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Preface

his thesis investigates gradient flow structures for porous medium equations and their discrete counter-
T parts. The first structure goes back to the seminal paper [36] by Jordan, Kinderlehrer and Otto,
where solutions to the Fokker-Plank equation on R” were obtained as metric gradient flows for
the Shannon-Boltzmann entropy functional on the 2-Wasserstein space over R"; that is the space
of probability measures with finite second moment on R”, together with a certain distance which
is closely related to the weak convergence of probability measures.

In [54] Otto used this deep relation between partial differential equations and gradient flows on
spaces of probability measures to identify porous medium equations with Wasserstein gradient
flows for the Rényi entropy.

The second gradient flow structure to be presented in this thesis was proposed independently by
Maas [47] and Mielke [50], in order to provide a discrete counterpart to Wasserstein gradient flows.
The key role plays a non local transportation distance between discrete probability measures on
a finite state space, induced by a reversible continuous-time Markov chain on the aforementioned
space. The corresponding Markov semigroup arises as gradient flow for the relative entropy func-
tional with respect to the stationary distribution of the Markov chain.

Erbar and Maas [30] extended this discrete gradient flow framework to relate discrete versions of
porous medium equations to the discrete relative Rényi entropies.

After having established both, Wasserstein gradient flows and their discrete counterpart for finite
Markov chains, the central objective of this thesis is to investigate convergence of the latter to the
former in a suitable scaling limit. To this aim, we will use a simple finite-volume discretisation
for the porous medium equation with drift on the unit interval, which gives rise to corresponding
discrete entropy gradient flows.

At this point, we will pursue two different strategies in order to pass to a gradient flow for the
Rényi entropy on Wasserstein space over the unit interval: First, we opt to exert a I'-convergence
result for gradient flows in EDE (energy dissipation equality) sense, proposed by Sandier and Serfaty
[60] in case of Hilbertian flows and extended to a metric setting by Serfaty [63]. This approach was
already successfully used by Disser and Liero in [24] to pass from discrete entropy gradient flows
to Wasserstein gradient flows related to the linear Fokker-Plank equation on the unit interval. We
follow the same route and show convergence of the gradient flows related to the finite-volume
discretisation to a Wasserstein gradient flow EDE sense for the Rényi entropy. In particular, this
establishes convergence of the underlying finite-volume scheme via a gradient flow approach.

The final part of this thesis evolves around the passage to a limit of the gradient flow struc-
tures when the underlying entropy functionals are convex along geodesics with respect to the
involved transportation metrics. The convexity of the Rényi entropy of order m > 1 — 1/n on the
2-Wasserstein space over R" is a well known result, due to McCann [49]. Curiously, the situation
is vastly different for the discrete setting: We present new counterexamples which show that, in
general, the discrete Rényi entropy of order m < 1/4 or m > 7/4 fails to be convex along geodesics
associated to the discrete transportation metrics.

Nevertheless, it is at least possible to obtain a positive result for m = 1. In this case, convexity
along geodesics for the discrete entropy was established by Erbar and Maas [29] and Mielke [51] for
various choices of reversible finite-state Markov chains.

This enables us to investigate the limit of discrete entropy gradient flows in EVI (evolution varia-
tional inequality) sense, a notion which exhibits strong regularity and uniqueness properties. As
backbone for this approach we provide an abstract stability result for EVI gradient flows under
I'-convergence of the underlying functionals. This is a generalisation of a stability result by Daneri
and Savaré [20] to gradient flows on metric spaces which converge in the sense of Gromov-Hausdorff.

Gromov-Hausdorff convergence of the discrete transportation metrics on the discrete torus to the
2-Wasserstein distance on the continuous torus was obtained by Gigli and Maas [35]. We will exploit
an adaptation of this result and I'-convergence of the discrete entropy functionals to show that
the corresponding gradient flows, defined on an equidistant discretisation of the unit interval,
converge to a Wasserstein gradient flow in EVI sense. In particular, the resulting limit curve will
be a distributional solution to the homogeneous heat equation on the unit interval.



Structure of the Thesis

The first three chapters of this thesis will mainly provide a review of main concepts required in
the later parts of this thesis. Detailed references are provided in the bibliographical notes at the
end of each chapter.

Chapter | gives a brief overview of gradient flows in abstract metric spaces. We introduce three
notions of gradient flows, related to the evolution variational inequality and the energy dissipa-
tion equality, as well as an inequality variant of the latter. In addition to basic properties, we
also provide abstract existence and uniqueness results which are based on a minimising movements
variational scheme.

In Chapter 2 we give an account of Wasserstein spaces and gradient flows therein. The corre-
sponding distance function on these spaces of probability measures are introduced by means of
an optimal transportation problem. After a short discussion of the geometry of Wasserstein spaces,
we study Wasserstein gradient flows for two classical types of energy functionals which encom-
pass entropy functionals amongst others and exhibit a tight relation to certain partial differential
equations.

In Chapter 3 we present an entropic gradient flow structure for reversible continuous-time Markov
chains on a finite state space. We show that porous medium equations arise as gradient flows
for the discrete Rényi entropy with respect to suitable non-local transport distances. Finally, we
investigate geodesic convexity of these entropy functionals and the Riemannian structure on the
interior of the corresponding spaces of discrete probability measures.

Chapter 4 portrays two stability results for gradient flows under notions of I'-convergence in the
abstract metric framework of the first chapter. The first result is concerned about convergence
of gradient flows in EDE sense, the second about stability of EVI gradient flows under Gromov-
Hausdorff convergence of the underlying metric spaces. We briefly illustrate how the former was
successfully applied to study the convergence of Cahn-Hilliard equations, and outline a simple
consequence of the latter for coercive functionals.

In Chapter 5 we investigate how Wasserstein gradient flows for the porous medium equation with
drift on the unit interval may be approximated by their discrete counterparts for reversible Markov
chains. This approach depicts an application of the stability result for EDE gradient flows from
the previous chapter.

Finally, Chapter 6 illustrates convergence to gradient flows for the homogeneous heat equation in
the stronger EVInotion. To this aim, we show geodesic convexity of the involved discrete entropy
functionals and outline Gromov-Hausdorff convergence of the discrete transportation metrics to
the 2-Wasserstein distance.
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Introduction

The central equation of this thesis is the porous medium equation with drift

%p =A(p™) + div(pVo) form >0, (n

which admits a representation as gradient flow with respect to entropy functionals on a Wasser-
stein space. In a similar fashion, it is also possible to identify the discrete counterpart to (I) as
gradient flow on a space of discrete probability measures, endowed with a suitable non-local trans-
portation metric.

In both formulations the underlying functionals are defined on spaces of probability measures
which do not admit any linear structure needed to study gradient flows in the classical sense by
means of the equation

d
5P = Vo). @)

At first glance, the derivatives in the equation above are not well defined when ¢ is a functional
on some metric space (X, d). However, metric analysis still provides certain ‘moduli of the deriv-
atives’ involved in (2), namely the metric differential

d(p(s), p(t))

pl(#) = lim ===

of acurve p: Rt — X, and the (local) slope

(9@ - pw)*

[991(0) = lirzl;l_S:L,lp d(v, w)

of a functional ¢ : X — R U {+o0}. Indeed, with these two definitions at hand, (2) makes sense in
a metric space as well, provided that we take the modulus in both sides of the equation. However,
it is not hard to see that the resulting scalar equation comes with a loss of information and need
not be equivalent to (2) in Euclidean space, or more generally, when X is a Hilbert space. In order
to retain equivalence to the gradient flow equation in (2) in this case, it is meaningful to look at
the derivative of the energy:

Lo(0t) = (o), Vp(0(1)) 2 = pOITg(p@)] = =3 POF — 3 Fg(p@)I. @

Apparently, there is equality in the first inequality above, exactly, when p(t) and V¢ (p(t)) differ
by a negative factor. On the other hand, equality in the second inequality above holds iff — |o(¢)| =
Vo (po(t))|. In other words, there is equality between the left-hand and right-hand side in (3),
precisely, when p(t) agrees with —V¢(o(t)). This means that we may write (2) in the equivalent
form

1.2 1 2, d
5 lo|” (t) — 3 [0¢(0)|"(t) = —afl’(ﬂ(t)). “)

This equality is known as (pointwise) energy dissipation equality and provides a notion of gradient
flows on metric spaces which will be reviewed in Chapter |. In addition, we will study a different
generalisation of (2) to a metric setting which is based on the so called evolution variational inequality
which is established by exploiting convexity of the underlying functional ¢:

1L(0,y) < p@) — plp() Yy EX. 5)

Above inequality and its natural generalisation to strongly convex functionals turn out to provide
powerful regularisation and uniqueness properties. In particular, the evolution variational in-
equality already implies the energy dissipation equality, whilst the converse implication need not
be true in general.



Equipped with the abstract tools from the first chapter, we are ready to study gradient flows on the
space of probability measures on R” in Chapter 2. A suitable metric on this space is provided by the
2-Wasserstein distance which metrises the weak convergence of probability measures on bounded
metric spaces. This distance is usually defined by means of the Kantorovich transport problem. For
our purposes, the following characterisation of the 2-Wasserstein distance via the Benamou-Brenier
formula plays a major role:

1
W2 (o, 1) = inf { [ o720, At} (6)
0

where the infimum is taken over curves of probability measures y(t) for t € [0, 1], joining y to
H1, and suitable functions v : [0,1] — R" solving the continuity equation

%y(t) + div(ou(t)) =0

in the sense of distributions. The distance W, provides a metric for the space of Borel probability
measures with finite second moment on R”. This metric space is called 2-Wasserstein space over
R™ and will be denoted by £, (R").

Now we are in the position to study gradient flows for certain functionals on 2, (R"). Of particular
interest will be the Rényi entropy functional

1
—— | p"™(x)dx, if uhas density p,
Fpy(u) =M= 1 Rj

+oo, otherwise.

It turns out that the density p of each curve y : Rt — P, (R") which satisfies a weak formulation of
(4) for the functional F,,,, is a distributional solution of the homogeneous porous medium equation

S I
3P = A™).

This relation is a crucial inspiration for Chapter 3, mainly based on the work [30] by Erbar and Maas:
There we will present a gradient flow structure for the space of discrete probability measures on
the finite set X' ~ {1,2,...n}, which gives rise to solutions of the discrete porous medium equation

d n
api = Zlgl]p]m form > 0. @)
]:

Here we assume that the matrix € R™*" is the generator of a reversible time continuous Markov
chain on X' and p is a curve taking values in 2", that is the space of probability densities with
respect to the stationary distribution 7 of Q.

In order to interpolate a discrete density p between points i and j in X', we introduce the mean

P _om=1 et =
ij = - =
moopr=t—prt

®)

for 0 < m < 2. Inspired by the Benamou-Brenier formula (6), we define a distance function on 2"
by

1
W (po, p1) = inf{f Z(‘/Jj(t) - ‘/Jz‘(f))zpij(f)Qij”i df},
0 i
where the infimum is taken over all smooth curves p : [0,1] - 2" joining py to p;, and ¢ : [0,1] —
R" satisfying the discrete continuity equation
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n
%Pi(t) + Zf (¥t — (D) (HQy; =0 Vie X"

The definition of #/ somewhat resembles the distance on a Riemannian manifold. Indeed, it turns
out that the interior of 2" can be endowed with a Riemannian structure which induces the distance
W . This allows us to study the gradient flow for the discrete Rényi entropy functional

1 < .
m Zp;"n, if m 7& 1,
i=1
n

ZPz‘”i logp; ifm=1,
i=1

on the Riemannian manifold int””. Now the particular structure of the mean pi; in (8) comes
into play, which allows us to identify the gradient flow equation for the functional /= with the
corresponding discrete porous medium equation in (7).

At this point, we have established two types of gradient flow structures on distinct metric spaces:
the first one for probability measures on Euclidean space in the context of the 2-Wasserstein dis-
tance, the latter one for discrete probability densities on the finite set X' with respect to the dis-
tance /. Now the question arises whether one can relate these two notions by approximation of
the former by the latter. To this aim, we present an abstract framework for convergence of gradient
flows in general metric spaces in Chapter 4, following results of Serfaty [63] and Daneri and Savaré
[20].

The main ingredient is a certain notion of convergence of functionals ¢” on metric spaces (X,,,d,,)
to a limit functional ¢ on (X, d): Let p” : R* — X, be curves satisfying the energy dissipation
equality (4). Moreover, we assume that there is a limit curve in the sense that there exists a metric
space (X,d) together with mappings /" : X,, — X such that /* o p" is pointwise convergent to a
curve p : R* — X. In order to retain p as solution of (4), it is enough to check the I'-lim inf bounds

liminf " (0" (1) > p(p(1)), (9.)
t t

liminf [ |p"*(r) + g" (0" (1) dr = [ 1P () + [ () (1) dr (9.b)
0 0

for all times t > 0, together with suitable initial conditions on all p".

In the second part of this chapter we provide a similar stability result for the evolution variational
inequality (5). Here abound of the form (9.a) is not sufficient and the stronger notion of (sequential)
I'-convergence of the functionals ¢" is required. Since the metric appears explicitly in (5), we need
to relate the metrics d,, to the metric d by assuming that /" is “almost an isometry” between X,, and
X up to some small error ¢,, > 0, viz.

dist (/" (X,,), X) < ¢, and [d((x), " (y)) —d,(x, )| < e, VxyeEX,. (10)

Provided that a sequence of such mappings exists for some (¢,, \ 0), we say that the metric spaces
(X, d,) are convergent to (X, d) in the sense of Gromov-Hausdorff.

In Chapter 5 we are concerned about applying the first stability result of the previous chapter
to approximate the 2-Wasserstein gradient flow for the porous medium equation () on the unit
interval () := (0, 1) by its discrete counterparts as already done for linear Fokker-Plank equations
by Disser and Liero [24]. The Markov chains for the corresponding gradient flow structures will
be induced by a simple finite-volume scheme for (1). The resulting generator Q only allows for
nearest-neighbour transitions; in other words, & is a tridiagonal matrix, which enables us to obtain
explicit expressions for the metric differential of a curve in 2", and the slope of the discrete Rényi
entropy functional 7=, both with respect to the discrete transportation distance /.



In the next step, we consider piecewise constant interpolants U" of discrete gradient flow curves
in 2", which (up to a subsequence) are weakly convergent to a probability density curve U on
Q). Now it remains to verify the I'-liminf bounds in (9) to allow for an application of the first
stability result in Chapter 4. Thus, we established that U is the density curve of a gradient flow
satisfying the energy dissipation equality (4) in P, (Q)). As a consequence of the results obtained
in the Wasserstein framework, U is a distributional solution of the porous medium equation (I)
with non-flux Neumann boundary condition.

In the last chapter, we adapt our approach from Chapter 5 to the related notion of gradient flows
satisfying the evolution variational inequality (5). In this case, the abstract framework of conver-
gence is provided by the second stability result in Chapter 4. That means that we have to assure
that the spaces (P", W) converge to (2,(Q)), W,) in the sense of Gromov-Hausdorff as (n — o).
To this aim, we make the simplifying assumption that the underlying discretisation of () is equidis-
tant which implies that the induced generator is of following form

-11 0 0 .. 0
1 -2 10 :
R=n? 0 =~ =~ =~ = 0
P 001 =2 1
0 .. 00 1 -1

This particular structure of Q allows us to adapt an argument by Gigli and Maas [35], thereby ob-
taining suitable mappings /* : 2" — D,(Q)), satisfying (10) by exploiting strong regularisation
properties of the heat semigroup on the real line.

Equipped with these ‘almost isometric’ mappings and I'-convergence of the discrete Rényi en-
tropies /=" to F,,, as (1 — o), it remains to obtain gradient flow curves p : R* — 2" which satisfy
(5) for the functionals /. This is indeed straightforward, provided that the entropies /=, are
convex along geodesics in the Riemannian manifolds int ", i.e.

Fa(r®) <A =0HF (1) +t7,/ (1)  VtE[O1] (I

for all points 7,7, € P" and geodesics 7 : [0,1] - P" connecting 7, to 7;.

Whilst the verification of (I1) is fairly straightforward for the case m = 1, it is not clear whether
/Cn’f is convex along geodesics for arbitrary m > 0. At least for m < 1/4 or m > 7/4 the answer is
negative as counterexamples for generators of tridiagonal Toeplitz matrix form will show.

Nevertheless, we can apply the abstract convergence result for gradient flows satisfying the evo-
lution variational inequality in the case m = 1. Thus, we recover a density curve U in £,(Q)),
which belongs to the (unique, provided we fix a starting point) gradient flow, satisfying (5) for the
entropy functional F;. Consequently, U is also a distributional solution to the homogeneous heat
equation

d

au:AU in Q),

with non-flux Neumann boundary condition.
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(MD2)
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Gradient Flows in Metric Spaces

Absolutely Continuous Curves and Their Metric Derivative

In this section we take a glance at absolutely continuous curves, taking values in a metric space,
and introduce the closely related concept of a metric derivative. Indeed, with these tools we lay the
groundwork for various notions of gradient flows in metric spaces, which we are going to study
in the subsequent section.

We will start with the definition of an absolutely continuous curve, taking values in a complete
metric space.

—— Notation
In this chapter, by (a, b) we denote a possibly unbounded interval on R and by (X, d) an arbitrary
complete metric space.

Definition  Given a curve v : (1,b) — X, we say that v belongs to ACP((4,10),X),1 < p < oo, if
there exists a function m € L?((a,b), R) such that

t
d(o(s),0(h)) < fm(r) dr  Vste@b):s<t (1.1

We say that v belongs to ACfOC((a, b),X),1 < p < oo, if for every t € (a,b) there exists a neigh-
bourhood U C (g, b) of t such that v|u e ACP (U, X).

In the case p = 1 we say that v is absolutely continuous or locally absolutely continuous and
simply write AC((a, b), X) or AC,.((a, b), X) for the corresponding space, instead of AC'((a,b), X)
or AC} ((a, b),X), respectively.

loc

Although metric spaces lack the linear structure of vector spaces, it is possible to define a certain
generalization of a derivative of functions taking values in arbitrary metric spaces.

Definition A function v : (a,b) — X is said to be metrically differentiable at a point t € (a,b) if
the limit

. _d(v(s),v()

exists. Then [9](t) € R is called the metric differential or metric derivative of v at t.

Example (Fréchet derivative) Consider a functionv : (a,b) — Y where (Y, ||-|ly) is a Banach space.
Then v is metrically differentiable at a point ¢ if v is Fréchet differentiable at £, since

v(s) — v(t) l(w(s) —v(Dlly — 1ol

ot =iy 230] - S )

Concerning the following theorem, recall that the limit inferior of a function ¢ : X - R U {+oo} at
a point x € X is defined as th‘IL ixnf¢(y) := supinf ¢(U), where $(x) denotes the neighbourhood
filter of x. Uell(x)

Theorem For any curve v € ACP((a,b), X) the metric differential |0| exists a.e. in (a,b) and satisfies
the following properties:

The function [0| belongs to L ((a,b), R).

[0 is an admissible integrand for the right-hand side of (1.1.1).

The metric differential is minimal in the sense that |0] < m holds a.e. in (a,b), for each function m &€
LP((a,b), R) satisfying (1.1.1).



@)

(i)

1.2.1

DIFFERENT FORMULATIONS OF GRADIENT FLOWS IN METRIC SPACES 12

Lemma (Lipschitz and arc-length reparametrisation) Let v € AC((a,b), X) be an absolutely continuous
curve with length L := f: [0 (t) dt.

For every e > 0and L, := L 4 e(b — a) there exists a strictly increasing, absolutely continuous map
Ge:(a,b) - (0,L,) with limg,(t) =0 and limg.(t) =L,
tN\a b

and a Lipschitz curve

19l
£+ 0|

v, :(0,L,) » X, suchthat v=v, and |V]og, = € L*((a,b),R). (1.3)

Moreover, the map ¢, admits a Lipschitz continuous inverse T, : (0,L,) — (a,b) with a Lipschitz constant
e~ such that v, = v o T,.

There exists an increasing, absolutely continuous map

¢:(a,b) - [0,L] with lim¢(t)=0 and lim¢(t) =1L,
tNa t b

and a Lipschitz curve

v:[0,L] > X, suchthat v=vo¢ and |V|=1 ae. in[0,L]. (1.4)

Different Formulations of Gradient Flows in Metric Spaces

—— Notation
Throughout this section (M, ) denotes denotes a smooth, complete connected Riemannian man-
ifold M of dimension N > 1, endowed with the metric tensor ¢ and the Riemannian distance
dg.

By (X, d) we denote an arbitrary complete metric space and by (a,b) a possibly unbounded open
interval in R.

Moreover, we will assume that any extended real functional ¢ : X — R U {+oco} has proper effective
domain, i.e. the effective domain dom ¢ := {x € X : $(x) < +oo} of ¢ is nonempty.

Let ¢ be a smooth functional on some Riemannian manifold (M, g). Then a gradient flow (with
respect to F) is just a differentiable curve v : R* — M, solving the gradient flow equation

and satisfying ltil’BI v(t) = vy for some initial value vy € M.
N

The aim of this section is to generalise this notion to general metric spaces. Clearly, (1.5) makes
a-priori no sense for a curve, taking values in a metric space since one lacks the tools to properly
define the derivative of such a curve. Nevertheless, we may characterise (l.5), only using the no-
tions of geodesics and convexity together with the metric tools developed in the previous section.

Werecall that a functional ¢ € C2Z(M) is convex, precisely, when Hess ¢ is positive semi-definite, i.e.
Hess ¢(v,v) = 0 for allv € T,M and every point p € M. This naturally generalises to x-convexity
in the following sense: ¢ is called x-convex if Hess ¢ — «g is positive semi-definite.

