
approach. Following the terminology introduced by Villani in his monograph
[Vil09], this obstruction is a manifestation of the hypocoercive nature of the ki-
netic Fokker-Planck equation. KSP may indeed be regarded as the prototype
of an hypocoercive stochastic control problem. For the moment, we have been
able to show the turnpike property under a quasilinearity assumption. The key
assumption for obtaining (7.5.2) and (7.5.4) is (H2), asking U to be strongly con-
vex and such that the difference between the smallest and largest eigenvalues
of V2U(x) is controlled by the friction parameter « uniformly in x. Assump-
tions of this type, where the friction parameter has to be in some sense large in
comparison with the spectrum of V2U are commonly encountered in the litera-
ture. In the language of probability, they ensure that the synchronous coupling
is contracting for the Langevin dynamics [BGM10, Mon23]. On the other hand,
from an analytical standpoint, Assumption (H2) implies local gradient bounds
for the semigroup generated by the Langevin dynamics [Baul7]. Finally, we re-
call that the exponential rate x of Theorems 7.5.1 and 7.5.3 is precisely the one,
computed e.g. in [Mon23, BGM10], at which synchronous coupling is contrac-
tive for the (uncontrolled) Langevin dynamics.

Although exponential 1.2 estimates are known to hold under considerably
weaker assumptions (see e.g. [HN04] and [CHSG22, HM19] for singular poten-
tials), and entropic estimates assuming a bounded and positive Hessian have
been known for more than a decade [Vil09], it is only recently [GLWZ21] that
entropic estimates have been obtained beyond the bounded Hessian case. In
light of this, the question of how to improve our results is quite interesting and
deserves to be further investigated.

Finally, if we compare our results with what is known in deterministic con-
trol we remark that, quite curiously, exponential estimates for the deterministic
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noiseless version of (7.1.1), obtained removing the Brownian motion form the
controlled state equation, do not seem to be covered from existing results, even
in the case when y and v are Dirac measures.! For linear-quadratic problems
though, the result is well known, see e.g. [BP20] for precise estimates. Theo-
rem 7.5.1 and Theorem 7.5.3 provide global turnpike estimates, that is to say we
do not ask y and v to be close to m. We do ask 7 (u|mx), 7 (v|mx) < +o0, but
this condition is very mild and necessary for the Schrédinger problem to have a
finite value. This is in contrast with most exponential turnpike estimates we are
aware of in deterministic control (see e.g. [TZ15, Theorem 1]). The passage from
local to global estimates seems to be possible [TZ18, Tré23] under some extra
assumptions, such as the existence of a storage function, but this comes at the
price of losing quite some information on the multiplicative constants appear-
ing in (7.5.2). Moreover, the condition T > % log C4,,p,4 + 26 of Theorem 7.5.1
should be replaced with a condition of the form T > Ty with Ty depending on
the initial conditions and potentially very large.

1For example, if we compare with the reference work [TZ15], the matrix W defined at Eq. (10)
therein would not be invertible for the problem under consideration, which thus fails to satisfy the
hypothesis of the main turnpike result obtained there.
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Appendix 7

7.A  From compact support to finite entropy

In this appendix we discuss two types of approximating sequences that we
have used in order to extend our main results from (H4) to (H3).

In Section 7.A.1 we deal with the Approximation of the optimiser where we are
able to prove the convergence of the entropic cost of the approximated prob-
lem to the original entropic cost but not the convergence of the associated en-
tropies of the marginals at time ¢t = 0, T. On the other hand in Section 7.A.2,
we investigate the Approximation of the marginals, by approximating directly
the marginals and consider the associated Schiodinger problems. In this case,
we get the convergence of the marginals’ relative entropies, but not the one of
the entropic cost. The two aforementioned strategies produce complementary
bounds which can be applied together in order to relax the assumptions from
(H4) to (H3).

We will deal exclusively with the approximations and proofs for KSP and
omit those for KFSP, since the latter can be treated in the same way.