The following proposition gives various characterisations of x-convexity.

Proposition (x-convexity) Let (M,g) be a Riemannian manifold and fix x € R. Then for every func-
tional ¢ € C%(M) the following statements are equivalent:



()
(ii)

(iii)

(iv)

1.2.2

1.2.3

1.2.4

(ii)

13 GRADIENT FLOWS IN METRIC SPACES

Hess ¢ — xg is positive semi-definite;
for every constant speed, minimizing geodesic 7y : [0,1] — M, connecting two points o, v; € M, we have

P(1(1) < (1= D9 (10) +19(11) = t(1 = D 582070, m);
for every constant speed, minimizing geodesic vy : [0,1] — M, connecting two points o, y; € M, we have
. K
g(Ve(10),7(0) < $(11) = (70) = 35 (Yo, 70);
for every constant speed, minimizing geodesic 7y : [0,1] — M, connecting two points o, y; € M, we have
§(V9(10),7(0) < g(Vp(r1), ¥(1)) = 5d2(70,70)-

Note that the formulations (i) and (iv) of Proposition 1.2.1 only require the functional ¢ to belong to
C1 (M), whereas (ii) requires no smoothness assumption on ¢. Therefore, we may use (i) to define
an appropriate notion of x-convex functionals on general metric spaces.

Definition Let (X,d) be a metric space and fix x € R. Then a functional ¢ : X - R U {+oo} is
called x-convex along a curve 7y : [0,1] — X, connecting two point g, 7, € X if

P(r(1) < (1= DP(r0) + tp(y) — gt(l - td?(yo,11)  Vte[0,1]. (1.6)

In particular, ¢ is called geodesically x-convex if for every pair of points 7y, y; € dom ¢ there
exists a geodesic 7 : [0,1] — X, connecting 7y and 7, such that ¢ is x-convex along 7.

Now we introduce the notion of slopes which generalise the modulus of a gradient to a general
metric setting.

Definition We call

@@ -9

A y) Vx € dom ¢

|0¢p|(x) := lim sup
y—ox

the slope of ¢.

Proposition (Slopes are upper gradients)

The slope |0¢| is a weak upper gradient for ¢, i.e. for every curve v € AC((a, b), X) with the properties

v t e [9¢|(v(t)) [0I(t) belongs to L' ((a,b), R) and

> ¢ o v is of essential bounded variation on (a,b), .i.e. there exists a function ¢ : (a,b) - R U {+c0} of
bounded variation such that ¢(v(t)) = @(t) a.e. in (a,b),

one has @' ()] < g(v(t)) [0I(t) a.e. in (a,b).

If ¢ is lower semicontinuous and geodesically x-convex for some x € R, then the slope |0¢| is also a strong
upper gradient for ¢, i.e. for every absolutely continuous curve v : (a,b) — X the function |0¢|ov is Borel
measurable and

t

p((t) — ()| < [ PPl BI(Ndr Vst e (@,b) s <t (1.7)

S

Moreover, the slope admits the representation

(¢(x) -y K-

+
[0¢|(x) = sup i) + 5 d(x,y)) Vx € dom ¢,

yix

where k¥~ := min {x, 0}.
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Now we are ready to some reformulations of (1.5). To this aim, recall that the upper right-hand Dini
derivative of a function f : (a,b) — R is given by

+ t+h) —f(t
%f(t) = hmsupw Vt e (a,b), (1.8.2)
h~O
whereas the upper left-hand Dini derivative of f is given by
- t+h) —f(t
%f(t) = lim supw vVt € (a,b). (1.8.b)
h70

Proposition (Gradient flows on Riemannian manifolds) Let ¢ € C'(M) be a smooth functional on a
Riemannian manifold (M, g) and let v : (a,b) — M is a continuous curve. For every time t € (a,b) where
v is differentiable at t, the following two statements are equivalent:

v satisfies the gradient flow equation at ¢, i.e
—v(t) = —(grad _¢) .,
dtv( ) (gra g )v(t)’

v satisfies the energy dissipation equality at t, i.e.

d . 1 2 1. . 2.
() = =5 P (v()) — 5 WD

If ¢ is a geodesically x-convex functional for some x € R according to Definition 1.2.2, then any of above
statements is equivalent to any of:

for every point y € M and every geodesic y; : [0,1] — M, connecting v(t) to y, we have

14+ d+
53 d;(v(t),y) < £¢(’7t(5))|520'

for every point y € M, v satisfies the evolution variational inequality

1d+
55 2 (v, y) < o) = p(v(h) = 5a2(v(t),y).

Proof We start by proofing the equivalence of (i) and (ii): The chain rule, together with the in-
equalities of Cauchy-Schwarz and Young imply the estimate

d ) . 1 )
-50(v) = <—<gradg¢>y<t>,v<t>>g < |(grad @)y o, 11 (B)lg < 5 (|<gradg¢>v<t>|§ + |v<t>|§).
(1.9)

Note that there is equality in the first inequality of (1.9), precisely, when gradg(p at v(t) and v(t)
are linearly dependent by a negative scalar. On the other hand, equality in the second inequality
holds iff the norms of both vectors agree. Combining both conditions implies that there is equality
in (1.9), exactly, when the gradient flow equation of (i) holds.

Let us check that (i) implies (iii): Since -y, as defined in (iii) is a geodesic with end point y, we have

V,, 7 = 0and 7;(1) = 0 in the first variation formula (B.2) from Appendix B. Therefore, we obtain

1
1d+ . . , oy
5 (v, y) < lm(s)@ ds = —<'yt(0),'yt(0)>g = ~(1:(0),0(1)),. (1.10)

Moreover, the gradient flow equality in (i) implies
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e 2069) = ¢(1:(®)

sN\O S

=V, 0= <(gradg(/))],(t),"yt(0)>g = (=0, 71(0)),. (1.11)

Together, both (1.10) and (1.11) yield

1d+ , d+
5 Gav®,y) < To(n)|

which is precisely the inequality in (iii).

Next, we show that (i) implies (iv): Note that ¢ is x-convex along the geodesic 7; connecting v (t)
toy. Thus, (1.6) corresponds to

‘P(’Yt(s)) - ‘f’(%(o))

S

< P(1(D) = (1) = 5A = Hd2(1(0),7,(1) Vs € (0,11,

Now passing to the limit above as (s \ 0) and using the inequality in (iii) results in the evolution
variational inequality

1d+ d+ K
sq Bvihy) < &4’(%(5)”5:0 <¢(1 (D) = p(1(0) — 53 (7:(0), 7+(D)).

Finally, it remains to go from (iv) to (i): Fixw € T,,M and y = exp,,, (w). Provided that we
choose & > 0 small enough, 7,(s) = exp,,, (sew) is the unique length minimising geodesic joining
v(t) to y with constant speed || o = €lwlg. In particular, there is equality in (1.10) for this choice of
Y, to wit

1d+

337 (DY) = =(1:(0),0(D), = —(ew, 0())g.

Together with the the evolution variational inequality in (iv) we obtain
— (ew,0(1)g < p(7(D) = 9(1(0)) = 5d2(1(0), 1(1)) =
= p(exp, ) () = p(v(D) = 52l

where we used that 7; has constant speed || o = €lwlgin the equality from the first to the second
line. Reordering the terms of this inequality and dividing both sides by ¢ yields

(P( expv(t)(sw)) - (P(V(t))

3

R K
> —(w,0(h)g + Helul,

where we may pass the limit as (¢ \ 0) to arrive at
<(gradg¢),,<t>,w>g = Vo = (W, —0(1)),. (1.12)

Since this inequality holds for all w € T, )M, there is actually equality in (I.12) and we conclude
that the gradient flow equation in (i) is satisfied. [ ]

Note that we may carry over the gradient flow characterisations (i) to (iv) in Proposition 1.2.5 to
general metric spaces by interpreting the modulus | (¢)| of the velocity field ¢ as metric derivative
[V/(t) in the corresponding (in-)equalities. We only need to clarify the meaning of a geodesics in
a metric space: Recall that the Hopf-Rinow theorem (cf. Theorem B.3.4 in Appendix B) implies that
for any two points in the connected Riemannian manifold (M, g), there exists a length minimizing
geodesic v : [0,1] — M, connecting these two points. Furthermore, we can assume without
restriction that < is a constant speed curve. This gives rise to the following definition.
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Definition Let (X, d) be a metric space. A curve 7y : [0,1] — X is called constant-speed geodesic
if

d(y(s), (1) = It —sld(7(0),7(1) Vst [0,1].

We call (X,d) a geodesic space if for every pair of points g, y; € X, there exists a constant-speed
geodesic 7 : [0,1] — X, joining 7 to 7.

Clearly, every connected Riemannian manifold, endowed with the Riemannian distance, is a geo-
desic space by the aforementioned Hopf-Rinow theorem.

Regarding the following definitions, it is sufficient to require a curve v to belong to AC, |_(R*, X).
Then Theorem 1.1.4 assures that the metric derivative |9 exists a.e. in R* and is Borel measurable.
Moreover, the reverse triangle inequality implies for fixed y € X that

[d(v(s),y) —d(v(t),y)| < d(v(s), o)) Vs, t € R*.

As a result, we obtain that the real-valued function t — d(v(t),y) is locally absolutely continu-
ous and therefore differentiable a.e. in R*. Note that this holds also true for the mapping t
d?(v(t),y). Thus we can establish the following definitions, inspired by the characterisations of a
gradient flow on a Riemannian manifold as in Proposition 1.2.5.

Definition Assume that ¢ : X - R U {+oo} is a functional with proper effective domain dom ¢.

A curve v € AC| (R*,X), starting from ltir{)w(t) = 7y € dom ¢, satisfies the energy dissipation
inequality (EDI) if h

t t
%f o1 (r) dr + % f P> (v(r)) dr < p(xg) — Pp(v(t))  Vie R, (1.13.2)
0 0
and

t t
! o1 (r) dr + % ! P> (v(r)) dr < ¢p(v(s)) — p(v(t))  aesteR*:s<t  (I.13b)

N —

We call such a curve gradient flow in the EDI sense.

A curvev € AC

loc (R, X)), starting from ltirgw(t) = vy € dom ¢, satisfies the energy dissipation
equality (EDE) if N
1 1
3 f [0]%(r) dr + 3 f |8¢|2(U(r)) dr = ¢(v(s)) — P(v(1)) Vs,t e Rt:s <t (1.14)
S s

Such a curve is called gradient flow in the EDE sense.

A curvev € AC, (R*, X), starting from lim;( v(t) = vy € dom ¢, satisfies the evolution varia-
tional inequality (EVI) with respect to a given ¥ € R if

3 S (00,9) <90 - p(o) - 5P(ohy)  VyEX,aete RY. (1-13)

We say such a curve is a gradient flow in the EVI sense with respect to «.
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Properties of Gradient Flows in Metric Spaces

—— Notation
As before, our minimal assumption in this section is that the functional ¢ : X - R U {+o0} has
proper effective domain, i.e. dom ¢ is nonempty, in a complete metric space (X, d). Moreover, we
assume that ¢ is lower semicontinuous.

Before we will compare the different notions of gradient flows introduced in the previous section,
we will show some properties unique to EVI gradient flows. We start with two useful charac-
terisations of EVI, which avoid differentiation and do not assume any absolute continuity of the
curve.

Lemma (characterisation of EVl) For x € R a continuous curve v : R* — dom ¢ satisfies the EVI,
precisely, when

¢
%e"tdz(v(t),y) — %e"sdz(v(s),y) < (¢(y) - q)(v(t))) fe’“ dr Vy €dom¢, Vs,t € RT:s < t;

s

(1.16)

Above characterisation allows us to obtain a slightly refined version of (l.15) which holds for all
t > 0. Indeed, (I.16) we can divide both sides of (1.16) by (f — s) and pass to the limit superior as
(t v s) to obtain the following pointwise variant of the EVI:

%%erz(v(t),y) < o) — p(o®) — gdz(v(t),y) Vy € dom¢, Vt € R™. (1.17)

Here %+ denotes again the upper right-hand Dini derivative as defined in (1.8.a)

Gradient flows in the EVI sense have extensive contraction and regularising properties. The fol-
lowing theorem summarises some of the crucial results.

Theorem Let v,w :€ AC| (R*,X) two be curves , both of which solve the evolution variational in-
equality (1.15) with respect to some x € R and assume that ¢ is a lower semicontinuous functional with
proper effective domain. Then v and w satisfy the following properties:

K-contraction and uniqueness:
d(v(t), w(t) < e = d(v(s),w(s)  s,tERT s <t
In particular, for every initial datum vy € dom ¢ there exists at most one gradient flow in the EV1I sense.

Regularising effects:  The curve v is locally Lipschitz and v(t) belongs to dom |d¢| C dom ¢ for all times
t > 0. For every initial datum ltirgw(t) = vy € dom ¢ and all times t > 0 the following a priori estimate
holds: b

t t )

%e’“dz(v(t),y) +(¢(v(t)—¢(y))) je"’ dr+% |E)cp|2(v(t)) (j err dr) < %dz(vo,y) Vy € dom ¢.
0 0

(1.18)

Energy identity: The map ¢ o v is locally Lipschitz; the right limits

$(0(s) = p(v (1)

s—t

d(v(s),v(t)) d o

[0|(t+) := lim
s\t

exist for all times t > 0 and satisfies the energy identity
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%zp(v(tﬂ) = —pPt+) = —[9p[ (v(h) Ve R*. (1.19)

The following result shows that the existence of a gradient flow in the EVI sense implies geodesic
x-convexity of the underlying functional.

Proposition Let ¢ : X — R U {+o0} be a functional with proper effective domain and fix x € R.
Assume for every initial value x € dom ¢ there exists a gradient flow v, € AC1 oc(RF, X)) in the EVI
sense, starting from ltlzg v, (t) = x. Then ¢ is k-convex along every geodesic in dom ¢.

Now we turn to some comparison results between the different notions of gradient flows in metric
spaces. When comparing (EDI) and (EDE), the following implications are obvious:

Facts Let¢:X — R U {+0o0} be a functional with proper effective domain and v : R* — X be a
locally absolutely continuous curve, starting from vy € dom ¢.

If v is a gradient flow in the EDE sense, then the definitions immediately imply that v satisfies
(EDI).

If ¢ is lower semicontinuous and x-convex for some ¥ € R, then the inverse implication does
also hold: If v is gradient flow in the EDI sense, we may use Proposition 1.2.4.ii and the AM-GM
inequality to infer

p(o(t)) — p(v(s)) f|v|(r) 9¢|(v(r) d %!m (r)dr+ > j PP (o)) dr  ae.s<t

Hence, v is also a solution to (EDE).

On the other hand, the following result, namely, that (EVI,) is the strongest of the three notions of
gradient flows in a metric setting, is a non-trivial consequence of Proposition ii.

Proposition Let ¢ : X — R U {+co} be a lower semicontinuous functional with proper effective domain
and v € AC, (R*,X) be a curve, starting from xo € X. If v is a gradient flow in the EVI sense with
respect to some k € R, then v satisfies (EDI) and (EDE).

The following elementary example shows that the implication in Proposition 1.3.5 cannot be re-
versed.

Example Consider the space ( R?, ||-||Oo) and define a smooth functional on R? by ¢(xq,x5) = xq.
Clearly, ¢ is convex and [d¢| = [|[V¢|| =
Next define a family (v;);cg+ of smooth curves with joint initial datum (0,0) by

t .
0:[0,4%) » B, o) = (<) ViE[0+),
and note that ¢(v;(t)) = —t and [0/(t) = [[0'(t)|, = 1foralli € R*. Now it is immediate to
check that every v; satisfies (1.14) as well as (I.13). On the other hand, the lack of uniqueness of
the flow curve v; and Proposition 1.3.2 imply that the family (v;);cr+ does not belong to (EVI,) as
v(t) == (t,0) depicts the unique gradient flow for ¢ in the EVI sense.

In particular, Proposition 1.2.5 cannot be applied since the norm |||, does not induce any inner
product on R”. q

The difference between (EDI) and (EDE) in a general metric setting is more subtle. We just refer to
Example 3.15 in [3]. By making use of the minimizing movement scheme which will be introduced in
the next section, this example shows that there exists a gradient flow in the EDI sense, which does
not satisfy (EDE).
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Existence of Gradient Flows in Metric Spaces

In this short section we investigate a discrete approximating scheme which plays a major role in
the existence theory of gradient flows in metric spaces.

At first we introduce a uniform partition of R*:

—— Notation
Denote by P, := (n7),¢n, the uniform partition of R* into left-open, right-closed intervals I” :=
((n—=1)t,nt], n € N of size T > 0.

Definition Let a lower semicontinuous functional ¢ : X — R U {400} with proper effective
domain dom ¢ be given, where (X, d) is a Polish metric space. Define the functional

P: Rt xdom¢ x X — R U {+oc} (1.20.2)

(t,M,x) — ZdeZ(x,z\/D + ¢ (x). (1.20.b)

For any given time step T > 0 and discrete initial datum MY € dom ¢, a T-discrete minimizing
movement starting from MY is a sequence (M"),,cy in dom ¢ which satisfies

@ (7, M, M") < ®(7,M"1,x)  VxeX, VnEN.

A discrete solution is the piecewise constant interpolant

M () =) M'I(t)  VteR*.

n=1

In general, the existence of a discrete minimizing movement (M”),,cy cannot be assured without
further assumption on the functional ¢. However, in case of existence of such a sequence for every
T > 0, one hopes to find a limit curve as (T \ 0) which satisfies the definition of a gradient flow
in some sense.

For instance, a first convergence result could be obtained if one requires all sublevel sets of ¢ to be
boundedly compact and some regularity to hold:

Theorem (Existence of EDI gradient flows) Let (X, d) be a Polish metric space and ¢ : X — R U {+o0}
be a lower semicontinuous functional, bounded from below with proper effective domain dom ¢. Assume
that ¢ and ®, defined in (1.20), satisfy the following properties:

The sublevel sets of ¢ are boundedly compact, i.e. every closed bounded subset of {x € X : ¢(x) < c} is
compact for any ¢ € R;

there exists T > 0 such that ® (T, M, -) admits a minimum for every choice of T € (0,T) and M € dom ¢;
the slope |0¢| : dom ¢ — RE U {+o0} is lower semicontinuous;

for every sequence (x,,),en, converging to some x € X, such that |9¢|(x,,) and ¢(x,,) are bounded from
above for all n € N, we have lim,,_, ., ¢(x,,) = P(x).

Then the following statements hold:

For every discrete initial datum M° = uy € dom ¢ and every time step T € (0, T), there exists a discrete
minimizing movement (M), c in d_om ¢.

The corresponding discrete solutions M. are locally uniformly convergent to a curve u € AC
as (T \0).

The limit curve u is a gradient flow in EDI sense, starting from u.

(RT, X)

loc

We already saw in Fact 1.3.4.i that geodesic x-convexity of the functional ¢ implies that any EVI
gradient flow additionally satisfies (EDE). Moreover, assumptions (REGI) to (REG3) in Theorem
|.4.2 can be removed in favour of said x-convexity.
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Theorem (Existence of EDI gradient flows) Let (X, d) be a Polish metric space and ¢ : X — R U {+o0}
be a lower semicontinuous functional with proper effective domain dom ¢. Assume that ¢ is x-convex for
some ¥ € R and (COMP) is satisfied.

Then (REGI) to (REG3), as well as the following statements hold:

For every discrete initial datum M2 = uy € dom ¢ and every time step T € (0,T), there exists a discrete
minimizing movement (M), cy in dom ¢.

The corresponding discrete solutions M are locally uniformly convergent to a curve u € AC, (R*,X)
as (T \0).

The limit curve u is a gradient flow in EDE sense, starting from u.

For the remainder of this section we are interested in the stronger notion of EVI gradient flows. We
have already observed in Section 1.3 (see Proposition 1.3.3) that gradient flows in the sense of (EVI,)
are closely related to the x-convexity of the underlying functional ¢. However, in a general metric
setting the existence a EVI gradient flow does not only depend on ¢ but also on the geometrical
structure of the metric space (X,d). We cite the following result due to Ambrosio, Gigli, Savaré,
which assumes that the functional ¢ is x-convex along a suitable class of curves in X.

Theorem (Existence of EVI gradient flows)  Let (X, d) bea Polish metric spaceand ¢ : X — RU{+oo} be
a lower semicontinuous functional with proper effective domain dom ¢. Assume that ®, defined in (1.20),
satisfies the following property:

For every triple of points M, xg, x; € dom ¢ there exists a curve 7y : [0,1] — X with end-points (0) =
xo, ¥(1) = xq such that ®(t,M,-) is (T~ + x)-convex along vy for every T > 0 with % > —min {0, x}.

Then the following statements hold:

For every discrete initial datum M2 = uy € dom ¢ and every time step T > 0 with 1+ i > 0 there exists
a discrete minimizing movement (M), e in dom ¢.

The corresponding discrete solutions M, converge locally uniformly to a limit curve u € AC
(T NO0).

The limit curve u is the unique gradient flow in EVI sense, starting from uy.

For every T > 0 there exists a constant C,. 1 > 0 such that the following error estimate holds:

(R*,X) as

loc

d(u(t), M (t)) < Cr|9¢l(ug)t  Vt€[0,T].

Finally, we mention a geometrical class of metric spaces in which the property (GCON) seems to
be very natural.

Remark (Non-positively curved geodesic spaces) We call a metric space (X, d) geodesic space if for
every pair of points g, y; € X there exists a constant-speed geodesic 7y joining 7, to ;.

Then a geodesic space is said to be non-positively curved (NPC) in the sense of Alexandrov if for
every constant speed geodesic ¢ and every point x € X the following inequality holds:

d>(y(h),x) < (1 = Hd*(7(0),x) + td>(y(1),x) = t(1 = Hd*(y(0), (1))  Vie[0,1].  (1.21)

Clearly, above inequality holds precisely when the functional %dz(-, x) is 1-convex along .
In Riemannian geometry, (1.21) may be also characterised by means of the sectional curvature: A

connected Riemmanian manifold (M, g) is an NPC space, precisely, when the sectional curvature
tensor K is bounded from above by 0 on M.

Now assume that a geodesically x-convex functional ¢ : X — R U {+oc0} on an NPC space (X, d) is
given and fix 7 > 0. Then for every pair of points 7y, 7; € X there exists a geodesicy : [0,1] — X,
connecting ¥ to 7y such that (1.6) holds. Therefore, we may add the inequalities (1.21) multiplied
by ZLT and (1.6) up to obtain that the functional ®(7, M, -) is (71 + x)-convex along <. Thus, in
NPC spaces geodesics seem to be the natural choice of curves required in (GCON).

However, it turns out that Wasserstein spaces over R” do not satisfy (1.21). Hence, a different class
of curves has to be considered in such spaces.
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Gradient Flows in Wasserstein Spaces

The Kantorovich Transportation Problem

Our starting point in this chapter is the Kantorovich transportation problem.

Recall that for a finite family of measurable spaces (X;, A;);c, the tensor-product c-algebra @,;; A;
is generated by Uiel(ﬂi)_l (A;). Then the set ( Xier Xir Qjct Ai) is called the product measurable
space of the family (X;, A;);er-

Since the projection 7’ : X,;c; X — X; is a measurable function by definition, we may consider
the pushforward mi,o == o o (71")_1 of an arbitrary measure ¢ on ( X;c; X;, ®;c; Ai), which then
induces a measure on (X;, A;).

—— Notation
For a finite family of probability measure spaces (X;, A;, it;);cr, we denote by IT(y;);c; the set of
all probability measures o on ( X;c; X;, ®,c; Ai) such that mho = p; foralli € I.

Definition (Kantorovich transport problem) Let (X, Aq, p1) and (X5, Ay, }i>) be measure spaces
and assume that there is given a measurable map / : X; x X, - R} U {+c0}. The elements of
II(py, pip) are called admissible (transport) plans. We say that o € I1(yy, pio) is an optimal
(transport) plan if Uopt Minimises the functional

K(py, pia, o) ==fhdffeRou{+oo}, (2.1)
X1xXo

Le. K(py, po, Oopt) = ifoeriquy up) K(p1, 2, 0). Tlope(pq, p2) denotes the subset of all optimal
transport plans in I1(yq, #5). The map h is called cost function of the Kantorovich problem (2.1).

Itis clear that there always exists an admissible plan for the Kantorovich problem since the product
measure jiy x ip belongs to I1(jq, 17). However, note that inf, ery(,, u,) K(#1, 2, o) need not be
finite. Nevertheless, the Kantorovich problem has a solution under rather general assumptions:

Theorem For any two Borel probability measures 1 and y, on Polish spaces (X1,dq) and (X5, d,), and
any lower semicontinuous cost function h : X; x X, » Ry U {+oo} the Kantorovich problem admits an
optimal plan.

Now we bring up an important relationship of the Kantorovich problem and its dual problem.

Definition (Kantorovich duality) In the setting of Definition 2.1.1, we formulate the related dual
problem as follows: Consider the functional

J(u, v, @, 1) = j pdu + f pdv Y(p,¥) € LN ( Xy, 1, R) x LY (X5, v, R).
X X,

Then a pair (§, ) in the set
@y, = {(¢, ) € L1(Xy, 1, R) x L1 (X5, v, R) : @(x1) + §(xp) < h(xy, %)}
is called optimal if [ (1, v, §, ) = SUP ,, e, J(u, v, @, ).

Now the Kantorovich duality asserts that under certain conditions the optimal value of the func-
tional K equals the optimal value of J]. Here we cite the following version.

Proposition (Kantorovich duality) Let h : X; x X5 — RE U {+o0} be a lower semicontinuous cost
function. Then

ming'el_[(y],yz) K(,ull Ho, 0) = Sup(%lp)E@h ](]/l, v, 4)/ l/]) (22)
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Note that the value on the right-hand side of (2.2) need not be attained in ®;, and the value +co is
not excluded.

The statement also holds for other function classes than ®,,. For instance, one may consider
Yy, = {(@, ) € Bp(Xq) x Bp(Xp) : ¢(x1) + 9(x3) < h(xy,x2)},

where By, (X;) denotes all bounded Borel measurable real-valued functions on X;, for i € {1,2}.
Then one may invoke monotone convergence to obtain the following more general result.

Proposition Leth: Xy x Xy = R} U {400} be a lower semicontinuous cost function. Then

M er1(, ) K(p1, 12, 0) = SUP 0 o T(1,V, 9, 4). (23)

At the end of this section, we mention the Monge problem, a transportation problem closely related
to the one of Kantorovich.

Definition (Monge Problem) In the setting of the Kontorovich problem, consider two measure
spaces (Xq, Aq,p1) and (Xp, Ay, pp) and let b : Xq x X; = RY U {+oo} be a measurable cost
function. We denote by T(p1, ) the class of all measurable maps T : X; — X, with pushforward
Typ1 = Yp. The elements in T(pq, o) are called admissible (transport) maps.

A transport map T, € T(piy, p2) is called optimal if it minimises the Monge problem

Mpia, o, T) = [ 1(x, T()) dpty (x) € Ry U {+0), (24)
X

ie. M(py, pa, Topt) = infreriu,uy) M1, 2, T). The subset of all optimal transport maps in
T(p1, ) is denoted by Topt(p1, p2)-

It is clear, that every given transport map Tp,;, € T(pq, p) induces an admissible plan in the
set I1(pq, pp) of the corresponding Kantorovich problem by means of the pushforward (Id, T) g4 .
However, unlike the Kantorovich problem, the Monge problem may not admit an optimal solution
in even very simple settings.

For example, one may consider X; = X, = [—1,1] with
the quadratic cost function h(xy,x,) = |x1 — le2 and mea- ~< .-
sures pq = 8y, pp = 271(6_1 + 81). Then I1(yq, ) con- < P

sists only of one admissible plan o =271 (g _1) + 6,9 1)- N

Hence, the Kantorovich problem admits a unique solu- v

tion. T

On the other hand, there exists no admissible transport

map T € T(pq, y») in the corresponding Monge problem | ! |
since T would be required to take values at +1 at the same

time (see Figure 2.1).

Figure 2.1 When p; charges single points,
a single-valued transport map T may not exist.
The key argument in the example given above is the fact This means that the Monge problem does not

that the measure y; gives mass to a single point. If one admitany split of mass, whereas mass splitting
avoids such situations, one can expect results on the exis- {ransport plans are generally admissible in the
tence of an optimal transport map corresponding Kantorovich problem.

To this aim, recall that every convex function ¢ : R” - R

is locally Lipschitz continuous. In particular, the coordinate functions goi, i € {1,...n} are ab-
solutely continuous on every compact interval [a,b] C R. Therefore, the gradient V¢ exists a.e. in
R". Moreover, we denote by ¢*(x) := SUP, R {(x,y) — ()} the convex conjugate of ¢.

Theorem (Brenier) Let piq and pi, be Borel probability measures with finite second moment on R", i.e. |-|*
belongs to Ll(R”,yi, R) fori € {1,2} and p,(B) = 0 for every Lebesgue null set B € J3(R"). Consider
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the quadratic cost function h : R" x R" — R, h(xq,xp) = |x; — x2|2. Then the following statements
hold:

There exists a Borel measurable transport map T € T(pq, pp), such that T = Ve for some convex function
@ : R"™ - R. The transport map T is uniquely determined up a yu,-null set in R™.

T = Vg is the unique optimal transport map of the corresponding Monge problem.

Under the additional assumption that y,(B) = 0 for every Lebesgue null set B € B.(R"), there exists a
map ¢ € T(yy, pup) with ¢ = Vo~ such that Vo* o Vo = Id pq-a.e. in R" and Vo o Vo* = Id yy-a.e. in
R™

The Structure of Wasserstein Spaces

Consider a Borel probability measure p on a Polish space (X, d) and set dy (x) :==d(x,y) forx,y € X.
It is clear that in the case that d, belongs to L” (X, y, R) for some y, € X, the triangle inequality

dy(x) =d(x,y) <d(x,yo) +dy,y9)  Vr,yEX

implies d, € LP(u, X, R) forall y € X. This justifies the following notation.

—— Notation
Given a metric space (X,d), ;@p(X) denotes the set of all Borel probability measures y such that
x — d(x,yy) belongs to LF (X, 4, R) for some iy € X. The set Qp (X) does not depend on the choice
of yy € X.

The set P, (X) can be equipped with a certain family of metrics. The idea is to consider the Kan-
torovich problem (2.1) with the metric d or, more generally, d”, p > 1 as cost function.

Definition Let (X, d) be a Polish space. Then for every p > 1, the function

1/p
W (g, v) 1= inferig ([0 doey) ) Vi, v € Py(X) (25)
XxX
is called Wasserstein distance or sometimes also Kantorovich distance of order p on QP(X ). The
space (£, (X), W,) is called Wasserstein space of order p over X.

Let us verify that Wp defines a metric on QP(X ) forallp > 1.

Proposition Let (X,d) be a Polish space. Then for every p > 1 the Wasserstein distance W, defines a
metric on ;DP(X ).

The proof of this result is not completely straightforward. Indeed, the verification that W), sat-
isfies the triangle inequality, is based on the following crucial lemma which assures that certain
compatible measures can be “glued together”.

Lemma (Coupling)  Let X, X5, X3 be Polish spaces and assume, there are two Borel probability measures
012 and 0 5 on the product spaces Xq x X, and X, x Xz with projections 12m? : Xq x X, — X, and
23121 X, x X5 — X, such that

1,242

— 2,352
#0'1’2 = m

#0'2,3.

Then on the product space X, x X, x X5 there exists a Borel probability measure i with projections m1-2 :

Xy x Xp x X5 = X3 x Xp and 123 : Xq x X5 x X3 — X, x X5 such that
1,2, _ 23, _
My n=0y, and My~ = 0y 3.

Next we show two important estimates for the Wasserstein distances.
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Proposition Let (X,d) be a Polish space. Then for every p > 1 and all y,v € ;DP(X) we have the
following inequalities:

For every choice of p < q the estimate W,,(u, v) < W, (i, v) holds.

For every yy € X we have

+io1,
g

I

1/p
Wy <2V ([P o yo)dip— i) © Vp,q e RY:
X

Now we investigate a useful characterisation of the Wasserstein distance W;. The following result
is closely related to the Kantorovich duality, introduced in Theorem 2.1.3.

Theorem (Kantorovich-Rubinstein) Let (X, d) be a Polish space. Then we have

Wiy, v) :sup{jfd(,u—v) :fELipl(X)} Yu,v e P (X).
'S

Wasserstein spaces inherit to a great extend the topological structure of the underlying metric
space:

Proposition Let (X,d) be a Polish space. Then for every p > 1 the Wasserstein space (ﬁp(X), Wp)
inherits the following properties from X:

The space (QP(X ), Wp) is Polish.

The space (QP(X ), Wp) is compact if (X, d) is compact.

Finally, we illustrate the relation between the topology generated by the p-Wasserstein distance
and the w*topology on &, (X). In fact, the Wasserstein distances almost metrisise the w*topology
in the following way.

Proposition Let (X, d) be a Polish space and fix p > 1. Then a sequence () pen in 2,(X) converges
weakly to a Borel probability measure y on X, precisely, when

)}1_1)1010 Wp(yn,y) =0 and hl’;l_)s;lp fd”(x, xg) dp,, (x) < fd”(x, xg) dpe(x) (2.6)
X 'S
for any xg € X.

In case, the metric space (X,d) is bounded, i.e. x — d(x,xg) is a bounded function on X, the
second condition in (2.6) is always satisfied. In other words, weak convergence of Borel probability
measures on a bounded Polish space is metrised by the Wasserstein distances.

Geodesics in the 2-Wasserstein Space

—— Notation
Throughout this section (M, g) denotes denotes a smooth, complete connected Riemannian mani-
fold M of dimension N > 1, endowed with the metric tensor g and the corresponding Riemannian
distance dg.

The following result gives a useful characterisation of geodesics in (P, (M), W,) by means of the
exponential mapping on a Riemannian manifold (cf.Section B.3 in Appendix B). Recall that an ele-
ment of the tangent bundle TM may be thought as pair (x,v), consisting of a point x € M and a
tangent vector v € T, M.

Proposition (Geodesics in the 2-Wasserstein space over a Riemannian manifold) For every t € [0,1]
define a mapping Exp(t) : TM — M via Exp(t)(x,v) = exp, (tv). A curve p : [0,1] — D, (M) is
a geodesic connecting pg to py in (Pr (M), W,), precisely, when there exists a probability measure ¢ €
P(TM) such that
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f 0P do(x,0) = Wi(po, i) and  (Exp(h)),o =p(H)  Vte[0,1].
™™

In particular, (P, (M), W,) is a geodesic space.

On the contrary, we have the following analogous result for 2-Wasserstein spaces over Hilbert
spaces.

Proposition (Geodesics in the 2-Wasserstein space over a Hilbert space) Let X be a (possibly infinite
dimensional) Hilbert space. A curve yi : [0,1] — P, (X) is a geodesic connecting yg to piq in (325 (X), W),
precisely, when there exists an optimal plan o € 11(yg, u1) such that

pt) = (A=-Hr' +tn*),0c  Vte[01]. (2.7)
In case, o is induced by a transport map T, formula (2.7) reduces to
put)y=(1-tlId +tT)#y0 vVt e [0,1]. (2.8)

Theorem (Continuity equation) For every absolutely continuous curve p : [0,1] - Lo (M), there
exists a Borel measurable family (vy)ep0,17 of vector fields v, € 7 (M) such that ||vt||L2(ﬂ(t)) < |p|(¢t) for
a.e. t € [0,1] and the continuity equation

%y(t) +div(ou(t)) =0 (2.9)

holds in the sense of distributions.

Conversely, if (p(t),v;) is satisfying the continuity equation (2.9) in the sense of distributions and

te[0,1]
fol ||vt||L2(ﬂ(t)) dt < +oo, then there exists an absolutely continuous curve @ : [0,1] - B, (M) such that

 agrees with @ LY-ge on[0,1] and |@| () < ||vt||L2( ))for ae. te[0,1].

u(t
Corollary (Benamou-Brenier formula) For every pair of points ug, 1 € P5(M), the 2-Wasserstein
distance between these two points is given by

1 1 1/2
Wa (o, i) = min { [ ol 2, At} = min{ [ o2, At} (2.10)
0 0

where the minimum is taken over all weakly continuous distributional solutions (p(t),v;),c (017 of the
continuity equation (2.9) such that the curve y is joining pg to py.

Recall from Remark |.4.5 that the characterising inequality in (1.21), together with geodesic x-con-
vexity of ¢, immediately implies that geodesics satisfy (GCON). This is a key assumption for the
existence of gradient flows in EVI sense.

To clarify, to what extend the Wasserstein spaces inherit metric curvature properties like (1.21)
from the underlying metric space, we recall the definition of an NPC space from Remark 1.4.5 and
introduce its counterpart:

Definition A geodesic space (X, d) is called positively curved (PC) in the sense of Alexandrov if
for every constant speed geodesic 7y : [0,1] — X, connecting 7, and 74, the following inequality
holds:

d?(y(t),x) = (1 = )d*(7yg, x) + td? (71, x) — t(1 = Hd*(v0,71) Vvt e [0,1], Vx € X. 2.11)

A geodesic space (X, d) is called non positively curved (NPC) in the sense of Alexandrov if for
every constant speed geodesic vy : [0,1] — X, connecting 7, and 74, the reverse inequality of (2.11)
holds.
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Euclidean space R" is flat in the sense that R" is both positively and non positively curved.

Let us investigate above definitions in the context of 2-Wasserstein spaces: For instance, it is
straightforward to obtain convexity of the mapping (y,v) - W%( u,v), due to the linearity of
the Kantorovich transport problem. Indeed, for measures pg, ji1, Vo, V1 € P, (X), the convex com-
binations

ur=tyug+ A -Hu and vy =tyg + (1 -ty (2.12)
also belong to P, (X) and the corresponding transport plan
oy =tog+ (1 -t
with 0; € Hopt(yi, v;) is admissible with respect to y; and v, for all t € [0,1]. Hence,
W2 (uy, vp) < fdz(x,y) doy(x,y) = tW3 (g, vp) + (1 —HW3 (g, 11) YVt € [0,1]. (2.13)
XxX

However, we already noticed in this section that geodesics in the 2-Wasserstein space over a Hilbert
space are given by (2.7), rather than convex combinations like in (2.12). In fact, it turns out that
more or less the converse of (2.13) is true if X is a PC space and we use geodesics to connect the
measures instead.

Proposition Let (X, d) be a geodesic space. If (X, d) is positively curved, then (£, (X), W,) is positively
curved as well.

Somewhat surprisingly, an analogous statement for NPC spaces does not hold true in general as
the following example shows.

Example The Wasserstein space (?(R?), W,) is not an NPC space.
Proof Define the probability measures

1
Ho = 5 (8,1 +8(5.3)) 0.0
(0/ _4) \ 2
r N R

1
= =(0,_ +6,_ ’
M1 2( (-1,1) ( 5,3)) y(l/z)\l \
1
vi= 5(5(0,0> +0(0,-4))- (—5.,3)\‘1. \\ (5,3)
(-1,1) (L1 R2

Clearly, y; belongs to DP?(R?) for every i €
{1,2,3}. Since all admissible plans in each Figure 2.2 For t = 1/2, the links between the atoms of the

d v represent an optimal plan of transportation

of the sets TT(up, 1), TL(ug, v), T1(1g, v) are Measures #(t) an p p p p
d(‘u 0-#1) (.ufO ) ,(‘uo . ) 4  Withrespect to quadratic costs |-? Note that the depicted optimal
concentrated on at most four points in R, plan is not uniquely determined, due to particular symmetry of

explicit computations of the distances are the transport problem at t = 1/2.
elementary and one obtains

W2 (uo, pi1) = 40,  W3(po,v) =30, W3 (py,v) = 30.

Moreover, one easily shows that
1
u(t) = 5(5(1—6t,1+2t> + 0(5-6t,3-2t)) vt e [0,1]

depicts a constant-speed geodesic with end-points u(0) = yy and u(1) = p; (see Figure 2.2). Now

) _ _30 30 40 _ WiGuov)  WiGu,v)  W3(uo )
W2(u(1/2),v) =40 >20= 5 + 5 = T = 20— 4 20 .

shows that inequality (1.21) does not hold. q
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Potential Energy and Internal Energy Functionals

In this section we will study two classical classes of functionals, defined on the 2-Wasserstein space
over R”.

Definition Letuv: R"” — R U {4} be proper, lower semicontinuous, and bounded from below.
Then the potential energy functional V : 2, (R") - R U {400} associated to v is defined as

Vi) = f vdpu.

Rn

Letf : R} — RU{+co} bea proper, convex lower semicontinuous function. Assume thatf satisfies

f(0) =0and lirzrl‘%nffi? belongs to R U {400} for some « > nL-i—Z Set f'(c0) == Zh_>no10 f(TZ> Then the
(lower semicontinuous envelope of the) internal energy functional F : D,(R"™) — R U {+oo}
associated to f is defined as

F(p) = ff(,a(x))dx +£(20) flging (R™), 2.14)
RV!

where dj(x) = p(x) dx+djging (x) is the Lebesgue decomposition of i in an absolutely continuous
part with density p and a singular part jg;,¢ with respect to the Lebesgue measure on R".

Let us check that the internal energy functional F is well defined.

Facts

The condition lim inf~ Z(? € R U {400} assures that the integral in (2.14) does not attain the value

zN0
—oo: Indeed, we may assume without loss of generality that « < 1 and then this condition implies

the lower bound f(z) > az + bz* for some a,b € R. Hence, to show that (az + bz*)p belongs to
Lt (]Rar ,R), it is enough to invoke Holder’s inequality to find the estimate

[orwds=[ o (1 'x')za dx <
2

R” 1+ |x]|
< (anp(w(l +1d)° dx)“ (HJ (1+ 1 )—% dx)l—“ oo
f@

Regarding f' (o), we need to verify that the limit lim,_, — exists and actually stays away from
—oo. The latter follows directly from the convexity of f, while for the former we may use the
monotonicity of f on some interval (c, +o0), in case }1_%10 f(x) = +oo.

The following result shows that the potential energy and the internal energy (or a linear combina-
tion of both) are lower semicontinuous functionals.

Proposition (Lower semicontinuity of the energy functionals) Both the potential energy functional V
and the internal enerQy functional F are lower semicontinuous on the 2-Wasserstein space( P, (R™), W,).

Under additional assumptions one can show that both the potential energy and the internal energy
functional are geodesically convex on (P, (R"), W,). However, this does not facilitate applying
the existence theory for EVI gradient flows from Section |.4: Namely, to apply Theorem 1.4.4, we
need to consider an appropriate class of curves in (£, (R"), W, ) which satisfies (GCON). In Remark
|.4.5 we already noted that geodesics suit our needs in NPC spaces. Unfortunately, Example 2.3.7
shows that (1, (R"), W,) does not inherit the non positive curvature from R”. The remedy for
this dilemma consists in considering a broader class of interpolating curves which satisfy (GCON).
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Definition Let probability measures y, vy, v, € P,(R") be given. Then we call a curve v :
[0,1] —» B, (R"), defined by

v(t) = (- +t7®),n  Vte[0,1], (2.15)

where 1 € II(y, vy, v1) such that n;’ziy S Hopt(y, Vg) and 7'[;’317 S Hopt(y, V1), a generalised
geodesic, connecting v, to v; with base point . The existence of the joint measure 7 is guaranteed
by coupling (Lemma 2.2.3).