7.A.1 Approximating the optimiser

Fix a couple of marginals u, v € P(R?) satisfying (H3). We already know
that there exists a unique minimiser 7t € ITx (u,v) for KSP, with Ry r-density
given by pT. Now consider an increasing sequence of rectangular compact sets
(Kn) e in R* whose union gives the whole space. For each nn € IN define the
probability measure g/ as the measure whose Ry r-density is given by

dql 1
5T — A — T ﬂ
Pn = dRO,T ' (P /\1’1) Cn !

where C, == |, K, (pT An)dRg 7 is the normalising constant. Notice that C, 1 1

by monotone convergence and p} — p’. For convenience, we fix in this section
some 77 € N such that C, > 1/2 for any n > 7.

Lemma 7.A.1. The following properties hold true.
(i) The marginals p" = (projxl)#q,f and v" = (proij)#q,f satisfy (H4).

211
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(ii) qf — =T,
(iii) A (q4|Ro,r) — A (7" [Ror) = Cr(p,v).
Proof. We start with i). Since g} has compact support, so do its marginals ", v

Moreover if B C R? is a Borel set, then

imX(B)

nipy — T 3dy « _n 3dy _
W'(B) = gl (B x R¥) < /B><]R3‘7’dRO'T_ Ror(Bx R¥) = &

n Ci’l

and therefore ||dp" /dmx || «(m,) < ¢ - The same reasoning applies also to v".
The weak convergence in (ii) follows from dominated convergence.
Let us prove point (iii). Notice that for each n > 7 it holds

<max {e”, (o7C;") log(p"C;1) | ,

and the above RHS is R r-integrable since it holds

p logpy

n

1 1 1
T~-1 T~—1 —
/W(p Ci ) log(p Gy ) dRor = = Cr(pv) + = log<C ) < o,

which is finite under (H3). From the Dominated Convergence Theorem we get
(iii). O

Proposition 7.A.2. Assume (H1) and (H3) to be true for u, v € P(R?). Let T be
the unique minimiser in KSP with marginals u, v. Suppose we are given a sequence
(qF) ,en © P(R) such that such that

(i) qgf — =T,

(ii) A (95|Ro1) — A (7T |Ro 7).
Moreover for each n € N consider the marginals q1, that are the probability measures
p't = (projxl)#qg and V" = (prosz)#qg . Then, for each n € IN, there exists a unique
minimiser 7t} € Ty (u",v") in KSP with marginals ", v"*. Moreover it holds

al —~ 7t and Cr(u" ") —Cr (m,v) .
Proof. Firstly, (H3) and the convergence of the entropies in the assumptions
imply that
H (W' lmx) , (" [mx) < # (qhRor) < C

for some positive constant C, uniformly in n € IN. Hence (H3) holds also for
u", v'. This gives the existence and uniqueness of the minimiser in KSP with
marginals p" and v" for each n € IN.

Then, from (7.2.19) we deduce

sup A (KE‘RQ,T) = sup Cr (4", v") S 1+ sup [+ (u"|mx) + S (V" |mx)]
nelN neN nelN

<1+2C.
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Since the relative entropy 7 (:|Ro,r) has compact level sets [DE97, Lemma

1.4.3], there is a subsequence nZk N and a probability measure 7T € P(R*?)
€

such that 71'5,( — T

A (+|Ro,r) and the optimality of 77, we get

weakly. Moreover, from the lower semicontinuity of

- T .. T c . T - T
H (7‘( |R0,T) < h{gg}f%ﬂ (”nk‘RO,T> < h}gg}fﬁf (an|RO,T> = (" |Ro,T).
7.A1)
Now, we claim that 7t7 € ITx(y,v). Indeed we have for any i = 1,2

(proj, o7 = Jim (proj, Js7ch, = lim (proj, )sd?,

(proj, )i { iy

where the second equality holds because ”Zk and q,{k share the same marginals,
while the third follows from our hypotheses. Therefore, from the bound (7.A.1)
and the optimality of 7t7 as unique minimiser in ITx(u,v) for KSP, it follows
~T T
Tt =,

Hence, as k — o0, it holds n,{k — 7T and

3 lim CT (‘Mnk,vnk) = lim o7 (”£k|R0/T) = L%p(?'L’T|R0,T) = CT(‘L[,]/) .
k—o0 k—ro0

Since in both the limits above the limit objects do not depend on the subse-
quence and since the weak convergence is metrizable, we get the desired the-
sis. O

Corollary 7.A.3. Under the same setting of the previous proposition, if P*T € P(Q)
denotes the minimiser in (7.0.1) for the marginals y", v", and if y?'T = (X, Vp)sPT,
then for each t € [0, T

prT — pT and yf’T —uf.