In case y = v, (2.15) reduces to (2.7) which is the definition of a geodesic in the 2-Wasserstein
space over a Hilbert space.

In case, there exist optimal transport maps To € Tep(y, vp) and Ty € Tope(pt, v1), (2.15) may be
also written in a more convenient form which avoids the joint measure #:

v(t) = (A -HTy+ tTl)#y vVt e [0,1].

Generalised geodesics possess the following crucial convexity property as an advantage over or-
dinary geodesics.

Proposition Let a probability measure u € £,(R"™) be given. Then the function %W%( U, ) is 1-convex
along generalised geodesics with base point y. This means that every generalised geodesic v : [0,1] —
P, (R™), connecting vy to vy with base point y, satisfies the inequality

W2(v(t), 1) < (1 — W3 (o, ) + tW3(vy, 1) —t(1 — W32 (vp,11)  VEE[0,1]. (2.16)

On the other hand, it turns out that the potential energy and the internal energy functional are
convex not only along geodesics in (P, (R™), W,) but also along generalised geodesics.

Proposition (Convexity of the energy functionals)

For x > 0, the potential energy functional V associated to v is x-convex along generalised geodesics in
(P, (R™), W,), precisely, when v is x-convex.

Assume that the mapping z — z"f(z™") is convex and non increasing on R*. Then the internal energy
functional F associated to f is convex along generalised geodesics in (£, (R™), W,).

Note that part (ii) of the result above depends on the dimension of the underlying Euclidean space
R™.

Finally, we are in the position of putting the ideas of Remark 1.4.5 to use, despite (£, (R"), W, ) not
having the NPC property. To this aim, we recognise (2.16), as an analogue of (1.21) and combine
it with Proposition 2.4.5; thus, we arrive at the following existence result for EVI gradient flows for
the potential energy and the internal energy functional on the 2-Wasserstein space over R”.

Theorem  Consider the mixed energy functional ¢ = F + V where F denotes the internal energy func-
tional and V denotes the potential energy functional. Fix x > 0 such that ¢ is x-convex along generalised
geodesics. Then for every py € P (R™) there exists a curve p € AC, (R*, P,(R™)), starting from
lti&r)l u(t) = pg, which is the unique gradient flow in the EVI sense for ¢ .

Apparently, this result is still quite abstract. In order to reformulate the theorem above in more

tangible terms, we collect some estimates which guarantee, inter alia, that F and V are x-convex
along generalised geodesics by Proposition 2.4.6.

Assumptions We make the following assumptions on the energy functionals defined in Def-
inition 2.4.1 for some x > 0:

Re potential energy functional V' : o is lower semicontinuous x-convex for some x > 0 such that
domf has nonempty interior int dom ¢.
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Re internal energy functional F :  f is differentiable such that the function z — z"f (z™") is convex as
well and non increasing on R*. In addition, there exists a constant C > 0 such that f satisfies the
doubling condition

fa+n <Cf@+fwy)+1) VxyeR™

Apparently, the notion of the metric slope introduced in Definition 1.2.3 does not appear in (EVI,).
Nevertheless, the next result is not only useful for studying gradient flows in the EDI sense but
plays also a role in the identification of the gradient flow in Theorem 2.4.7 as solution of certain
partial differential equations.

Lemma (Slope of the mixed energy functional) Consider the mixed energy functional ¢ := F + V. Let
the functions f and v associated to their respective energy functionals F and V satisfy Assumptions 2.4.8. Let

u € Py (R™) be absolutely continuous with density given by dy = p dx such that ¢(p) < +oo.
Then [0¢| (1) < +o0, precisely, when Ly (p) := pf'(p) — f (p) belongs to Wllc;i(Q) where () := intdom ¢,

and there exists a function v € L?(u) such that

vp =V(Le(0)) + Vo and f 012 dp = [9¢| (). (2.17)
RW

Let u € AC, .(R™, 2,(R™)) be the unique EVI gradient flow from Theorem 2.4.7. Then the reg-
ularising effects for EVI gradient flows obtained in Theorem [.3.2.ii assure that y(t) belongs to
dom |d¢| and dom ¢ for all ¢t > 0. In particular, F(y) < +o0 and V(i) < 400, which implies that
u(t) is absolutely continuous with density given by dp(t) = p(t) dx for every t > 0, due to the
definition of the energy functionals F and V.

Hence, Lemma 2.4.9 implies the existence of a mapping v : Rt — Lz(y) such that p(t) and v(t)
satisfy the identities in (2.17) at each time ¢ > 0. Using a notion of subdifferential calculus in the
2-Wasserstein space over R, it turns out that the pair (p, v) satisfies the continuity equation (2.9) in
the sense of distributions. In other words, the curve p is a distributional solution to the evolution
equation p = div(vp) where vp is given by the first equation in (2.17).

We highlight this crucial observation in the following theorem.

Theorem Let the functions f and v associated to their respective energy functionals F and V satisfy
Assumptions 2.4.8. Then for every py € P, (R") there exists a curve p € AC,  (R*, P, (R™)), starting
from limy. g u(t) = po, which is the unique gradient flow in the EVI sense for the mixed energy functional
¢ := F + V satisfying the following properties:

At each time t > 0, p(t) is absolutely continuous with density given by du(t) = p(t) dx;

the curve p is locally Lipschitz and L¢ (o(t)), defined in Lemma 2.4.9, belongs to Wllo’i (R™) fora.e. t > 0;
the curve p is a distributional solution of the evolution equation

%p = div(V(Lr(p) + pVo)  in R* x R", (2.182)

lti\r‘gp(t) dx = dpg in P,(R™). (2.18.b)

At the end of this section we introduce an specific internal energy functional which plays a crucial
role in the following chapters of this thesis.

Definition For m > 0 define

o= ml_lxm, ifm+1, (2.19.2)

xlogx, ifm=1. (2.19.b)
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Then the internal energy functional associated to f,, is called the (the lower semicontinuous en-
velope of the continuous) Rényi entropy functional and is denoted by F,,. For m > 1 the Rényi
entropy takes the form

1
— | P () dx, ifp < L7, du(x) = p(x)dx, (2.20.2)
Fpu(u) = | m—lan
+ o0, otherwise. (2.20.b)

For m = 1, the functional is also called (continuous) Shannon entropy functional and is usually
written in the form

f plogp(x)dx, ifu <L du=p(x)dx, (2.21.2)
Fl(y) =R~
+o0, otherwise. (2.21.b)

For m > 1 the Rényi entropy functional F,, has superlinear growth at infinity, i.e. f, (c0) = +oco.
Therefore, F,, is possibly finite only at probability measures which are absolutely continuous with
respect to the Lebesgue measure on R”. This establishes equivalence between F,, and the internal
energy functional associated to f,, as given in (2.14).

Remark Apparently, the Shannon entropy functional F; cannot be obtained by simply passing
to the limit lim,,, ,; F,,. However, it is still possible to recover F; from F,, in the following way: Let
us assume for simplicity that p is a probability density with respect to the Lebesgue measure on
R", which is essentially bounded and has compact support. Then F(y) takes finite values for all
m > 0 and L'Hopital’s rule implies

. 1

lim (—j " (x) dx>_1 j 0" (x)logp(x)dx =
R R

~ [ 0 log p(x) dx = —Fy (p).
Rn

The expression in the parenthesis on the left-hand side of this equation corresponds to a definition
of the Rényi entropy usually encountered in information theory. In a similar fashion, the continuous
Shannon entropy is usually defined with an negative sign in front of the functional F;.

Another way of obtaining the Shannon entropy F; is to consider the limit

. 1 . "(x) —p(x)
%11_1?1 (Fm — m) = ’111{{11]1!,1 % dx = I[!np(x) log p(x) dx = F1(p). (2.22)

Since the the correction term on the left-hand side of this equation is just a constant for fixed m # 1,
the term does not contribute to any of the considered gradient flow notions.

In the following proposition we apply the results, developed so far in this section, to the Rényi
entropy as defined in (2.20). It is straightforward to check whether the functional F,,, on £, (R")
satisfies the Assumptions 2.4.8.ii for internal energy functionals. Indeed, let us assume for the mo-
ment that m # 1. Then the mapping

1

— _ 1—
z e 2, (z7") = P Z=m)

is convex and non increasing on R ¥, precisely, whenm > 1— % Moreover, the doubling condition
follows easily from convexity and m-homogeneity of f,,. In case m = 1, these properties hold, due
to the relation between F; and F,, in (2.22).

With these considerations in mind, we are ready to identify EVI gradient flows for F,, as solutions
to the homogeneous porous medium equation in R”. However, we still may take a potential
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energy functional into account. Of particular interest is an infinite potential well in R", that is the
potential v takes the form of the characteristic function x5 of a convex domain ) C R" in the
sense of convex analysis, i.e.

_(x) = 0 ifxeq,
o™ =1 1o otherwise.

Supposed that 1 : R* — P,(R") is the gradient flow in EVI sense for such an infinite potential
well functional V, then y is necessarily concentrated on Q since (t) € dom V for all times ¢ > 0.
As aresult, we obtain that EVI gradient flows for F,,, + V are solutions to the homogeneous porous
medium equation in (). In this setting, homogeneous Neumann boundary conditions appear nat-
urally. Indeed, the fact that the solution at each time is a probability measure on (2 results in no
flux at the boundary.

Above considerations lead directly to the following corollary of Theorem 2.4.10.
Corollary (Gradient flow associated to the continuous porous medium equation)

Let Q) be convex domain in C R"™. Let v = v associated to the potential energy functional F satisfy
Assumptions 2.4.8.i and assume that v(x) = +oo for all x € R" \ Q. Then for every uy € P2, (Q) there
exists a curve y € AC;  (R*, D, (R™)), starting from lim, o pu(t) = po, which is the unique gradient
flow in the EVI sense for the mixed energy functional ¢ := F,, + V satisfying the following properties:

At each time t > 0, u(t) is absolutely continuous with density given by du(t) = p(t) dx such that
supp p(t) C O

the curve u is locally Lipschitz and p™ (t) belongs to Wlléi(ﬂ) forae. t>0;

the curve p is a distributional solution of the following porous medium equation with drift and non-flux
Neumann boundary condition:

%p = A(p™) + div(pVu) in Rt x (),

lti\r{)lp(t) dx = dpg in 2, (R™).
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3.1.2

Entropy Gradient Flows for Continuous-time Markov Chains

A Metric Structure Induced by Markov Chains

In this section we introduce a discrete counterpart to Wasserstein spaces. Instead of a metric space
we consider a finite discrete set X*' with 1 distinct elements, together with a Markov chain which
gives rise to a Wasserstein-like distance function on the class of probability measures on X*.

We start with some basic notation.

—— Notation
By X*' we denote a finite set of cardinality n € N. For simplicity, we will identify X*' with the
well-ordered set {1,2,...n}.

The matrix € R™*" denotes the infinitesimal generator of an continuous-time Markov chain on the
state space X'. 7t is the associated stationary distribution on X*', determined by the equation 7R =
0. We assume that the Markov chain is irreducible and reversible, i.e. the stationary distribution
satisfies the detailed balance condition m;R;; = 7;R;; for all states i,j € X' and it is possible to get
from any state to any state, respectively. In this thesis an irreducible and reversible continuous-time
Markov chain is always denoted by the triple X", R, ).

In this chapter we use three different notions of gradients: On a Riemannian manifold (M, g) we
denote the gradient of a smooth function f € C*°(M) by gradg f. On the discrete space X the discrete

gradient of a function ¢ : X' — R is denoted by Vi;; == ¢; — ¢;. Finally, Vf denotes the usual
Euclidean gradient of a differentiable function f : R” — R, which should not be confused with the
Levi-Civita connection VY of vector fields X, Y on a Riemannian manifold.

The Euclidean space R" will be always endowed with the standard smooth structure and the
standard Euclidean scalar product.

Definition A function ¢ : Ry x R} — RY is called weight function if ¢ has the following
properties:

¥ is continuous and 9, restricted to Rt x R*, is infinitely differentiable;

¥ is symmetric, i.e. 9(s, ) = d(¢,s) for all s, t € RY;

¥ is strictly positive on R* x R™;

¥ is monotone in the following sense:

¥ (r,s) < O(r,t) Vrs,t e RE s <t;

# is concave.
Of later interest will be the following particular weight function

m—1 " —t"

m gm-1 _ pm—1’ ifme R\ {1} (3.1.2)
0,,(s,t) == st
T e ifm=1. (3.1.b)
logs —logt

We collect some important properties of 6,,,.

Facts

For m # 1, the mapping 6,, admits the following integral representation:
1

O (s, t) = f ((1 — 0()5'””_1 + a1
0

1 -1
)"Vda s te R (32)

This equation follows easily from the fact that an antiderivative of the integrand in (3.2) is given

by
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m—1 (Sm—l _ “(Sm—l _ tm—l))m/(m_l)

m pm—=1 _ gm—1

In the case m = 1, the equation in (3.2) becomes
1
0,(s,1) = jsl—w dv Vs teRE. (3.3)
0

In particular, we have

lim (s, t) = 01(s,t) Vs, t e RY.
m-1

For 0 < m < 2 the mapping 6,, is a weight function. Indeed, 8,, satisfies (W) to (W3) in Def-
inition 3.1.1 for every choice of m € R*. To show (W3), we appeal to the integral representation in
(3.2).Denote by f,,, : R¢ x Rf — R the integrand of the representation given in (3.2), namely

1/(m-1)

fun(s,t) = (1= a)s™~1 4 a1 (3.4)

Then the Hessian of f,, is given by

1/(m—-1)-2 —12
Hessf,, (s,t) = (1 —a)a(2 — m)((l —a)s" 1 4 at’”‘l) fom=b sm_3tm_3( si _Siz ),

Assuming m < 2, all principal minors of Hessf,, are nonpositive for all s,t € R*, as well as all
a € [0,1]. Therefore, the matrix Hessf,, is negative semi-definite by Sylvester’s criterion, and the
integrand f,, is concave for all « € [0, 1]; the concavity of 6,, follows.

For m = 1 the argument follows along similar lines.

Note that for m > 2, Hessf,, is positive semi-definite for all s,t € R*, « € [0,1]. In this case, 6,, is
only convex and cannot depict a weight function.

Directly from (3.1) follows that 6,, is homogeneous, i.e.

0,,(as,at) = ab,, (s, 1) Va >0, Vs, t € R{.
0,, is monotonous in #m; more precisely, we have

0,,(s, 1) < O, (s, 1) Vs, t,mk e Rt :m<k.

To see this, let f, be defined as in (3.4). It is enough to show that — f,, is monotonous for all
« € [0,1]. However, this follows readily from Jensen’s inequality for two points if we additionally
assume thatk > 1 and m # 0:

k=1
frt st = (A=0s" +at™ )" < (1= w)s 4t = G ).

For k < 1 we get a similar estimate applying the concave version of Jensen’s inequality. Finally, the
cases m = 1 or k = 1 follow by continuity.

The weight function 6,, vanishes at the boundary {0} x R} U R{ x {0} precisely when 0 < m < 1.
The homogeneity of 6,, implies the useful identity

(s,t) - VO,,(s,t) = 0,,(s, 1) Vs, t, e RY,
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since the left-hand side equals % . 0,,(rs, rt) = % ) r8,,(s,t) = 6,,(s,t).
r= r=

For 0 < m < 2 the weight function 6,, satisfies the estimate
(s,t) - VO, (u,v) = 06,,(s,t) Vs, t,u,v € RY. (3.5)
Indeed, due to our assumption on m, the gradient V§,, is a monotonous function, i.e.
(s—x,t—y) - (VO,(s,t) =V, (x,y)) <0.

Now, taking (x,y) = €(u,v) with € > 0 and passing to the limit (¢ \ 0) in the inequality above,
yields

(s,£) - (VO,,(s,t) = VO, (u,0)) <0,

where we used that V,, (eu, ev) = V0,,(u, v). Finally, applying Fact 3.1.2.vii to this inequality results
in (3.5).

—— Notation
Let (X", Q, ) be an irreducible and reversible continuous-time Markov chain. Note that irre-
ducibility implies that the corresponding Markov semigroup e'? has strictly positive entries for
all times ¢ > 0. Since the stationary distribution 7 is invariant under e?, this means that the sta-
tionary distribution 7t is strictly positive on X' in this case. We will introduce a metric on the class
of all discrete probability densities with respect to a stationary distribution 7t on X, denoted by

P = {p:X/n - Rg:ipiﬂizl}.
i=1

Recalling the definition of the weight function 6, in (3.1), we will also make use of the shorthand
notation p;; := 0,,(p;, p;) for a discrete probability density p € 7 "

Since the stationary distribution 7t has full support, the set 2" represents an (1 — 1)-simplex with
vertices ((1/ 771')3:‘)1 <i<y I R™.In this context, the probability measure corresponding to p is also
known as barycentric coordinates of the point p in the (n — 1)-simplex P".

Note that 2" is a subset of an affine subspace in R" which is orthogonal to 71T Since 7 is the sta-
tionary distribution of the infinitesimal generator 2, this means that this particular affine subspace
is just ran Q + p for any p € P".

Simplices like 2" are simple examples of topological manifolds with boundary. However, 2"
depicts no smooth manifold with boundary, due to neighbourhoods of the vertices in the simplex
being not diffeomorphic to the half-space R”~!. Here the closely related concept of a manifold
with corners provides a remedy.

Moreover, with the standard Euclidean scalar product at hand, it is not hard to endow int P" with
the standard Riemannian structure. However, we will pursue a slightly different direction and
endow the interior of 2" with a metric tensor which is induced by the underlying Markov chain
X, R, 7). To this aim, it will be useful to identify tangent vectors with certain discrete gradients
by means of the following preliminary result.

Lemma Let (X", Q, 1) be an irreducible and reversible continuous-time Markov chain and fix a weight
function 0. Let 0 : (—¢,€) — intP" be a differentiable curve. Then there exists a unique family of discrete
gradients Vip(t) for some ¢ : (—¢, €) — R™ such that the discrete continuity equation

0i(t) + Y Vip(Hpy (R =0 (3.6)
j
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is satisfied for all times t € (—¢, €).

Proof We start by rewriting the discrete continuity equation in (3.6) in terms of the matrix-vector
formulation

0 =By,

where we dropped the dependency of the terms on the time variable t and the matrix B(¢) € R™"
is given by

Bji(0) = L
A {Zk;biaikgik ifi =j. (3.7.b)

Using that m& = 0, it is straightforward to verify that 7B(¢) = 0. This means that ran B(g) C Tt
where the subspace 71t is spanned exactly by the shifted simplex 2" — 7. Since every vector
tangent to a curve in 2" belongs to 77+, it remains to show that the range of B(¢) agrees with 7tt.
To this end, it is useful to work with the matrix A(g) := diag 7rB(g). Note that A(p) is symmetric
whilst B(g) need not be.

Now we use the trivial identity 2¢;3; = ¢f+zp]? — (=1 )2 and the fact that ) Ajj(0) = Y Aii(0) =0
to compute i j

2TA(Q)p = E 2 A (0) =
ij
= E P7A;(0) + E lpjzAij(Q) - E (Wi — ¥?A4(0) = — E (Wi — ¥2A(0).
7 7 07 77

Since A;;(¢) < 0 for all i # j, this equation shows that every ¢ € ker A(¢) belongs to the 1-
dimensional subspace span {( 1,...1) T} of R”. It remains to note that ker B(¢) agrees with ker A(¢)
to prove the claim. [ ]

Proposition Let (X', Q, ) be an irreducible and reversible continuous-time Markov chain and fix a
weight function 9.

The set P" is a compact and connected embedded hypersurface with corners in R™.

The manifold P" admits a global trivialization of the tangent bundle, i.e. TP" ~ P" x R"~1. For every
point p € int " we have

T,P" = {7y :p € R"}, (3.8)

by means of the following identification: Every tangent vector 9(0) of a smooth curve ¢ : (—¢,€) — intP"
with p = 0(0) is uniquely identified with a discrete gradient Vip(0) via the discrete continuity equation in
(3.6).

By slight abuse of notation, we will simply write Vi € TPP”.

Define a metric tensor g : TPP” X Tp/”n — R —using the identification (3.8) — by
1 R
T, v¢), = 5 ZV%’ VoiipiRim; YV, VP e T,P". (39)
ij

Then (intP",g) is a Riemannian manifold.

Proof The statement in (i) follows from the fact that 7t as stationary distribution of an irreducible
Markov chain is nowhere vanishing, whereas (ii) is a direct consequence of Lemma 3.1.3.
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It remains to prove that the metric tensor g in (i) defined by (3.9) is positive definite: This claim
can be shown easily by writing ¢ with respect to the standard scalar product on R":

(79, 79), = pTA)Y,

where the symmetric matrix A(p) := diag tB(p) with B(p) as in (3.7) was already encountered in
the proof of Lemma 3.1.3. Alternatively, one can express A(p) more tangible as

=P, ifi #j; (3.10.2)
Az‘]'(P) = ~ =i
Dk Qi i, i =] (3.10.b)
Since
Y |Ai0)| = Aute) 20 Vie X",
J#
it becomes clear that A(p) is diagonally dominant and consequently also positive definite. [ ]

The following remark shows that the metric tensor g defined by (3.9) degenerates at the boundary
of P".

Remark (Degeneracy of the metric tensor at the boundary) Let (X, , 7r) be a Markov chain and
let the the weight function be given by 6,, as in (3.1). Then the metric tensor g is degenerated at
a point p € P" precisely when the matrix A(p) € R™" defined in (3.10) has rank A(p) < n — 1.
Clearly, Proposition 3.1.4.iii implies that this can only happen at the boundary 92".

More precisely, g is always degenerated at the vertices ((1/71;)e;) . If for instance m < 1, then

1<i<n
p;; vanishes at the boundary 9P" for some i # j, due to Fact 3.1.2.vi. Therefore, ¢ is degenerated at

the whole boundary 92" in this case.

The Riemannian manifold (int”",¢) is naturally equipped with a metric such that the metric
topology agrees with the topology corresponding to the smooth manifold int”". This metric
between two points py, 01 € intP” is given by minimizing the length of all smooth curves p :
[0,1] - int”" connecting p, to p;, where the length of such a curve p(t) is given by

1
Lp) = [ \g(ph, pt)) dt. (3.11)
0
Equivalently, one may consider the energy functional
1
E(p) := jg(p(t),p(t))dt (3.12)
0

instead of the length functional L since Jensen’s inequality implies L(p) < yE(p) with equality of
L(p) and /E(p) precisely when the curve p has constant speed.

This notion of the length or energy of a curve clearly depends on the metric tensor g involved.
Therefore it comes to some surprise that it allows to defines a distance on the whole manifold
with corners.

3.1.6 Proposition For any two points pg, 04 € P" define

1/2
7

1
W (po,pp) = inf ([ [yt dt) (3.13)
0
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where the infimum is taken over all vector fields Vi along (piecewise) smooth curves p : [0,1] - P",
connecting pg to pq such that

Vi :[0,1] - R” x R" is Borel measurable;
the pair (p,V1p) satisfies the discrete continuity equation

pi() + ) V(Hp(HQ; =0 VEE (0,1). (3.14)
)

Then (P",W/) is a Polish metric space. Moreover, (P",W/) is a geodesic space in the metric sense, i.e. for
every pair of points pg, p1 € P" there exists a curve p : [0,1] — P", connecting py to py in such a way
that

W (p(s),p(t)) =Is =t (0o, 01) Vs, t € [0,1].

Sketch of proof ~ We will only show that %/ defines an extended metric on 2", i.e #/ takes values in
[0, +o0]. The prove of the other claims is rather involved and requires a thorough analysis of the
two-point space P 2,

The symmetry of &/ is clear from the definition. In order to show that that #/ is positive definite,
it is enough to establish an estimate of the form

0° =pl| < CW Y Vot eP” (3.15)

for some constant C > 0. Accordingly, let %, p1 € 2" where we may assume that &/ (0°, p1) <
+o0. By definition of &/, for every ¢ > 0 there exists a pair p, Vi satisfying the discrete continuity
equation (3.14) such that

1
f Pynf dt < W% p") +e. (3.16)
0

Now we will again use the matrix notation from the proofs of Lemma 3.1.3 and Proposition 3.1.4:
Namely, dropping any dependency on ¢, the discrete continuity equation takes the form p = B(p),
whereas the Riemannian metric may be written as <|71/J,|7¢>g = T A(p)y for matrices A(p) and

B(p) defined in (3.10) and (3.7), respectively. Thus, we can appeal to the relation A(p) = diag 7B (p)
to infer for any # € R" the estimate

1
min 75, [3 1,00 = ph| < [Y o) = o] = || #7(diag oy de| =
i i 0

O

_ ! * 12 , ¢ 172
(B(p)y) (diag )y dt| = U l/JTA(p)Iydt‘ < (I PTA(Q)Y dt) (f nT Ay dt) ,
0 0 0

where we used the Cauchy-Schwarz inequality for the positive bilinear form (¢, ) — T A(p)7 in
the last inequality above. Since we have the rough estimate

1 ~
1TAG@ = 5 30 = 1)yt < 2191 Il ) @y
1,] 11;:":]]
and 7 is strictly positive, we obtain
0_ 1 : T 1/2
Y it = bl < Clulo ([ ¥TA@pat)
i 0

for a suitable constant C > 0. Now taking (3.16) into account and letting (¢ \ 0), this inequality
becomes
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> 100 — 01| < Clal . (00, 0. 3.17)
i
Choosing 1; = sgn(p? — p!) in (3.17), finally establishes (3.15).

It remains to show that ¥/ satisfies the triangle inequality: Note that a reparametrisation a la Lemma
1.1.5 allows us to take the infimum in (3.13) only over pairs (p, 7{) where the curve p has constant
speed. As a result, the energy functional E(p) in (3.11) agrees with the length functional L(p) in
(3.11). Thus, we may invoke the triangle inequality in L!(0, 1) to obtain

1

1
[Pl dt = [ pg2m), de < |

1
0 0 0

1
Vo), dt+ [ PPl dt, (3.18)
0

where (912, 7{!?) denotes the reparametrised composition of constant speed pairs (p*,7¢!) and
(0%, V?). Now taking the infimum in (3.18) over such curves p! connecting points o to p; and p?
connecting points p; to p,, results in the sought triangle inequality

W (0o, 2) < W (0o, 01) + W (01,02)- .

The Riemannian nature of int?" assures that int?"#/ is a geodesic space by the Hopf-Rinow
theorem (see Theorem B.3.4 in Appendix B). Moreover, the constant-speed geodesics may be char-
acterised by a system of first-order equations as the following result shows.

Proposition (Geodesic equations)  For every point py € intP" and (, € R", there exists a sufficiently
small ¢ > 0 such that the unique constant-speed geodesic p : (—¢,€) — intP" f, starting from p(0) = pg
with initial tangent vector Vip(0) = Vip, satisfies the following system of equations:

it + ) T (R, =0, (3.19.2)
j

Pi(f) + % Z (Vl/’ij(f))23119(Pi(t),Pj(t))Qi]' =0. (3-19.b)
J

Proof ~All statements are standard of results in Riemannian geometry summarised in Appendix B:
Existence and uniqueness of the constant-speed geodesic in int 7" follows by Proposition B.3.2 and
the fact that every geodesic may be reparametrised to constant speed such that ¢ = 1.

The characterisation of such a geodesic by (3.19) just corresponds to the geodesic equations in local
coordinates as given in Definition B.3.1. u

In addition to the metric #/, one can also consider Wasserstein distances on 2”: To this end, it is
natural to endow X' with the graph distance induced by the infinitesimal generator &, i.e. the
length of the shortest path in the graph with vertex set X' and edge set

{(Z,]) e X' x X" Ql] > 0} .
We will write Wgra for the p-Wasserstein distance with respect to the graph distance on X, R, .

In the next result we provide lower and upper bounds for the discrete transportation metric #/ in
terms of W§'™ and W5™.

Proposition Let (X', Q,7r) be a Markov chain and assume that the weight function © vanishes on the
boundary {0} x R{. Then there exists a constant C > 0 only dependent on the choice of © such that we have
the bounds

V2ZWE™ (00, 01) < W (po,p1) < C(min@y)”“WE™ (0o,01)  Vpo,p1 € P
U
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The Discrete Porous Medium Equation as Entropy Gradient Flow

—— Notation
From this section onwards, the Riemannian and metric structure of int?" and 2", respectively,
which were introduced in the last section, will be always induced by the weight function 6,,,.

In this section we will develop a gradient flow structure which may be regarded as a discrete
analogue of the Wasserstein gradient flows. We will focus on a gradient flow structure for a mixed
energy functional which consists of the discrete Rényi entropy together with an discrete potential
energy functional.

Definition Let (X", Q, ) be an irreducible continuous-time Markov chain. For m > 0 the (dis-
crete) Rényi entropy functional /=" : P" — R associated to the stationary distribution 77 is defined
by

n
/'C,Z(,O) = me(pi)ﬂi/
i=1
where f,,, is given as in (2.19). For m = 1 the Rényi entropy takes the particular form
n
(o) = Zpi”i log p;,
i=1

which is also known as (discrete) Shannon entropy functional associated to 7.
For v € R", the (discrete) potential energy functional /" : P" — R associated with v is defined
by

n

V" (o) = Zl}z‘PiT[i-

i=1

There are several possibilities to proceed with the smooth manifold 2" or its interior: We may
consider (P", W) as ametric space and follow along the lines of the purely metric theory developed
in Chapter |, namely gradient flows in the sense of EDI, EDE, or EVL

However, for now we will pursue a different approach which makes use of the underlying Rie-
mannian structure of int2". To this end, we invoke the fundamental theorem on flows stated in Ap-
pendix B, which — together with the compactness of 7" — implies the existence of a global gradient
flow for the mixed energy functional " = /= + /". To characterises the flow curves in a fashion
similar to Theorem 2.4.10, we introduce the notions of discrete Laplacian and discrete divergence.

Definition Let (X', Q, 1) be a Markov chain. Given a function o: X' 5 R,
n n
M=) Ry —9) = ) Ryt
j=1 j=1

denotes the discrete Laplacian of p associated to Q. Given a function ¢ : X*' x X*' - R,

1 n

Vihi =5 ;Qij(‘ljij — ¥
]:

denotes the discrete divergence of i associated to Q.

Proposition (Gradient flow associated to the discrete porous medium equation) Let an irreducible
continuous-time Markov chain (X*', Q, 1t) and an discrete potential v € R" be given; fix 0 < m < 2.
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Then for every py € intP" there exists a unique differentiable curve p : (—¢, &) — intP", starting from
0(0) = pg, such that the following two equivalent statements hold:

p t - - gIad ¢ 3.20

for the functional " = =" +/";
o satisfies the discrete porous medium equation with drift

Lot =7-(p0 7 (1) + p1Y70) = A (o (1) +7-(p()T0). (321)

If at least one of the following conditions is satisfied additionally:

> m < 1and the Markov chain allows only nearest-neighbour interactions, i.e. Q;; = 0 for all |i — j| > 1;
~v> the porous medium equation is homogeneous, i.e. Vv = 0;

then for every pg € P", there exists a unique differentiable curve p : R* — intP", starting from 1}\{8 o) =
0o such that (i) and (i) hold.

Proof Let us start by showing that the equations (3.20) and (3.21) give rise to the same solution. To
this aim, pick a pair (g, V¢) satisfying the continuity equation (3.14). Then we may use summation
by parts and the detailed balance condition Q;;71; = ;;7; to compute

—<P"(Q(t)) = Z(fm(el(t))+ulel(t) :—Z (fr,(0i() + 0;) V(D25 (HR 71, =
ij

= 1 (fr(0i(B)) + 07) 055 (HY Qi (Vi (1) — ijia))=<Vf;n<e<t>>+l7u,vlp<t>>g.
ij

This means we have identified Vf, (o) + Vv as gradient of the functional ¢" at the point p in the
Riemannian manifold (int?",g). Using the continuity equation (3.14) once again to identify

(gradgfbn)p(t) =Vf, (o) +Vu

with the velocity of a curve p in int 2", to wit
d
P = Z (Vfy, (1) + Vo) (DR = = V(3 (D) Vfy (0(8) + Py (1) Vo). (3.22)
]

To verify the last equality in (3.21), it is enough to check that p;; Vf, (p) = V(p™) by definition of the
weight function 6,,,.

To conclude the first part of the proof, we still need to infer existence and uniqueness of the curve
p 1 (—g¢e) — int P" solving (3.22). However, this follows immediately from the fundamental
theorem on flows (cf.Theorem B.2.5), noting that ( gradg ") pisa smooth vector field on int2".

To prove the second part of the proposition, we appeal to Proposition B.2.8 to infer existence of a
global solution p : [0, ) — P " To this end, we have to verify that the vector field

V, =4 (p") +7-(pV0),

depicting the right-hand side of (3.21), is nowhere outward pointing for all boundary points p €
9P". Let us assume for the moment that the potential v, i.e. the vector field takes the form V, =
A(p™). If p € 9P", then we have p; = 0 for at least one i € X*'. Therefore, we obtain for such
components that
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A(p™); = ZQi]’P}ﬂ = Zaijp]m > 0. (3.23)
i J#

This proves the claim for all points in the boundary except the corner points with vanishing com-
ponents except p; = 71; for one i € X*'. Here the vector field takes the form

A(p™); = Zaijp]m = R;;pj" <O0.
J

Thus, V, is nowhere outward pointing for all p € 07 "

Finally, we investigate the vector field V, when there is given a nonvanishing potential v form < 1.
In this case, Fact 3.1.2.vi immediately implies that the term V-(pVv) in (3.23) vanishes for all p €
9P". Hence, this instance reduces the case already discussed. [ ]

Geodesic Convexity of the Entropy Functional

We already encountered the notion of convexity of a functional along geodesics in section Section
2.3. In the light of Proposition 3.1.6 it seems appropriate to investigate geodesic convexity of the
Rényi entropy functional /=" in the metric space (P",W/).

Moreover, the Riemannian structure on int 7" provides us with additional tools which allow dif-
ferent characterisations of the synthetic definition (1.6) by means of second-order calculus like the
Hessian of /=

We recall that the Hessian of the smooth functional /’:7:;’ on the Riemannian manifold (P”, g)isa
tensor field Hess /’7;;1 € Tg(int/’/'"), defined by Hess /’7,: (X,Y) = vayfc,:,l . However, the compu-
tation of the Levi-Civita connection V in coordinates requires the inverse of the coordinate matrix
gij of the metric tensor. The computation of this inverse may be avoided if we just consider the
quadratic form of the Hessian of /= along a geodesic p(t) since in this case we can exploit the
identity

2
Hess =, (o(t))(p(t), p(t)) = %/’:nf(p(t)). (3.24)

As every geodesic p(t) is uniquely characterised by its initial value p(0) along with its initial speed
£(0), we may use (3.24) to calculate the quadratic form of the Hessian of /=, as follows:

Lemma At every point p € intP" the quadratic form Vip — Hess /=, (0) (Vip, V) is given by

1
B (0, V) = 1 ;((leji)2’aijﬂi(alem(pi/;oj)(p]r:l = P{D ik + 926, (Pirpj)(PZ" - p]m)ajk) — (3.25.9)
ij,

m A _— —
) ;{lejipijaij”i(:o? YRy Vipiy — P R i) (3.25.b)

Proof Let the pair (p, 1) be a solution to to the geodesic equations (3.19). Following along the

lines of the first part of the proof for Proposition 3.2.3, we may use (3.19.a) and the definition of the
weight function §,, to infer

d —n / 1 m
gt 0®) = (Tf, (o), 7yp(H) = 5 iZijij (B Vipy (DR,

Hence, the second derivative of the discrete Rényi entropy is given by

& =1 Vo (t) 7y vor-lw
@’“m(P(U)—E;( P (Y Ty (1) + mTPEN () Vipy (1)) Ry,
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Using the geodesic equations to identify both p and ¢, we obtain in a somewhat unwieldy com-
putation

dz _ 1
@’V;:(P(t)) =2 Z(Vl/in)Zaijni(alem(pi/pj) Vo — 916y, (05, 01) VPZ}Q]'k) -
ijk

m . _ -
) Z]:{Vlljjipijaijni(no:'n Ly Vipy — o 'Qd Vl/)jk)'
i,
Finally, applying the trivial identities 9,6,,(p;, 0;) = 910,,(p;, 0;) and Vog; = —Vpji to the first line
of this equation, establishes that

2
LR (eh) = Hess 5, (o0) (790,79 )),

is given by (3.25). B

The following result shows that Hess /' may be used to characterise geodesic convexity of the
Rényi entropy functional /=" on the whole manifold 2", despite the metric tensor g being possibly
degenerated at the boundary 97".

Proposition For every x € R then following statements are equivalent:

7= 1 is geodesically x-convex in (P",W);

for every given constant speed geodesic p : [0,1] — P", the functional =" is geodesically x-convex in
(P",W);

for every initial value py € P", the solution p(t) to the porous medium equation with p(0) = p, from
Proposition 3.2.3 satisfies (EVI,);

At every point p € int P", the linear operator Hess /=)' (0) — x 1d is positive semidefinite, i.e.

By (0, V) > ||7¢|§ Vp €intP", Y7y € T,P".

Example (Geodesic convexity of the entropy on the two-point space) Consider the two-point space
(X'r2,R, 7). Then the infinitesimal generator & has the form

(7 1)
9 -9
for some p,q € R*, whereas the stationary distribution may be written as 77 = ﬁ (q,p). Due to

the particular simple structure of this Markov chain, one can give a tangible characterisation of
the largest possible ¥ € R such that the Rényi entropy functional /" is geodesically x-convex.
For 0 < m < 2 and m # 1 this optimal value is given by

— m _ _ y\m—2 m—2 _ pym=1 m—1
Kmax i11<naf<1{ > 0,,(1—a,1+a)((1—a) +A+)"2)+ (1-a) +(1+a) }

(3.26)
For the particular case m = 1, above formula simplifies to x,,, = 2p. q
Above example suggests that for every irreducible and reversible continuous-time Markov chain

there may exist a constant ¥ € R such that the Rényi entropy functional 7, is x-convex. However,
the following examples show that this is certainly not the case for every choice of m € R*.
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Example  Consider the discrete circle Z./nZ =~ X of lengthn > 7, endowed with the normalised discrete
Laplacian

q  ifli-jl=1,
Rij=1=2q9 ifi=]
0 otherwise,

where the stationary distribution takes the form 7T = %

Fixm € R*\ (1/4,7/4). Then the Rényi entropy functional /=" is not geodesically convex on (X', Q, 7).
Additionally, there exists no constant x € R such that 7=, is geodesically k-convex for alln > 7.

Proof We start with evaluating the quadratic form 8,,(p, V) of the Hessian as given in Lemma
3.3.1. We compute the first expression (3.25.a) as

2 m m
% Z i — il (alem(pﬂlrpi)(lTH—z - Pﬁ1> +
1
pit1 + pi
+ 32%@#1&0(% - P;”))

whereas the second expression (3.25.b) becomes
qn—z Z O (Piv1,0:) ( i — il (mpigt +moy1) +
i
+ (i = Yie1) (Y2 = i) melist + (s = ia ympl 1)) .
On the other hand, the norm of a tangent vector V¢ € T, (P") is given by
|'71/J|§ = % Z [r = Piaal® i e
i

Now we are ready to obtain estimates for &,,(p,Vy) and ||71/J|§. To this aim, we discern between
different cases:

The case m € [7/4,2): Choosing ¥ = (0,1,2,3,...3,0,0) and p = (A, aA,aA,Ae,...e), A,B,e >0
results in (3.25.a) taking the form

010,, (@A, A) (A™ — (2A)™) + 0,0,,(aA, A) ((aA)™ — 2A™) + %(Am — (@A)™) +0(e) (3.27.)

and (3.25.b) becoming

20,, (@A, AymA™ 1 + 0(e). (3.27.b)
Now using the identities
_(m=1) am -1
0,(ad, A) = T2 S A,

~om—=1(m—1)a""2 — mam=1 4 20m-1

alem(mArA) - m (Dém_l — 1>2 ’
— - m _ m—1

azem(aA,A):m 1 (m—-1a me +1/

(lxm—l _ 1)2

both (3.27.2) and (3.27.b) simplify to
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B, (0, V) = (mzx’”‘l —(m—=1am2— zx2<m‘1)%((m —Da™ —ma™1 +1) — (3.282)

m—1 a™m—1
m (“m—l_l)Z

__m
2m—1)

2

@1 = 1)2 4 2mamt — 1)) Tam+0).  (328)
In particular, the sign in (3.28) does not depend on the choice of A. Indeed, a numerical analysis of
(3.28) shows that there exist my < % and &,, > 1 such that (3.28) attains negative values for every
m > mg.

Since

2 (2m—-1) a™ -1 q
|Vl/)|g = < T +zx> ZA + 0(¢)

and n = 2(1 + a)A + 0(¢), this means that there exists no ¥ € R such that /’:”'f is x-convex along
geodesics foralln > 7.

The case m € [2,+o0) : For m > 2 above argument can be simplified by choosing a vector ¢ =
0,1,2,...2,0) and p = (¢, A, ¢, ...€). Then

% ifm=2,
0(e) ifm>2,

alem(E,A) = azem(A,e) = {
implies
m—15,m1 2
B, (o, Vi) = CmTq A + 0(e) and ||71/J|g =q+0(e),
where C,,, = 1 form = 2 and C,, = 2 for m > 2. This implies

m—1 m—1

k< —-Cp, qn

as a negative upper bound for semi-convexity along geodesics.
The case m € (0,1/4): Consider ¥ = (0,1,...1,0,0) and p = (A, A,¢,...€). Then, noting that
010,,(A,A) = 9,0,,(A,A) = %, one immediately obtains
B, (o, V) = (Zm - %) qu'”‘l +0(e) and ||71/)|§ =g+ 0(e).
This establishes the following negative upper bound for the semi-convexity along geodesics:

K< <2m - %) nm=1,
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Independently, the essentially same gradient flow structure from an Onsager point of view was
discovered in [50] by Mielke. There a gradient system for the discrete Shannon entropy and re-
versible Markov chain with generator Q arises from the equation

=" u=—-KuVrE"(u). (3.29)

Here /=" denotes the standard Euclidean gradient of the discrete entropy functional and K is an
corresponding Onsager matrix. Accordingly, the metric tensor given by the inverse of K induces a
Riemannian structure on the space of discrete probability measures # € R" with nowhere van-
ishing support. Criteria for geodesic convexity of the entropy functional for this gradient flow
structure was were obtained by the same author in [51] as well as by Liero and Mielke [44] and by
Erbar and Maas [29].

In the related work [17] a similar gradient flow structure for Fokker-Plank equations on graphs
was proposed by Chow et al.