Proof. From the relation between (7.0.1) and KSP, for any ¢ € C;(Q2) we have

n,T — X,0,,W T X,0,y,Ww T
/Q¢dP /]R4d</04>dR >d7rn—>/IR4d</Q¢dR )dn’

= /ngdrrT,

where R*¥“¥% denotes the bridge of the reference measure. Let us just justify
the middle step. Since ¢ is bounded, so does [ ¢ dR*“¥™. Moreover since
the bridge R*¥*¥ is weakly continuous with respect to its extremes [CB11,
Corollary 1], from the continuity of ¢, it follows the continuity of the function
(x,v,y,w) — fQ ¢ dR**¥_ Hence the above function is bounded and contin-
uous on R* and from the weak convergence 7w} — 77 it follows P"T — PT,
The other limit follows by taking the time marginals of P™T. O
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7.A.2 Approximating the marginals

In this section we are going to perform the approximating arguments directly
on the fixed marginals. This will not lead to the convergence of the respec-
tive kinetic entropic costs, nevertheless it will be useful in proving the bounds
where the previous approximating argument fails. The idea is similar to the
one performed previously: consider an increasing sequence of compact sets
(Kn) e in R whose union gives the whole space and for any g € P(RY), sat-
isfying (H3) and n € IN large enough so that q(K,) > 0, define the probability
measure q)! as the measure whose my-density is given by

dgy' [ dq An) K
de de Cﬂ ’

where C = [, ( X, dq An)dmyx > 0 is the normalising constant. Note that

monotone convergence yields C;} 1 1. Then it follows that qM satisfies (H4),
gM — qand by mimicking the argument performed in the Lemma 7.A.1 it
follows that

A (M my) =3 #(qlmx). (7.A2)

Lemma 7.A.4. Fix u,v € P(R?) satisfying (H3). Then, up to restricting ourselves
to a subsequence, it holds

Cr(p,v) < liminfCr(p,",v)").
Proof. Let nvaLn denotes the optimiser for Cr(uM, vM). Then we have

H (7 Ror) = Cr(uy!, vih)
(7.2.19) y "
S 1+ () |mx) + 2 (v [mx) —

H%OO

1+ 7 (ulmy) + 2 (v]my),

which is finite because of (H3). Since #(-|Ro,r) has compact level set, we know
that there exists 7* € P(IR*) such that 7}, — 7%, up to considering a
subsequence. We claim that t* € Ilx(u,v). Indeed we have (Xo)#n'ITVLn -
(Xo)s#rt* but (XO)#n'{/Ln = uM — y and hence (Xp)s7* = p. Similarly it holds
(X1)#* = v. Therefore we have Cr(p,v) < J(7*|Ro,r) and from the lower
semicontinuity of 7 (-|Rg,7) we deduce our thesis. O

7.B Proof of the contraction condition

Proof of (7.2.11) with x > 0 under (H1) and (H2). Notice that proving (7.2.11) is
equivalent to finding a positive definite symmetric matrix Q € M;%;O(]R)
and a positive scalar ¥ > 0 such that

& (h(2)QE < —x&-Qf=—x gl  VEeRY™ VzeR™,
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and then setting M = Q~!. Therefore let us consider the symmetric positive
definite matrix

ald —bld . a,c>0,
Q= <—bId ld ) with {uc > 1.

with a, b, c € R to be determined later in such a way such forall X, o € RY € R4
the matrix J;,(£,7) Q is negative definite uniformly in X, 7. This will allow us to
conclude that J,(%,9) Q < —x Q for some x > 0. For sake of notation we will
omit the Jacobian’s argument (X, 7) when it is clear from the context. Since

Q= —bld cld
b=\ —aV2U +ybld bV2U — ycld )’

Then for all x, v € R? it holds

(i) Iy Q <z) = —b|x|2+cx-v—av-V%lx—&—*ybv-x
+bv-V2Uv — ¢ |v)?.

By choosing a = 1, and under a sign flip in the velocity term v — —v, itis enough
to find b, c and ¢ > 0 such that ¢ > b? and such that for all x, v, uniformly in
%, 7, it holds

blx|*+cx-v—av-VUx+9bv-x —bv-V2Uo+c [o* > (x> + [o]?).

A sufficient condition such that the previous inequality holds for some ¢ > 0
is that for all eigenvalues ¢ of V2U (notice ¢ € [a, f] because of (H2)) and all
(x,v) # (0,0) it holds

blxP+ (c+yb)x-v—Lo-x—blv-v+yc |o]?
=blx*+(c+yb—O)x-v+ (yc—bl) |v]* > 0.

This last one is satisfied for any non-zero (x,v) € R* as soon as b > 0 and
4b(yc —bl) > (c+vb—1)?,

ie., > — 200+ ¢? < 0, where A := ¢ + yb — 2b? and ¢ := ¢ — vb. Therefore for
any eigenvalue ¢ € [«, B] we have the condition

A= \JAZ =2 <UL <A+ /A2 —¢?,

a=A—/AZ—¢2
B=A+\/AZ—¢2.

which is satisfied if
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This yields to

/\:5;“ ‘ c—l-')/b—szzﬁzj
5 ie.,
¢°=pu c—yb=\/Ba

whose solutions b, c are given by the solutions of

feovsbivaar
v —yb+} (VB va) =0

The first equation fixes ¢ and in particular tells us that ¢ > b? (as requested

in order to have Q € M;%;O(R)), while the second equation has a positive
solution b if ad only if

2
7 - (VB-va) =0,
which we have assumed to be true in (H2). O

Remark 7.B.1. Let us point out that Equation (7.0.2) is just a particular instance of
the general class dealt by Monmarché in [Mon23]. Nevertheless the previous result is
more sharp than the one presented there in Proposition 5. The idea for the previous proof
comes from [Baul7, Theorem 2.12], where the author proves a I'-calculus contraction
condition, which turns out to be equivalent to (7.2.11) for v = 1.



Looking forward

In this last section we will collect a few possible lines of research that can follow
from the results presented in this manuscript.

Convergence of gradients of EOT potentials. In Chapter 3 we have shown
the convergence of the gradients of Schrodinger potentials towards the gradi-
ents of Kantorovich potentials. The same question can be asked in the more
abstract setting of entropic optimal transport for a general cost function c(-, )
(cf. (2.A.1)). More precisely, if ¢¢, 1. denote the entropic potentials as defined
at (2.A.2), then it is natural asking whether the result presented in Theorem 3.2.3
can be extended to this different setting. Convergence of entropic potentials to
the Kantorovich ones has already been established in [NW22], however the va-
lidity of the same result for the gradients is still an open question.

One possible way to tackle this problem would be establishing uniform in
time bounds for the gradients” L”-norms as we did in (3.2.8). This might be
accomplished by proving corrector estimates as in Proposition 3.1.2, however
mimicking the proof given there seems unfeasible since it relies on a dynamic
representation of Cr(y,v) as the one given in Lemma 2.3.1. The latter formu-
lation is still missing for general EOT problems. A different approach in order
to establish the corrector estimates (and consequently uniform norm bounds)
would be reasoning as we did at the end of Section 3.1, where under the con-
dition CD(x, o) we have established the same estimates via the reverse log-
Sobolev inequality (3.1.13). This approach seems more feasible even though it
requires establishing the validity of the reverse log-Sobolev inequality for a gen-
eral Markov operator (induced by the convolution with exp(—c(x,-)/T)). The
ideas described above are part of a (preliminary) ongoing work with Katharina
Eichinger and Luca Tamanini.

Exponential convergence of Sinkhorn’s algorithm for EOT. In Chapters 5
and 6 we have established the exponential convergence of Sinkhorn’s algorithm
for general SP problems with Langevin reference dynamics and log-Lipschitz
marginals and respectively for the landmark SP with Brownian motions and
marginals that are weakly log-concave. As we have already mentioned in the
Bibliographical Remarks to Chapter 6, an iterative fitting algorithm can be in

217
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general considered for any EOT problem. Apart from the very recent contribu-
tion [Eck23], exponential convergence rates for general EOT problems are still
unknown. A first approach in order to prove the convergence of Sinkhorn’s
algorithm for general EOT problems would be looking for functional inequal-
ities for general Markov operators in order to prove convexity propagation, as
we did in Section 6.1. As a corollary, this would eventually lead also to novel
functional inequalities for general EOT problems. Some potential references for
functional inequalities for general Markov operators would be [Wan13, BG10,
BRO8, BE21]. Alternatively, a different approach would be trying to directly
mimic the backward-in-time convexity propagation approach along Hamilton-
Jacobi-Bellman equations (cf. Theorem 6.1.4), this time by considering a stochas-
tic control problem for discrete-time Markov chains and its corresponding dy-
namic programming principle.