As seen in the recent work [32] by Ferreira, Santos and Valencia-Guevara, the weight function 6, as-
sociated to the discrete Rényi entropy in this chapter also appears naturally in a weak formulation
of the fractional porous medium equation in a periodic setting. In this paper the authors propose
a minimising movements scheme related the the Rényi entropy to obtain a gradient flow structure
for the fractional porous medium equation on the higher dimensional torus.

Recently, non-local transportation distances related to the discrete entropy gradient flow structures
above were considered by Solomon et al. [64] for applications to computational problems of graph
theoretical nature.
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Stability Results for Gradient Flows under I'-Convergence

In this chapter we return to the general metric setting of Chapter | and investigate the stability
of gradient flows with respect to perturbations of the underlying functional. To be more precise,
assume that (¢"),cy is a sequence of functionals ¢" : X — R U {+c0}, each admitting a gradient
flow either in the EDE or EVI metric sense. Then, under suitable conditions, we expect a limit
functional ¢ : X - R U {400} to inherit the gradient flow property from the ¢".

I'-Convergence of Gradient Flows in the EDE sense

Before we state a stability result for EDE gradient flows, we first need to clarify the meaning of
convergence of a sequence (¢"), <y of functionals.

Definition Let (X,,, /"), cn be a sequence of topological spaces X,, together with (not necessarily
continuous) mappings /" : X,, — X where the codomain of all /" is another topological space X .
Then a sequence (¢"),,cy of functionals ¢" : X — R U {+oo} is said to be sequentially T-lim inf
convergent to a functional ¢ : X — R U {+4oc} if for every sequence (x,,),cn of points x,, € X,
such that r}l_r};o " (x™) = x for some x € dom ¢, one has

lim inf ¢" (x,,) > ¢(x). (4.1)

(¢™),en is said to be sequentially T-lim sup convergent to ¢ : X — R U {+oo} if for every x €
dom ¢ there exists a sequence (x,,) ey Of points x,, € X,, such that 711_r>£1o M(x™) = x and

limsup ¢" (x,,) < ¢p(x). (4.2)

If (¢™),en is sequentially I'-lim inf convergent and sequentially I'-lim sup convergent to ¢, then
(¢™)en is just called sequentially T-convergent to ¢.

Typically, one encounters the notation of I'-convergence in the situation when X,, = X and /" is the
identity mapping for all n € N. In the context of Gromov-Hausdorff convergence, however, the
/" are usually chosen to be ¢,-isometries for some null sequence (¢,,),cn-

Concerning the next result, recall that a slope |9¢| is a strong upper gradient for a functional ¢ on a
metric space (X, d) if for every absolutely continuous curve v : (a,b) — X the function |[d¢| o v is
Borel measurable and satisfies (1.7).

Proposition (Stability of EDE gradient flows) For every n € N let /" : X,, — X be a mapping between
complete metric spaces (X,,,d,,) and (X,d). Let T be a topology (not necessarily generated by d) on X. Let
¢" X, > RuU{+oco}and ¢ : X - R U {400} be functionals such that the slopes |0¢™| and |d¢| are
strong upper gradients for all n € N. Let (v"),cn be a sequence of locally absolutely continuous curves
v" : RY — X, each satisfying (EDE), such that (i"ov"),cy is pointwise convergent to a limit curve
v: Rt — X with respect to T.

Assume that the following prerequisites are satisfied:
~> The functionals (¢"),cn and ¢ satisfy the I'-lim inf bound
. . +
liminf ¢" (v (1)) 2 ¢p(v(t))  Vte R™. (4.3)
~v> The initial value lti\rg v(t) = vg € X of the limit curve v exists and satisfies

lim sup ¢" (v) < ¢(vp), (4.4)

where vy = ltiggv”(t)for n € N;

~v> the metric derivative and the slope satisfy the following lower bound:
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t t
liminf [ |72 (r) + g (") dr 2 [ [o"F (1) + PgF (o)) dr ¥t € RY. (4.5)
0 0

Then the limit curve v is a gradient flow in the EDE sense and satisfies the following properties:
> (0"),en 1S a Tecovery sequence for v, i.e.
lim ¢" (0" (1) = p(v(t))  VtERT;
~v> If the metric derivative and the slope satisfy the reinforced T-lim inf bounds
t t t t
limin [ |0 (r) dr > [ () dr  and hﬁggﬁf P2 (0" (r)) dr > f PP (o)) dr  (4.6)
0 0 0 0
for all t > 0, then the slope [0¢"| o v" and the metric derivative [0"| converge in L2 (R™) to their

loc
respective limits |0¢| o v and 0] as (n — o).

Note that (4.3) is actually a weaker assumption than sequential I'-lim inf convergence of (¢"),,cn

to ¢.

Proof First note that (4.5) implies that [9|? is locally integrable and therefore the limit curve v
belongs to ACZ, _(R*, X). Moreover, we may invoke (1.7) together with the AM-GM inequality to
obtain
t 14
P(0(s)) — (o)) < j 010 Pgl(o(r) dr < 5 j 2(r) + PpP(v(r))dr  Vs,te R*:s <t
] ] 4.7)

We need to show the converse inequality of (4.7), which means precisely that v satisfies (EDI). To
this aim, it suffices to show that

N —

t
P(vy) — (o)) = j|z>|2(r>+|a¢|2(v<r>)dr Vt e R*. (4.8)
0

Then the fact that v is a solution to (EDE) for arbitrary s < t follows by additivity of the integral.
To show (4.8), we recall that each v" satisfies the energy dissipation equality

t t
9" @) — 9" (") = 3 [Py dr+ 2 [ PP ())dr Ve RY, (49)
0 0

where we already let (s N 0). Now taking the limit inferior as (n — o) in above equality results
in the following estimates:

For the left-hand side, we may use (4.4) to obtain
Pp(vg) — hl’;l_)sotlp ¢" (0" (1)) = liminf (¢" (v) — " (v"(1))). (4.10)

Note that (4.7) with (s \ 0) gives an upper bound for the right-hand side of (4.5), which results in
the inequality

t
lirgrl'g}lf% [ 1B + 092" (1) dr = (o) — p(o().
0

Together with (4.10), this inequality gives us the following estimate as we take the limit inferior
(n - o) in (4.9):
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¢ (vg) — limsup ¢" (0" (1)) % f ”| (r) + |B¢”| (0" (1)) dr = ¢(vg) — ¢(v(t)), (4.11)
n—oo 0

which corresponds to the inequality limsup,  _ ¢"(v"(t)) < ¢(v(t)). Now sequential I-lim inf
convergence of (¢"),cn comes into play, i.e. we have liminf, ,, ¢" (0" (t)) = ¢(v(t)). Together,
both inequalities imply lim,,_, ., ¢" (v"(t)) = ¢(v(t)) for all t € R*. In particular, there is actually
equality in (4.11), which shows that v satisfies (EDE).

It remains to show that [¢"| and [9¢"| o v"* converge in L? oc to their respective limits as (n — co):
Using the energy dissipation equality (4.9) and the corresponding equality for the limit curve o,
we infer that

t t
}L%f "2 (r) + [0¢" [ (0" () dr = j 02 @) + P[> (0(r))dr Vi€ R*. (4.12)
0 0
Consequently, (4.6) implies

t t t
[ 162 () + g (v(r)) dr < liminf [ 6" (r) dr + liminf [ [0g" (0" (1) dr =
0 0 0
t t
= lim f 0" (r) dr + [9¢" 2 (" (1)) dr = f 02 (r) + [9¢[* (v(r)) dr,
0 0

which means that
t t ¢

lim f 0" (r) dr + [9¢"* (2" (r)) dr = lim inf f [0"* (r) dr + lim inf j PP (" (r))dr Vte R*
0 0 0

Therefore, we obtain that

t t ¢ t
Ai_r&f 0" 2 (r) dr = j () dr and ]}i_r)glof P¢" 2 (0" (r)) dr = f PP (o(r))dr  Vte R¥,

0 0 0 0

which in turn implies that [¢"| and [9¢"| o 0" converge in L _to [¢| and [0¢] o v, respectively. W

In the the following example we sketch briefly how above stability result for gradient flows may
be applied to a family of Cahn-Hillard equations with increasingly sharp phase transition.

Example (Convergence of Cahn-Hillard equations) We consider the the one-dimensional Cahn-
Hillard equation

=AW (uf) —e*Auf)  inR*xT, (4.13.2)
ut = ug on {0} x T, (4.13.b)
where W(z) := %(l —22)2 js the double-well potentialand T := R /Z is the 1-torus. Equation (4.13)

is used to model phase-separation of two components of a fluid with € € (0, 1] corresponding to
length of the transition region.

It is possible to identify the solution u® to (4.13) as a gradient flow in the homogeneous negative
Sobolev space

HY(T):={ve H(T): (v,1) =0},

where (., -) denotes the dual pairing between H 1(T) and H~1(T). When endowed with the norm
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oy = sup {2(v,9) = IVolfar,} Yo € HU(T),
pEH(T)

the space H~1(T) becomes a Banach space.
Now (4.13) corresponds to the H~!-gradient flow for the Allen-Cahn energy functional

2
) f % Vol (r) + W(v(r))dr  if Vo € L2(T) and W(v) € L1(T),
) = T
400 otherwise.

Supposed that we are given suitable initial data uy € H~1(T) such that E? (1g) < +co, the energy
dissipation equality, which characterises the H~!-gradient flow for E¢, takes the form

t t
% f li#[* (r) dr + %f JES (uf (1)) dr = E(ug) — ES(u(t))  Vte R, (4.14)
0 0

where we assume that the curve u belongs to AC>(R, H~1(T)). Note that (4.14) corresponds to
(EDE) by additivity of the integral.

As (¢ N 0), the phase-transition in (4.13) becomes a sharp interface and one would naively expect
the limit equation (4.13) with ¢ = 0 to correspond to the internal energy functional

EO(v) = f W(o(r)dr  if W(o) € L\(T).
T

However, since the double-well potential W is not convex, the functional EO is not convex nor

lower semicontinuous in the H~!-topology and the gradient flow dynamics is not well-posed (cf.

also with Section 2.4 where internal energy functionals are discussed in the context of Wasserstein

spaces).

A more sensible alternative is given by the lower semicontinuous envelope of E° defined as

[wem)dr if W) e LY(T),

E*a(- (U) — T
400 otherwise,

where W** denotes the convex envelope of W. It is not difficult to prove that E* is sequentially
I'-convergent to E**. For instance, the I'-lim inf bound follows from the fact that the lower semi-
continuity of E**, together with E# > E**, implies

liminf E¢(v%) > liminf E** (v®) > E**(v)
exo eno

for all v* convergent to some v in H1(T) as (¢ \ 0).

Provided that the initial data is well-prepared in the sense that lim, g E* (13) = E** (1), one can
invoke the stability result Proposition 4.1.2 to show that the limit curve given by

limu*=u  inC([0,T],H"I(T)) (4.15)

exo

forall T > 0, belongs to AC?(R}, H~(T)) and satisfies the energy dissipation equality
1 I
- 12 - 5% % _ D% +
2.([Iul (r)ydr + 2_(];|8E |“(u(r)) dr = E**(ug) — E** (u(t)) Vte Ry.

Moreover, u is a solution in the sense sense of distributions to

it = AVW**(u)) inR* x T,

U= Uy on {0} x T.
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In order to apply the ideas of Proposition 4.1.2, one has first to establish convergence in the form
of (4.15). Then it easy to show that the metric derivatives |ii®| satisfy (4.5). Indeed, we may use
the Banach space structure of H~1(T) to write the metric derivative |if| as moduli of the Fréchet
derivative #° (cf. also Example 1.1.3). Therefore, Fatou’s lemma implies the estimate

t t t t
A ce12 B TR . e 2 . 2 _ .12 +
hrgrlbnf.([ i (r) dr = hrgrlbnf! s (|2, dr > !nu(r)n_l dr = ! iy dr  Vte R*.

However, considerable work is involved to prove that the slope [0E*|o u satisfies the lim inf-bound
of (4.6). We omit the details. q

I'-Convergence of Gradient Flows in the EVI sense

Usually, the existence of a strong upper gradient required to apply Proposition 4.1.2 is established
via geodesic k-convexity of the functional (see Proposition 1.2.4). In this x-convex setting, however,
the stronger notion of a gradient flow in EVI sense may be applicable.

In the following stability result for EVI gradient flows the specific boundedness assumptions (4.3)
and (4.4) are replaced by the stronger concepts of Gromov-Hausdorff convergence of metric spaces
and I'-convergence of the functionals.

For convenience, we introduce Gromov-Hausdorff convergence via the notion of e-isometries.

Definition Let (X,dy) and (Y, dy) be metric spaces. A mapping (:Y — X is called e-isometry
for e > 0 if

dx (L), 1)) —dy (1, )| < e VYyLy €Y,

and for every x € X there exists a point y € Y such that dy (:(y),x) < .

A sequence(X"),cn of compact metric spaces X,, is called convergent in the Gromov-Hausdorff
sense to a compact metric space X if there exist ¢,,-isometries /" : X,, — X for some null sequence

(gn)neN'

Proposition (Stability of EVI gradient flows) Let (X,,,d,,) e be s a sequence of complete metric spaces,
converging in the Gromov-Hausdorff sense to a complete metric space (X,d), i.e. there exists a sequence
(M) e of €,-isometries 1, : X,, — X for some null sequence (¢,,),en- Let (¢™),en be a sequence of
functionals ¢" : X,, - R U {+o0}, sequentially T-convergent to some ¢ : X - R U {+o0}. For a fixed
constant k € R, let (v"),en be a sequence of locally absolutely continuous curves v" : R* — X, , each
satisfying (EV1,), such that (i"ov™), <y is pointwise convergent to a limit curve v : Rt — X with respect
to d. Assume that the initial values lim;. o 0" (t) = v € dom ¢" satisfy lim,,_,, (" (v]) = vy € dom ¢.

Then the limit curve v is a gradient flow in the EVI sense. In addition, (v"),cy is a recovery sequence for
v, i.e.

lim ¢"(v"(h) = p(v(t))  VtERY. (4.16)

Proof The proof is arranged into two steps: First, we will check that v satisfies the EVI. In the
second step, we will prove that (v"), cy is actually a recovery sequence for v.

Throughout the proof we will use the shorthand notations v/' := /" o 0" and x]' := /" o x".
Identification of the limit curve: Fix a point x € dom ¢. Then the sequential I'-convergence of
(¢")nen implies that there exists a sequence (x}') ,ey Which converges to x such that lim ¢"(x") =
¢(x). We invoke the alternative characterisation of the EVI as given in Lemma 1.3.1: In particular,
choosing y = x” results in



(ii)

T'-CONVERGENCE OF GRADIENT FLOWS IN THE EVI SENSE 54

t
%e’“di(v”(t),x”) - %e"sdﬁ (v"(s),x™) < ((¢"(x™) — ¢" (V" (1)) f e*r dr Vs,te Rt :s <t

S

Using the fact that each /" is an e-isometry, above inequality yields

¢
%e’“dz(vf(t),xf) - %e"sdz(vf(s),xl") < (¢"(x") — @"(v"(1))) fe’” dr+#y! Vs teRT:s<t
S

(4.17)
for some 773’ > O such that lim 7 = O forall ¢ > 0. Recall that the I'-convergence of (¢") .y implies
liminf " (0" (1)) > ¢(v(t)) VtE R™.

Therefore, we can pass to the limit inferior in (4.17) as (1 — o) to obtain

¢
%e’“dZ(v(t),x) - %e"sdz(v(s),x) < (¢p(x) — (o)) f err dr Vx € dom¢, Vs,t € RT:s <t
| (4.18)

Thus the limit curve v belongs to AC, (R, X) and is a solution to the EVI with respect to . For
v to satisfy (EVI,), it only remains to show that lim,.yv(t) = vy. However, this follows readily if
we let (4.17) first attain (s \ 0), and afterwards pass to the limit inferior as (n — o0); thus, arriving
at

t
%e"tdz(v(t),x) - %dz(vo,x) < (p(x) — p(v(1))) f e"dr  Vx €dom¢, Vt € R*. (4.19)
0

Now we can pass to the limit superior in (4.19) as (t \ 0), where we use the lower semicontinuity
of ¢ to arrive at

lim sup d?(v(t), x) < d?(vg, x) Vx € dom ¢.
NO

Letting (x — ©vp) in this inequality, shows that v, is the initial datum for the limit curve v.

Establishing the recovery sequence: The sequential I'-convergence of (¢"),,cy yields for every fixed
time ¢ > 0 a sequence (7}, such that (/*(7}) is convergent to v(t) and lim,, ., $" (7)) = ¢(v(1)).
Therefore, setting y = Ef, the pointwise variant of the EVI, which was derived in (1.17), takes the
form

1d+ — — K =
33 dy (0" (1), 0)) < 9" @) — ¢ (v"(1) — 53 (0"(1), 7)) VnEN, VtER*, (4.20)
To take a meaningful limit for the inequality above, we first need to ensure that the left-hand side
is bounded from below by 0 as (¢t \ 0). To this aim, we use the reverse triangle inequality to obtain

d, (v (t+h),z) —d,(v"(t),z) S _dn(z}”(t + h), v (1))

+
h = I Vze X, Vte RT.

for all 1 > 0. Hence, by passing to the limit superior in the inequality above as (h \ 0), we infer
that

1d* a+ . .
5= d2(v"(h),z) = dn(v”(t),z)a d, (V" (1),z) = —d, (V" (}),2) [0"|(t+) Vz € X, Vt € R,

2 dt
421)

where we used the product rule in the first equality above.
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The energy identity of Theorem 1.3.2.iii, together with (4.28), implies that [0"|(t+) < C,(S, T) for all
n € Nt € [S,T]. Therefore, we can set again z = 5'; in (4.21) which, together with (4.20), implies
the inequality

P (v (t)) < ¢"(T}) — %dﬁ(v"(t),z‘;’;) + Co(S, Thd, (v"(1),7)  VneN,Vte[S,Tl.

Utilizing the ¢,-isometries (7, we can replace the metric d" in above inequality by d and a small
error:

P (0" (1) < ¢"(T}) + %(d(vf(t)»@?)) +£,) + Co (S, T (A (), 1T})) + £,)°.

Now, passing to the limit superior as (n — o), yields the estimate

limsup ¢p(0" (1)) < ¢(v(t)) Vte R*.

Since the sequential I'-convergence of (¢"),cn gives us the converse inequality

P(vt)) < limioglf(p(vn(t)) Vte RT,

we finally arrive at (4.16). [ ]

In the result above we required (v"),,cy to be pointwise convergent to a limit curve. This require-
ment is unneeded, however, when all functionals ¢" are coercive. We will see in the following
corollary that in such a case (EVI,) actually provides uniform bounds for (v"),,cpy which are strong
enough to deduce the existence of a limit curve by means of an Arzela-Ascoli argument.

Definition Let (X,d) be a metric space. We say that a functional ¢ : X — R U {+o0} is coercive
if all sublevel sets {x € X : ¢(x) < c}, c € R are relative compact.

To keep the formulation of the following result simple, we restrict ourselves to the situation when
X" = X and /" is the identity mapping for all n € N.

Corollary Let (X,d) bea complete and separable metric space and fix x € R. Let (¢"),,cn be a sequence
of coercive functionals ¢" : X — R U {400}, sequentially T-convergent to ¢ : X — R U {+oo}. Assume
that the ¢" are uniformly bounded from below, i.e. there exists a constant C € R such that

¢"(x)>C VYxeX,VneN. (4.22)

Let (v"),en be a sequence of locally absolutely continuous curves v : Rt — X, each satisfying (EVI,).
Assume that the initial values lim, 0" (t) = vy € dom ¢ converge to vy € dom ¢. Then there exists
a limit curve v : Rt — X, starting from lim, g v(t) = vy, which is a gradient flow in the EVI sense.
Additionally, (v"),,cn is a recovery sequence for v, i.e. (4.16) holds.

lim ¢"(v"(1) = p(o(t))  Vte R*. (4.23)

For the proof we will need the following version of the Arzela-Ascoli theorem.

Lemma (Metric variant of the Arzela-Ascoli theorem) Let (X,d) be a metric space and assume that
w:[S,TIx[ST] - Ra" is a symmetric function which satisfies

(rlsl){r}t%(r,s) =0 vt e[S, T].

Let (v™),,en be a sequence of curves v™ : [S, T] — X such that for every t € [S,T] the set {v"(t) : n € N}
is relatively compact in X. Then following statements hold:
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If (V™) ,.en satisfies

limsup d(v"(s), v"(t)) < w(s,t) Vs, t € [S,T], (4.24)

n—oo

then there exists a subsequence (V,x)en, converging pointwise to a continuous limit curve v : [S,T] - X
such that d(v(s),v(t)) < w(s,t) forall s,t € [S,T].

If W™),.en satisfies
supd(v"(s), V' (t)) < w(s,t) Vs, t € [S,T], (4.25)
neN

then there exists a subsequence (V") ey, converging uniformly to a continuous limit curvev : [S,T] - X
such that d(v(s), v(t)) < w(s,t) forall s, t € [S, T1.

Proof of Corollary 4.2.4 We will only prove the corollary for ¥ < 0 and C > 0.