Once the convexity propagation is established, unfortunately, our approach
can not be carried over straightforwardly as done in Chapter 6, since there we
heavily rely on the link between gradients and conditional probability mea-
sures portrayed in (6.0.3), which is peculiar to the quadratic cost case c(x,y) =
|x —y|2/2 (that corresponds to the classic Brownian motion SP). Nevertheless,
for some specific cases (e.g., c(x,y) = |x —y|?)) some link between gradients
and (distorted) Wasserstein distances of conditional measures might still be es-
tablished.

Exponential convergence of Sinkhorn’s algorithm for the Mean-Field SP. In
[BCGL20] the authors proposed a SP where instead of considering a cloud of in-
dependent Brownian motions, they considered a mean-field interacting system.
The entropic minimisation problem then gets harder since both terms in the en-
tropy functional would depend on the optimiser and there is no (algebraically)
straightforward connection with EOT. This particularly implies that in order
to solve the Mean-Field SP (hereafter MFSP) one cannot simply consider pairs
of potentials, but instead corrector processes and forward/backward stochas-
tic differential equations. Nevertheless, Sinkhorn’s algorithm for classical SP
(more precisely, its primal formulation (2.2.20)) might be emulated also for
MESP, this time directly dealing with diffusion processes and measures on path
space instead of densities and potentials. As noticed in [LCST22], MFSP may be
considered as an opinion dynamic Mean-Field Game (MFG), where every sin-
gle individual interacts with the population, which is urged to converge exactly
to a desired prescribed opinion (distribution) in finite time. Therefore the study
of Sinkhorn’s algorithm for MFSP would have a natural application in mod-
elling and solving the collective behaviour of opinion/population dynamics.
In [LCST22] the authors suggest an algorithm (referred to as Deep Generalized
Schrodinger Bridge (DGSB)) which tries to solve MFGs via minimising a total loss
function which corresponds to the sum of a loss fitting the correct marginals
and a loss fitting the mean-field interaction and which is related to the Tempo-
ral Difference Learning. Sinkhorn’s algorithm should indeed fit the mean-field
interaction nature of the considered path measures when minimising the rela-
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tive entropy with respect to the McKean-Vlasov version of the previous iterate.
From a computational point of view it would then be interesting to understand
whether the loss associated to this Mean-Field Sinkhorn’s algorithm coincides
with the one considered in [LCST22] and with the temporal difference loss.

Overdamped limit of the kinetic SP. The study of the overdamped limit for
the (underdamped) Langevin dynamics (7.0.2) is a very old research topic, often
referred to as the Smoluchowski—Kramers limit, initiated with the seminal work of
Kramers [Kra40]. Since then many contributions appeared in the literature and
let us just mention here a partial (and far from being exhaustive) list of contri-
butions [Nel67, HYW12, GN20, DLP*18]. Particularly, in [DLP* 18] the authors
provide explicit quantitative convergence rates of the underdamped Langevin
dynamics (7.0.2) towards the overdamped Langevin dynamics (2.1.1), in terms
of relative entropy and Wasserstein W»-distance. This means that the reference
measure considered in the kinetic SP converges in the overdamped limit to the
reference of the classic (Langevin) SP considered in Chapter 2. Therefore, if
some sort of stability results hold for SP when varying the underlying refer-
ence process (such as [EN22b]), then one might expect the convergence of KSP
to SP in the overdamped limit with convergence rates inherited from the results
obtained in [DLP"18].



This page was intentionally left blank.