In the first part of the proof we show the existence of the limit curve v. In order to apply Lemma
4.2.5.ii, we need to establish uniform bounds for (v"),,cn: Fix a point x € dom ¢. Then the sequen-
tial I'-convergence of (¢™),c that there exists a sequence (x,,),,cy Which converges to x such that
Al_r’go ¢" (x,) = p(x). We invoke the alternative characterisation of the EVI as given in Lemma 1.3.1.
Choosing y = x,, results in
1 1 f
Ee"tdz(v”(t),xn) - Ee"SdZ(v”(s),xn) < (¢p(x,) — p(0"(H))) f err dr Vs,te Rt:s<t.
S
(4.26)
In particular, this implies the estimate
t
d?(v"(t),x,) < <d2(vg,xn) + 2¢”(xn)je” dr) et Vn e N, Vt e R*.
0
Since (vf}),en and ( gb"(xn))neN are convergent, for every positive time T > 0 there exists a con-

stant C;(T) > 0, independent of #, such that

d(v"(t),x,) < Cy(T) vn €N, Vt € [0,T]. (4.27)

Now the regularising estimate of Theorem 1.3.2.ii comes into play: Choosing again y = x,, in (I.18)
yields

t t
1 1 2
¢ (0" (D), %) + p(0"(1)) !e"’ dr + 5 [ (0" () ( ! e dr)'<

t ¢
< %dz(vo,xn) + P(x,) f e dr < %Cl(T) + P(x,) f exr dr
0 0
foralln € Nandallt € [0, T]. As before, the convergence of (¢”(xn))n€N implies that for every
choice of 0 < S < T there exists a constant C,(S, T) > 0 such that
¢ (0" (1)) < Co(S,T) and  [9¢"|(0" (1)) < Co(S,T)  Vte [0,T]. (4.28)

In particular, the coercivity of each ¢", together with the first bound in (4.28), shows that the set
v"(t) : n € N is relative compact in X for every time t > 0.

Furthermore, the energy identity (1.19), together with the second bound in (4.28) results in

t t
d(0"(s),0" (1)) 5f|z;"|(r> dr:j|a¢n|<v”<r>)drgc2(s,T) lt—s|  Vste[S,T]:s<t
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for all n € N. Hence, (v""),cy is uniformly Lipschitz on each compact interval [S,T] C R*.
Hence, we may apply Lemma 4.2.5.ii with w(s,t) = C5(T) |t — s| to obtain a subsequence (v"*) ¢y,
converging locally uniformly to a limit curve v : R* — X which is locally Lipschitz.

Now we are in the position to invoke Proposition 4.2.2 to infer that v is a gradient flow in the EVI
sense. Moreover, the x-contraction property given in Theorem 1.3.2.i implies that the the whole
sequence (v"), cy converges locally uniformly to u as (n — o).

Finally, we apply Proposition 4.2.2 once again to establish a recovery sequence as in (4.16). [ ]

Bibliographical Notes
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5.1.1

Limit Passage of EDE Gradient Flows for Discrete Porous
Medium Equations

Finite-Volume Discretisation

—— Notation
In this chapter we will slightly abuse the notation in the following way: Any probability measure
i € P,(Q) which is absolutely continuous with respect to the Lebesgue measure L1, will be
identified with its density U. For instance, we will also write F,,(U) instead of F,,(y) for the
continuous Rényi entropy functional F,,,.

Likewise, we will use a similar notation for functionals which are defined on 2": Every discrete
probability measure u? = 71;0; € P" will be identified with its density p; and instead of e.g. 7=, (p),
we will also write /= (u").

In addition, we will drop the dependence of functions on the spatial variable x or the time variable
t to keep equations neat.

In this section we will introduce a discretisation for the continuous one-dimensional porous med-
ium equation with drift

%u(t,x) = Au™ (t,x) + div(u(t,x)Vo(x)) Y(t,x) € (0,T)x[0,1], m > 0. (5.1

subject to the non-flux Neumann boundary condition
Vu™(t,0) + u(t,0)Vu(0) = Vu™(t,1) + u(t,1)Vo(1) =0 vte (0,T).

Note that we encountered this type of equation already in the more general form of (2.18). Here,
however, the internal energy functional is given by the Rényi entropy introduced in Definition
24.11.
In the first part of this chapter we introduce a finite volume scheme for (5.1), which then is recog-
nised as a gradient flow for the discrete Rényi entropy.
Definition (Finite volume scheme)  Given a partition 0 = x] < x5 < ... <x = 1of Q= (0,1),
define n + 1 midpoints between the x' via

x4 x?
ol=0 ot :=%forie{1,...n—1}, o =1
Moreover, we introduce control volumes w} := [0]' |, 0}') and denote their length by .
Integrating the porous medium equation (5.1) over a control volume w} results in

% f u(t,x)dx = V(™) (t, o) = V™), o) + ut,c)Vo(o]") —u(t,o])Vo(d] ;)

n
wj

foralli € {1,...n — 1}. In the finite-volume scheme the integral [ , u(t,x) dx is approximated by
ul!(t) and the flux V(u™)(t, o]") is to be approximated by by finite differences.
Introduce the rate coefficients

1 1
d .
an Bi — x?)h”

a; -
(xi+1 i+1

o (xzn+1 - xzr'l)hzr‘l

Vie{l,.n—1}, (5.2)

in the interior and ay = By = «,, = B,, := 0 at the boundary. Then, provided that we change over
from ul : (0,T) — R to the density curves p; := u'/h}' : (0,T) - R, we may write the finite
volume discretisation of the porous medium equation with drift in the form
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pi(t) = a0/ (1) — (a; + Bi_1) 7" (1) + Biply 1 () + (5.3.2)
+a;_10i1,i(t) (Vim1 — o) + BiPi g1 () (141 — v;) (5.3.b)

foralli € {1,...n}and t € (0,T), where Pij denotes the weight 6,, between p; and p; as already
defined in (3.1).

The rate coefficients give rise to a birth-death process, defined by the infinitesimal generator

—q Xq 0 0 0
p1 —m—pB1 a0 5
Q=| 0 0o | (5.4)
: 0 Bu2 —ty1—Pn2
0 0 0 ﬁnfl _;anl

Using the notation from Section 3.2, we may use the particular structure of & to write (5.3) in the
compact form

pi(t) = Z«Q,-,-(p]’”(t) +p;(HVuy)  VEE(O,T).
j=1

The stationary distribution of this continuous-time Markov chain is characterised by the equation
7 = 0, which can be also written more concisely as a;7; = B;7;,1; thus is given by 71; = h'.

The next step on the towards a gradient flow which is a solution to (5.1) is as follows: We need
to relate the spatial finite volume discretisation described above to the gradient flow for a linear
combination of two functionals introduced in Section 3.2: the discrete Rényi entropy functional /=
and the discrete potential energy functional I/". Basically, the existence of such a gradient flow
was already shown in Proposition 3.2.3. However, in order to obtain a global flow, we either need
to assume that m < 1 or that the potential energy functional /" vanishes.

Assumptions We make the following assumptions on the porous medium equation in (5.1):

Re Rényi entropy and potential energy functionals: Thebound 0 < m < 3/2is satisfied. Incasem > 1,
we additionally require the porous medium equation to be homogeneous, i.e. Vo = 0. Otherwise,
v is required to be a bounded convex function in C! (Q)). Then the discretisation of v is given by

ol = hl” f o (x) dx. (5.5)

1
lwln

Re initial condition: Let Uy be a probability density with respect to the Lebesgue measure on ()
such that Uy € L (Q)) for m # 1 or UylogU, € LY(Q) for m = 1. Then the initial value of the
finite-volume scheme is given by

u(0) = j Uy (x) dx. (5.6)

n
wj

Note that the Riemannian structure on int X' introduced in Proposition 3.1.4 in general does not
extend to boundary of X*'. However, as already noticed in the proof of Proposition 3.2.3, Assump-
tions 5.1.2 assures that p(t) stays inside int”" for all times t > 0. Hence, we have the following
result.

Proposition Let (u]')1<;<, be the spatial finite volume discretisation given by (5.3) such that Assumptions
5.1.2 are satisfied. Let X", Q, hl) be the irreducible continuous-time Markov chain corresponding to (5.4).
Then i — ul'(t) is a discrete probability measure on X*' for any time t > 0, which induces a gradient flow
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p : (0,T) - intP" in the Riemannian sense for the mixed energy functional $" = 7= + /" via the
relation u; = hl!p;, starting from lti\rg 0i(t) = uf(0)/h}.

In particular, p is continuously differentiable and satisfies the energy dissipation equality (EDE)
t t
10, 1
5 [l OR dr+ 5 [P Potr) dr = (o) = #" (o) Vste O,T):s <t (5.7)
S S

Proof The first part of this proposition is an immediate consequence of Proposition 3.2.3. The
energy dissipation equality (5.7) follows due to Proposition 1.2.5. [ ]

The particularly simple structure of & allows to give an explicit characterisation of the velocity of
a smooth curve.

Lemma Under Assumptions 5.1.2, let p : (0,T) — intP" be the smooth gradient flow induced by the
finite volume discretisation u™ via the relation u! = hl'p;. Then the velocity p may be identified via the
discrete continuity equation (3.7) with the discrete vector field Vip : (0, T) — X" x X' given by

i—1

k
Vs = — = Z — I with  ge= l_Zl W, for j<i. (5.8)

= N Presr k

Proof For our choice of the infinitesimal generator & the continuity equation in the interior of X
reads

pi = (i — ¥i1)PiicaBic1 + (¥r — Yisa )Piiv1 % Vie{2,..n-1}, (5.9
while at the boundary we have
p1 = (1 — P2)P1001 and P, = (¥ — Yu_1)Pun—1Bn-1-

Solving for ¥; — ;1 in (5.9), we arrive at

i i
1 P T Pi vieq,.n-1). (5.10)
pzz+1k Xk I=k¥1 &

11[] 1/]l+1 -

Invoking the detailed balance equation a;h}' = B;h7, |, (5.10) may be also written in the form

i+1’
i—1

P —— Zuk ]_[ﬁH:Al Y s ]_[—= Z 'n. G.11)

. i 0
pl i+1 k=1 D‘khk I=k+1 [Xl pl,l+1 k=1 wlhk_'_l I=k+1 l p 1

Now, for i < j the general expression i; — ; arises just as telescopic sum over (5.11). [ ]

Now we are ready to introduce the following functionals:

Definition Letp : (0,T) — int”" be the smooth gradient flow induced by the finite volume
discretisation u" via the relation u}' = h}'p;. Then the discrete dissipation potential is defined as

1 1T
Rt uty = (0l = 5 with  g;:= )
2 g 2 Zl h pz i+1 ' ; !
whereas the (generalised) discrete Fisher information of the functional ¢" = 7= + /" is given by

i z+1 i
n
i=1 z+ -X

1 i

pm —p. 2
27"y = (grad " (M), grad <I>"(u") 1;’1141:'1 + o' — o

N —
I\.)|>—‘
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Interpolation of the Discrete State Space

In this section we will investigate the embedding of the discrete state space into a continuous
Wasserstein space. To this aim, one has to construct suitable interpolants on (), which converge
weakly to limits in such a way that estimates for the dissipation functional and the Fisher infor-
mation are obtainable.

Definition We introduce the piecewise constant interpolant U” : () — R of the control volume
ul! by

n

u’
ur(x) :=p; = h—; for x € wi'. (5.12)

1
Note that max {a, b} and min {a, b} are respective upper and lower bounds for the weight function
0,,(a,b). This gives rise to the following upper and lower interpolants of u, also involving the

adjacent control volumes:

max {01, 02} forx € vy,

U (x) = { max {0;_1,0;, 041} forx € «}, i€ {2,..n -1},
|max {n-1, 01} forx € wj.
min {p4, 0>} forx € vy,

un(x) := ’min {0i1, 01,0111} forxewl, i€ {2,.n-13},
min {0,,_1, 0} forx € wy.

Note that (" and U" are respective upper and lower bounds for p, i.e.

uiil M? < Un n o
) S (x) Vx e w!,ie{2,..n—-1}. (5.13)
it+1 'H

U (x) < Pig1,i = O (
We introduce yet another interpolant of ' which is constant on intervals (x7, x?+1 ):
Ur(x) = piy1,; forx e (,xt ), i €{1,..m—1}.

Note that (5.13) implies that the interpolants are related in the way U" < U" < U".

It remains to define piecewise constant interpolants for the discrete gradient of the density p; and
for the discrete fluxes g; via

wn PO Hoon . Vigp T O} B n on .
G'(x) = o——=, H'(X)= 57—, Q'(x)=g¢q; forxe (', x} ), i€{l,..m-1},
iv1 — i i+1 X e

whereas at the boundary one sets Q" (0y) := Q" (0,,) := 0. Here the x!' denote the partition of our
finite volume scheme and the ¢/" denote the corresponding midpoints.

Facts Let the interpolants U", G and Q" be given as above.

The interpolant U" is defined in a way such that an evaluation of the Rényi entropy functional F,,
corresponds to

n
Fo(U") = [ £, (U dx =) £ (ool = 7,1 (0).
Q i=1
In the same vain, the evaluation of the potential energy functional V results in

n
v = Jo-urds=) ool =V" ).
Q i=1
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(i) Recalling the definition of g; in (5.8), we immediately obtain the following relation between the
interpolants U" and Q™:

Qn(tr 0-1') - Qn(t/ Ui—])

e, xm =
1 h:’l

vie{l,.n—1}. (5.14)

The following lemma provides first estimates for the dissipation functional 2" and the Fisher
information Z" with respect to the interpolants defined above.

5.2.3 Lemma For every smooth gradient flow p : (0, T) — intP", induced by the finite volume discretisation
u'" via u; = hl!p;, the following lower estimates hold for all times t € [0, T]:

IQ”(t>|
U”(f)

2
dx.

ne.mn o1 1 ne.m 1 T7in Gn(t) n
7 (u ), (t)) > 2f and z (u (t)) > 2(J;u (t)‘ﬁ”(t) +H

Proof We start with the estimate for the dissipation functional 2*: By recalling the definition of
the rate coefficient «; in (5.2), we obtain

O (Pis1,01) < max{p;,1,0;}

n n —_ n n
Xiv1 — % Xit1 — %

Ai = ahipig ;= (3.15)
Now we have to compare the interpolant Q" which is constant of every interval (x},x, ;) with

" which is constant on every w. To this end, we count each control volume w twice in the
definition of * and apply the estimate from (5.15), which results in

2

Y RS < S NI R L S
nem gy — 241 402 =1 0 = >
R (u U ) 4/\1 + 4 Z, ()L + l') + 4)\}1_1 - 4 max{pz,pl}

+ Z (xn - X 974 + Xiq =X q9; ) + X5 = Xp_q 9a_
max{p;, 0;_1} 4 max{p;yq, 0} 4 max{p, 1,0,}

1 1 .
=5 —x" ;) and 0] — x! = 3 (xf}; — x}'), we eventually arrive at

n 1¢ | _ 1o
7 (u, i) > E;(unle dx>_§(f) T dx,

Now using that x}' — o' ; =

which shows the first inequality.

The proof of the inequality for the discrete Fisher information Z” follows along the lines of the first
part. Indeed, we have the elementary estimate (5.13) can be used to obtain

2
1'¢C Pi+1,i P 1 i
2ty =5y HL L g oor =0l =
2 ; X =X | P o
2
1 n Y7 n Y 1 p?—:—l_p:n ;1+1—U?
=3 1221 ((0'1' =X )Piy1,i + (X — 0] )Pz’+1,z’) U”((Ti”) X —xF P
n o 2 len 2
> 2y (o [|S v mrdx) = 2 [0 |S 4 |
2 i=1 n 2 Q ur
This establishes the second inequality. ]

With above lemma at hand, the following main result of this section is obvious.
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Proposition Let p: (0,T) — intP" be the smooth gradient flow induced by the finite volume discretisa-
tion u" via u; = hlp; such that Assumptions 5.1.2 are fulfilled. Then the continuous functional ¢ = F,,+V
satisfies the following inequality for the interpolants introduced in Definition 5.2.1:

1 T |Qn|2 __|gn 2
pu ) +5 [ | S+ UM |+ HY dde < p(U(0)). (5.16)
0Q

Passage to the Limit

In this section we will show that the sequence (U"),cy of interpolants admits a subsequence
which weakly converges to an absolutely continuous limit curve U taking values in the 2-Wasser-
stein space /2, (Q)). Assuming 0 < m < 3/2, we will then identify U as EDE gradient flow for the
mixed energy functional ¢ = F,, + V.

To archive these goals, we will follow the ideas of Proposition 4.1.2. However, we will first need
to establish the prerequisites of aforementioned stability result. We start with the extraction of a
converging subsequence.

Proposition Let (U"), cn be a sequence of interpolants U™ satisfying (5.16). Then there exists a subse-
quence (U"™*)cn and a continuous curve y : (0, T) — P5(Q) such that

U —— ity Vie O,T).

Moreover, the discrete functional $"% = 7= + /" and the continuous functional ¢ = F,, + V are related
by the inequality

lim inf S (u(t)) = p(u(t))  Vte (0,T), (5.17)

and the limit measure y(t) has again a density U (t) with respect to the Lebesgue measure JL for all times
te 0,T).

Note that (5.17) is actually weaker than sequential I'-lim inf convergence as defined in Definition
4.1.1.

Proof The aim of this proof is to apply the Arzela-Ascoli theorem in the version of Lemma 4.2.5.i
to extract a weakly converging subsequence out of (U"),,cy. To this end, we need to show that the
familiy of interpolants satisfies (4.24) with respect to the 1-Wasserstein distance. Here comes the
Kantorovich-Rubinshtein theorem (Theorem 2.2.5) into play, which gives a useful characterisation
of the Wy-distance:

WG, i) = sup{ [ g — [9dua g € Lipy @)} Vi, iy € Po(X). (5.18)
Q Q

We may invoke (5.18) to estimate the W;-distance between y; = U"(¢;) and p, = U"(t,) for two
different times 0 < f; < t, < T. Therefore, let (y;)ren be a sequence in Lip; (Q)) such that the
supremum in (5.18) is attained over (¢ )ren. As usual, we define the piecewise constant inter-
polant for every ¢ to be ¥} (x) = ;(x}!) for each x € wy}!. Thus, we obtain

Wi (U (), U (1)) < (5.19.2)
< [ Wreoun (ty, x) dx — [ WEU (b, x) dx + 2 — ¥l + €, = (5.19.b)
@) @)

ty
= [ [wreur e, dedt+ 2y - ¥l + ey (5.19.0)
L Q)
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where the error term ¢, vanishes as (n — oo). To estimate the integral in (5.19.c) we may use
summation by parts to infer

— Q" (t,0;_1)
i

ty ty n
[ [ wreourt,x dxdt = f fl/z (o) 27D dvdt=  (5.20a)
t1 O ty cu
2 n tr
== [ Y (1) - ppx )Q o dt = — | f PLOQ () dxdt < (520b)
t i=1 e
T

n—1 1/2
f]lm,tz (x) Z(xm ) lg(H] dt < (tp — f1)1/2<f Z(le —xM2 g dt) (5.20.¢)

o

where we used Holder’s inequality in the last line above. It remains to find an estimate for the
expression in the rightmost parentheses in (5.20.c) which is uniform with respect to all n € N. To
this aim, we may exploit the trivial bounds h! ; > (x! x)/2and k! > (x' | —xI')/2, as well as
the 1-homogeneity of 6,, to obtain

i+1 i+1

no_ yn X1 n

X; i X
(xz+1 x?)em(le/‘ol) = €m< l+1hn l uzr‘l/ l+];’(1 1 : ul+1) < 2max {Ml ’u1+1} <2 (5‘2|)
i i+

Now plugging this estimate into (5.20.c) gives

ts
f f‘I’Z(x)Un(t,x) dxdt < 2(t, — tl)l/z(

fT
f O 0
fT

iml ) gD )”2_

i=1 pH—l i

1/2
:4(t2—t1)1/2( ﬁ/”(u",u”)dt> )
0

Note that 2* (u",7") is uniformly bounded in L1(0,T) for all n € N, due to the fact that each
p; = ul'/h} is a solution to the corresponding EDE (5.7) with initial condition (5.6).

Finally, combining the estimate above with (5.19) shows that the family (U"),cy satisfies (4.24)
with respect to the function w(s, t) = 4|s — t| (fOT B, i) clt)l/2

Next, we come to the proof of (5.17): Indeed, this inequality follows from the lower semi-continuity
of the Rényi entropy functional F,, and the potential energy functional V (cf. Proposition 2.4.3) and
the fact that 9" (u") = p(U™).

For the last statement in Proposition 5.3.1, namely the existence of a density U(t) for u(t), it is
enough to invoke the definition of the Rényi entropy F,, and show that F,, (u(t)) < +oo for all
times t € (0, T). Note that this follows already from the bound ¢(p(t)) < +oo. Since the discrete
functional ¢" (u"(t)) is uniformly bounded in t by ¢" (u;) as a consequence of u" satisfying the
EDE (5.7), we may invoke (5.17) to arrive at the result. [ ]

In the next result we show that along with U" all the other interpolants introduced in Definition
5.2.1 admit a converging subsequence as well.

Lemma Let (U™) ey, (U")gen, and (U)o be the sequences of interpolants associated with the

converging subsequence (U"k) <y of Proposition 5.3.1. Then each of the three sequences converges weakly
toUonQx (0,T),ie.

limfw(x,t)Y”k(x,t)d(x,t) =f¢(x,t)u<x,t)d(x,t) Vip € C,(Qx (0,T)), (5.22)
Sxo,m) Qx(0,T)

where Y™ corresponds to one of the interpolants U, U™, or U"*.
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Proof Supposed, we show first that limy_, ., (U" — Y") = 01in L1 (Q x [0, T]), then the estimate

f YU — Y™ d(x, 1) < f YU — U™ d(x, ) + o] f U™ — Yny| d(x, 1),
QOx[0,T] QOx[0,T] QOx[0,T]

implies (5.22) as (k — o).