221

Notation

The set R is endowed with the standard Euclidean metric and we denote by ||
and (-, -) the corresponding norm and scalar product. When its clear from the
context the scalar product between the vectors v, w will simply be denoted as
v - w. We denote by B(RR?) the Borel o-field of RY, by P(R?) the space of proba-
bility measures defined on (R?, B(IR?)) and by P, (IR¥) the subset of probability
measures with finite second moment. () denotes the space of continuous tra-
jectories in the time interval [0, T|, that is the space C([0, T|, M). In Chapter 7
this space will be denoted with (),; since the trajectories will take values in
the position-velocity product space R*. We adopt for LP-spaces the standard
notation and denote LP-norms as || - ||». Similarly, we adopt the standard nota-
tion for p-Wasserstein distances W), for any p € [1, 4-c0]. We denote with Wllo’?
local-Sobolev spaces.

ay = OVa

a_ =0V (—a)

proj,(a,b) =a projection on first component
Pl‘ij(ﬂr b) =b projection on second component
foglxy) = f(x)+8y)

Cp(X) bounded continuous functions on X
My (X) bounded measurable functions on X

[ £lls := supren | f (%)l

My (i) = [ d(zo, x)*dp(x)

Cog(u) = [axTdp — (f xdp)(f xdp) T
Le

fin() = pu(f71(0)

H(le ﬂZ)

El’lt(/\l) = ,%"(AﬂLeb)

I(p) = [ |Vlog(dp/dm)[*du

PT
71'T

Cr(p,v) = o (PTIR) = 7 (" |Ro7)

supremum norm
k" moment of 4 € P(M) (zg = 0in R?)
covariance matrix of u € P, (R?)
Lebesgue measure on RY

pushforward measure of u by f

set of couplings between pi1, pip € P(M)
relative entropy (see Section 1.A)

Fisher information w.r.t. m (see (3.2.7))
Schrédinger bridge (optimiser in (2.1.2))
Schrodinger plan (optimiser in (2.1.3))
Schrodinger cost
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Summary

The Schrodinger problem

where analysis meets stochastics

In this thesis we study the most likely behaviour of a cloud of particles sub-
ject to the information of its initial and final configuration. Despite the motiva-
tion of this problem coming from statistical mechanics, the problem itself lies
at the crossroad between Optimal Transport and Stochastic Optimal Control
theories, where analysis meets stochastics. Indeed this problem can be thought of
as finding the best way possible of steering a diffusion process from a starting
distribution to a prescribed final one, and at the same time it is equivalent to
a regularised version of the Optimal Transport problem, whose aim is moving
in the cheapest way possible some goods from an initial configuration to a fi-
nal one. Particularly, the time-window parameter T > 0 in our Schrodinger
problem acts as regularising parameter, i.e., the smallest T is and the closest the
particles behave according to Optimal Transport theory.

Besides being an interesting theoretical problem that connects two differ-
ent fields in mathematics, in the last couple of years the Schrodinger problem
has found a tremendous use in generative modelling, namely creating data from
noise, which has led to an increasing interest in the study of the behaviour of
its solutions and in finding efficient algorithms that allow to rapidly compute
the latter. This thesis focuses exactly on these two aspects and the approach we
have relied on is always based on the interplay between the analytical and the
stochastic point of view.

Below we detail our main contributions.

In Chapter 3, motivated by the control interpretation, we prove the corrector
estimates which can be interpreted as contraction estimates for the optimal con-
trol process that steers the diffusion to the target distribution. Then, we employ
these estimates in order to investigate the convergence towards the optimal
transport map.

In Chapter 4 we provide quantitative stability estimates for the Schrodinger
problem, by relying on the corrector estimates.
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In Chapter 5 and Chapter 6 we provide exponential convergence rates for
Sinkhorn’s algorithm, an iterative scheme that allows to compute the solution
of the Schrodinger problem. We have proven this result with two different
approaches: one perturbative and the other one non-perturbative.

For the first approach we have studied how Lipschitzianity propagates along
Sinkhorn’s algorithm. This is deduced from a more general result which proves
that Lipschitzianity backward-propagates along Hamilton-Jacobi-Bellman equa-
tions, result that we prove via a stochastic optimal control approach.

The non-perturbative approach relies on studying this time how convexity
propagates along Sinkhorn’s algorithm. From that we have deduced the expo-
nential convergence of the algorithm by meaning of coupling techniques.

Our last contribution, namely Chapter 7, deals with a different instance of
the Schrodinger problem, where we consider particles that are described both
by their position and velocity and whose density obeys to the kinetic Fokker-
Planck equation. We fully characterised this new problem, despite its hypoco-
ercive nature, and study its long time behaviour.
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