In the following, we argue for Y = U"; the proof for U™ follows in a similar fashion, whereas
weak convergence of U"r follows by the elementary bound U < U < U,

It remains to compute

n
U™ =T epegor = 3 W o = T ) = Y 1 oy = praal + S W o= sl (523)
i=1

iel, i€l

where the sets I_ and I, consist of all indices in {1, ...n} where the maximum in |o; — U (x;)| is
attained for the leftmost element U"*(x;) = p;_; and rightmost element U"*(x;) = p;,q in the
definition of U"*, respectively.

Now we just argue for the sum over the index set I, the other case being analogue. Note that we
may invoke Holder’s inequality to infer

o7 = o1l o aelel = el
Y o= pial = ) ((( — ol i (h?k((xﬁvl — X")pis11) Z—Hl) <
X

~ m __ am
= iel, = Xt o7 = Pl
oo\ > pi—pins [\
i i+1 Ny My Mgy A i~ i+l
<\ X e (Z(hi AT VA L -2 ) L G24)
icr, (X1 = X )Pisai iel, P~ Pit1

The first term in (5.24) is just the square root of the discrete Fisher information 2" (y") which is
uniformly bounded in L (0, T).

On the other hand, we may invoke the bound x;¥; — x;* < 2h* and expand the definition of p;, 1 ;
to estimate the second term in (5.24) as

2
Oi — Pi+1
P = P

< 3 200)” Bupips1),

iel,

2 A
PG NCATEE DTy

iel,

where 8, is a weight function defined for every 0 < m < 3/2 by

m—1 (s —1)2
m(sm — gy (sm-1 — pn=1)”

0,,(s,t) ==

it is easy to check that 8,,, satisfies (W) to (W5) in Definition 3.1.1. In particular, we have the bound
0,,(s,t) < C,, max{s, #}372" for some constant C,, > 0. Therefore, we obtain the estimate

2

2 n i — Qi 3 3-2
> () ety = 6 Piga,s 5’; —F;’;rlll < ) 2C, ()" max{p, pia} ", (5.25)
iel, t 1+ iel,
where the right-hand side converges to zero as (k — o). [ ]

Remark In Assumptions 5.1.2.i the condition m < 3/2 was stated. This upper bound on m was
needed for the proof of Lemma 5.3.2 to go through. Indeed, the the right-hand side of the estimate
in (5.25) need not be bounded any more for m > 3/2. Actually, this turns out to be the only point
in this section where we have to make this restriction on m. Otherwise, it suffices to assume that
0,, is a concave weight function which is true for m < 2.
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Proposition Let (U"*);cn be a weakly converging sequence as in Proposition 5.3.1. Then the limit mea-
sure p(t,dx) = U(t, x)dx satisfies

vum)P?

T U Vol? d(x, 1), (5.26)

T
liminf [ R (u', i) + 2" (u™) dt > %fumz
k=g Ax{0,T1

where U and Y are connected via the continuity equation (2.9) in the sense of distributions.
Before starting with the proof of the result above, we are going to obtain uniform estimates for

7=k (u"(0)) and I/ (u""(0)): For the discrete Rényi entropy /=% we invoke Jensen’s inequality to
infer

=1 (4 (0)) = Py (U™(0)) =

1) Z ”k(j UO(’C) x) < (5.27.2)

= (m—l)ZJ. Uy(x))" dx = F,, (Up). (5.27.b)

i=1 "k

For the discrete potential energy I/"* we have

V™ (u(0)) Zp(O) f odx = fuu"k(O) dx = V(U (5.28)
(@)

where U"k(0) is weakly converging to U,. Since v is a bounded continuous function on (), this
means that klim 4 nk(u”k(O)) = V(Uy). In particular, /" (u”"(O)) is uniformly bounded for all

ke N.

Proof of Proposition 5.3.4 The following proof is arranged in 4 steps. We start with introducing
the velocity fields

Yk = gnk and M = E—nk + H",
U« ur«

Note that (5.16), together with (5.27) and (5.28), implies that

—~ n Ny
%j (|Y”k|2+|znk|2)unk d(x,t) < %f |Q:| G +an d(x,t) < (5293,)
Qx[0,T] Qx[0,T] g U
S V™ (u™(0)) + V" (" (0)) < Fy(Up) + V(UGH), (5.29.b)

which is uniformly bounded for all k € N.

Extraction of a converging subsequence: We first consider the sequence (Y"*)cy-

Consider the push-forward measures v,, := (Id xY"),U". We already observed that the pro-
jection 7}v,, L= " onto Q x [0, T] is weakly convergent. Hence, (v, Jnen is uniformly tight
by Prokhorov’s theorem (Theorem A.1.10). Moreover, due to the uniform bound in (5.29), every
projection nzvnk onto R satisfies

Squ ly* dr®v"(y) = sup fIY”k(x,t)l2 U (x, 1) d(x, t) < +oo.
keNox(o0,1)

Thus, we can apply the results obtained in Facts A.1.9: The sequence (713v,, ke is uniformly tight
by the integral criterion for tightness; hence, (v, )rcn is uniformly tight as well. Now we may
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again invoke Prokhorov’s theorem to conclude that there exists a subsequence, also denoted by
(v, )ken, weakly convergent to some Borel probability measure v on (O x [0, T] x R.

Furthermore, (A.2) implies that the map (y,x,t) — [y| is uniformly integrable with respect to
(U, ) ken since (5.29) gives us the uniform bound

f yi? dv,, (v, x5 = f Y™ (x, P U (x, ) d(x,t) < C  Vk € N.
RxQOQx[0,T] QOx[0,T]

Therefore, we may invoke Lemma A.1.7.i to obtain

lim j ¥(s, Hy du,, (y,x,t) = f (s, by doy, x,t) Yy e Cb(ﬁ x [0, T7). (5.30)
R oen(0,T] RxOx[0,T]

Note that Theorem A.2.1 guarantees the existence of disintegration measures v, ;) of v on R with
respect to U (x, t)d(x,t). In particular, for every non-negative Borel function g : Rx(x(0,T) — Rg
we have

[swxbdow,xn = [ ([8wxbdve,®)UEbdeb.
RxQOx(0,T) QOx(0,T)R

Together with (5.30), we arrive at

lim [ e, HY* e HUM(x, H d(x, ) = [P HY (xHU D H Ve G(Qx[0,T]),
S0 Qx(0,T)

where Y (x, ) := [y dv ;) (y) is the barycentric projection of v.

The argument for (Z") <y follows along the same lines considering the respective push-forward
measures (, = (Id xZ"),U" instead; thus, extracting a subsequence of (8n,Jken, which is
weakly convergent to some Borel probability measure  on Q x [0,T] x R. In the spirit of the

argument above, one obtains disintegration measures , ;, of { with respect to U(x, t)d(x, t) such
that

lim jw(x, HZM (x, YU (x, ) d(x, t) = jw(x, HZx, HU (x, 1) d(x, 1) Vi € C,(QAx[0,T]),
Skom Qx(0,T)

where Z(x, 1) == [y Al ¥)-

Lower estimate for the limitinferior:  We invoke Lemma A.l.7.ii and Jensens’ inequality for the convex
functiony — |y|2 to obtain

limin [ Y7 (e F TG, ) d(x, ) = limnf [y dig,, 0,38 >
QOx(0,T) RxQx(0,T)

> [l dpy, ot = [ ([P dies @) U dex,t) 2
Rxx(0,T) Ox(0,T)R

2
> [ |[ydnan| U bden = [ Yo Ut hd,b.
Qx(0,T) R Qx(0,T)

Since an analogous estimate holds for Z"« in place of Y"*, we can use the inequalities obtained in
Lemma 5.2.3 to arrive at
‘ 1
lim inf R (U, i) + 7=k (u) At > 5 f (Y, P +1Z ¢, B2 YU (x, 1) d(x, £).
0 Qx(0,T)
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|dentification of the limit Y:  Let ¢ € C((0,T) x 0) be a test function and let ¥« (t, x) := ¢ (t, x;*)
for x € w;'* be the corresponding interpolant. Then integration by parts and summation by parts

imply

T T Ny
f j unk(t/x)l‘b(trx) dxdt = — f Z lp(t,X?k)(an(Ui, t) — an(o'i_l,t)) df + Snk = (53'3)
0Q 0 i=1
T m—1
= [ Y Qo (gt — gt x)) d + ey, = (531)
0 i=1
= —f f Y7 (t, )V, p(t, ) U (¢, ) dxedt + €, (531.c)
00

where the error term ¢, . € oy — Y| ) goes to zero as (1 — o). Since the sequences (U");cn,
(T ren, and (Y"k) oy are weakly convergent, we may pass to the limit in (5.31) as (k —» o) and,
therefore, arrive at

[ue o deh = - [ Y&, 099 0UE ) dx, b,
Qx(0,T) Qx(0,T)

which is precisely the continuity equation introduced in Theorem 2.3.3 relating U to Y.

dentification of the limit Z:  As before, let i € C°((0,T) x Q) be a test function. We compute

T

f f 2 (k) (t, ) T (, x) dx dt = (5.32.2)
T n—1 ,0 z+1 :IfT
f > ( 1 f ¥(tx) dx + L w(t,x) U (t, x) dx) (5.32.b)
0 i=1 1+1 xi 1+1 i Ak

Note that the Lebesgue differentiation formula implies
"k

hm (l/)(t g'nk) — —”k f P(t, x) dx) =0. (5.33)
X, 4

i+1 i

Hence, by summation by parts we obtain for the first term in the sum of (5.32.b) that

Vlk
n—1 m Xif1 T 1y

T
[y Bt f PO dxdt == [ AP O(p007) = 90 o)At ey, = (5343
0 - 1

i=1 1+l

O%H

f (Ut x)"V,p(t,x) dxdt + ¢, (5.34.b)
Q

where €,, goes to zero as (k = o0).
In addition to (5.34), we also have

i ) )= i (o020

. f v(x) dx) =

i n k
Wi

In particular, this implies that

ol ol
Iiim (v o (o) — 1”—1> =0.

i+1
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Therefore, the potential energy term in (5.32.b) may be computed as

nk
Tnk—l le nk Xit1

j l+1 o jzp(t )T (t, x) dx dt = (5.35.2)
0 i=1 z+1 z‘ nk
T
= f f Vo)t U™ (t,x) dxdt + ¢, (5.35.b)
0Q

where again ¢, goes to zero as (k — o).

Now weak convergence of (U") ey, (U™)ren, and (Z7) ey allows us to pass to the limit in (5.34)
and in (5.35) as (k — o0); in other words, we arrive at

[zypude b = - [Umvpd b - [oVpdb.
Qx(0,T) Qx(0,T) Qx(0,T)

This means that we can identify V with V(U™) /U + V. ]

With the estimates developed so far, we are finally in the position to proof our main result.
Theorem Let (u"),cy be a sequence of spatial finite-volume discretisations (u}')1<;<,, as in (5.3) such
that Assumptions 5.1.2 are satisfied. Let (U"),,cn be the corresponding piecewise constant interpolants given
by (5.12). Then there exists a subsequence (U™ ) ey and a curve U € AC(RY, 2,(Q))), independent of
T > 0, with initial value U (0) = Uy, such that the following statements hold:

For all times t € (0, T) the interpolant Uk (t) converges weakly to U (t) as (k — oo);

the limit curve U is a gradient flow in the EDE sense for ¢ = F,, + V.

Proof In this proof we collect all the prerequisites of Proposition 4.1.2 which in turn implies above
theorem. To this aim, we may invoke Proposition 5.1.3 for every T > 0 to obtain a sequence
(0™ nen Of continuously differentiable curves (0,T) — 2" which satisfy the energy dissipation
equality (5.7).

In the next step, we set X = 2" and X = £,(Q) and denote by /* : " — D,(Q) the mapping,
induced by (5.12), which maps each p" to its corresponding interpolant U".

Let us verify that the slope |0F,,,| is a strong upper gradient. Indeed, Proposition 2.4.6.i implies that
the Rényi entropy functional F,, is convex along (generalised) geodesics in (P, (R"), W,). Hence,
we can invoke Proposition 1.2.4.ii to obtain that |dF,,| is a strong upper gradient.

The limit curve is constructed by successively invoking Proposition 5.3.1 for increasing times T >
0. In this way we can extract a suitable subsequence UkeN' pointwise weakly convergent to a
continuous limit curve U : R — $P,(Q) such that (4.3) is satisfied. Note that Theorem 2.3.3

implies that U belongs to AC( (O, T), P, (ﬁ)) and the metric derivative of U satisfies the following
estimate

| ) < f V0P Ut x)dx  Ll-ae.t e 0,T). (5.36)
Q

On the other hand, we may identify the metric slope |0F,,,| with the continuous Fisher information
by Lemma 2.4.9, i.e. the following identity holds:

200 _ (VUM
IOF,,* () = (j) g dx. (5.37)

Recalling Proposition 5.3.4, both (5.36) and (5.37) imply
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T
|u|2 + |aFm|2 (U)dt < lilgninfj BRIk (", 1) + an(u”k) dt.
— 00 0

N[ =
oYy

Recalling that the metric derivative and the slope in the space int 2" correspond to the discrete
dissipation potential #” and the discrete Fisher information Z", respectively, we have shown (4.5).

Finally, to obtain the I'-lim sup bound (4.4), we simply invoke (5.27). [ ]

In general, one cannot identify the limit curve U obtained in above theorem as a solution of the
corresponding porous medium equation by properties of abstract EDE gradient flows alone. To
overcome this issue, one may for instance appeal to convergence results of the underlying finite-
volume scheme.

In the context of gradient flows, is also possible to invoke the results of Section 2.4, usually ob-
tained by subdifferential calculus in the 2-Wasserstein space over R”. Indeed, combining the the
statement of Theorem 5.3.5 with Corollary 2.4.13 results directly in the following corollary.

Corollary Let U be the limit curve of Theorem 5.3.5. Then U is the unique EVI gradient flow for F,,,.
Additionally, U is a solution in the sense of distributions to the following porous medium equation with
drift and non-flux Neumann boundary condition:

d

SU=AU™) +div(UVo)  inR¥xQ.
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Note that the mixed energy functional ¢ = F; + V corresponding to the Wasserstein gradient flow
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Q Q Q

whenever y is absolutely continuous with density U on Q). Here w(x) = ™) is the steady state
of (5.38). There are several choices for approximating the flux in the corresponding finite-volume
discretisation, which heavily influence the numerical stability of the scheme. See Bessemoulin-
Chatard and Filbet [10] for a general finite-volume scheme corresponding to entropy functionals
of of type (5.39), or Carrillo, Chertock and Huang [16] for another finite-volume scheme suited for
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tigate the limit of energy gradient flow structures for discrete McKean-Vlasov equations. Essen-
tially the same approach, relying on convergence of discrete gradient structures as in Chapter 3,
was taken by Fathi and Simon in [31] to study macroscopic hydrodynamic behaviour of interacting
particle systems by passing to the limit in gradient flow structures related to the particle systems.






6 Limit Passage of EVI Gradient Flows for Discrete Heat Equa-

6.1

tions

Finite-Volume Discretisation Revisited

The aim of this chapter is to establish the limit curve of the spatial finite-volume discretisations
as gradient flow in the much stronger EVI sense by reinforcing the main result of the previous
chapter, Theorem 5.3.5. To actually obtain such a result we will use Proposition 4.2.2 as abstract
backbone. To this end, we will need to exploit geodesic convexity of the underlying functional.
However, we already saw in Example 3.3.4 that the discrete Rényi entropy functional 7" need not
be geodesically x-convex for every m &€ (0,2]. Nevertheless, we will see that geodesic convexity
of /=" can be obtained at least in the homogeneous case when m = 1.

We begin by recalling the finite-volume scheme introduced in Section 5.1 for m = 1 and vanishing
potential v = 0. In this case, the porous medium equation (5.1) becomes the homogeneous heat
equation

%u(t,x) = Au(t, x) V(t,x) € (0,T) x[0,1]. 6.1)

Again, we assume that (6.1) is subject to the non-flux Neumann boundary condition
Vu(t,0) =V,u(t,1) =0 Vte (0,T).

For simplicity, we will work with an equidistant spatial finite-volume discretisation in this chapter.
Furthermore, it is convenient to swap the roles of the x} and the o]": First we set ¢]' = i/n for
i € {0, ...n} to obtain an equidistant partition of () := (0, 1). Then we assume that x}’ is a midpoint
between ¢" | and ¢]’; thus, arriving at

gilitol _i-1/2

Xl = _2 =— Vie{0,...n}.

Asusual, w}' = [0]' |, 0]') denotes a control volume with length 1} = 1/n.
Given (6.1) in the integrated form

d p /
3 j u(t,x)dx = u'(t,o]") —u'(t, ol ),
w

the finite-volume scheme is supposed to approximate the integral [ , u(t,x) dx by u/(t), and the

i
n n
;<E_”_i)
n _an n n )
Xipq =X\, h

flux V,u(t, xol') by

Since hl! = h?+1 =xji, —x}=1/n, this means that the rate coefficients take the form
ag =P =0, w;=B;=n*> forie{l,..n—1}, a, =B, =0.
With this notation, we may write (6.1) as
W = qul | — (a4 Biog )ull + Bl Vie{l,..n}. (6.2)

Introducing the infinitesimal generator
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-1 1 0 0 0
1 -2 1 0 ..

Q=n?0 =~ . = 0] (6.3)
:o... 001 =2 1
0O .. 00 1 -1

the equation in (6.2) may be written in even more compact matrix-vector form " = Qu".

We consider the same piecewise constant interpolant U" : () - R was already introduced in
Section 5.2:

un

um(x) =p; = h—; for x € W} (6.4)
1

Finally, since m = 1and v = 0, the assumptions we required in Section 5.1 simplify to the following

conditions on the initial condition for the spatial finite-volume scheme.

Assumptions We make the following assumptions on the homogeneous heat equation in (6.1):
Re initial condition: Let Uy be a probability density with respect to the Lebesgue measure on ()
such that Uy log Uy € L' (Q). Then the initial value of the finite-volume scheme is given by

u(0) = j Uy (x) dx. (6.5)

1
w;

Gromov-Hausdorff Convergence of the Discrete Transportation Metrics

In this section we are going to establish compatibility between the discrete transportation metrics
W and the 2-Wasserstein metric W, for infinitesimal generators of the specific form (6.3). To this
aim, we will use the notion of Gromov-Hausdorff convergence in the form of e-isometries which
were already introduced in Section 4.2. Indeed, it turns out that the piecewise constant discreti-
sation, used to discretise the initial condition (6.5), is an appropriate candidate for an e-isometry
from 2, (Q) to 2" as long as the probability measure in £2,(Q) has a suitable density.

In order to remove such restrictions on the domain of such prospective e-isometries, we will first
regularise any probability measures in 2, (Q)) before applying the piecewise constant discretisa-
tion. Regularisation will be provided by convolution with a rescaled version of the heat kernel on
R.

Let us recall that that the heat kernel on the real line is a Gaussian function defined by

By (x) = L V(t,x) € R* x R.
47

~~

The heat semigroup with respect to a Borel measure y with finite total variation on R is then given
by convolution with with the heat kernel, to wit

Bp(x) = (g ) (x) = [ (= y) ).
R

In order to put those definitions into our framework of probability measures on ), we also in-
troduce the following rescaled variant of the heat semigroup: Every u € 2,(Q) can be trivially
extended to a probability measure (also denoted by y) on R with suppu C Q. Therefore, we
may write Hyp := hy * i, where by := ¢, ;b is the rescaled heat kernel with ¢, , > 0 such that
H,j(x) dx belongs to P, Q). To keep the notation simple, we will identify the density &y with the
corresponding probability measure.

Now we are in the position to formulate the main result of this section.
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Theorem Let (X', Q, 1) be an irreducible continuous-time Markov chain with infinitesimal generator
Q of the form (6.3). Then for 0 < m < 2, the metric spaces (P",W/) induced by the weight function 6,
converge to (@2(5), W) in the following sense:

For every e > 0 there exist n € N and s > 0 such that the map from P, (Q) to P" given by

. hln f Hpu(x) dx (6.6)

1 n
Wi

is an e-isometry.

The proof of the result above essentially follows along the lines of the argument in [35]. There
Gromov-Hausdorff convergence of the d-dimensional discrete torus endowed with corresponding
discrete transportation metrics was considered instead of (P",#/ ). Here we will just give a sketch
to point out the main alterations needed to make the argument in [35] go through in our case as
well.

We start by restating some well known facts about the heat semigroup on the real line for (&;);>.
Facts (Rescaled heat semigroup)

Given a rescaled heat semigroup (#;t);>0, the probability measure y € P, (Q)) can be recovered
in the sense that By <% i as (t \ 0). This follows from the fact that t — ¢, is a strictly increasing
function with lim;g ¢, ; = 1. In addition, we have the equality [|Hu|l, = || [l py = 17edl; = ¢,
with respect to the Lebesgue measure on R.

Note that if we set ¢, := 1/||h;1[g 13/l;, then we have found a constant independent of y such that
¢ < ¢tand1tirg¢t =1
4 N

For any positive time ¢t > 0, the rescaled heat flow Hy is nowhere vanishing on R, i.e.

Hu(x) > 12{{ he(y) >0 V(t,x) € Rt x R. (6.7
Yy

This property is also known as infinite speed of propagation of the heat semigroup.

Another property which follows immediately from the definition of &,y as convolution is Lipschitz
continuity with respect to the spatial variable:

[Hp(x) —Buy)| < Clx -yl Vx,yeR (6.8)

with C; = sup V7, (x) < +oo for all times ¢ > 0.
xeR

The flow curve t —» Hu is 1/2-Holder continuous with respect to the 2-Wasserstein distance. To
see this, one can exploit the convexity of (1, ) = W3(y,v) — a property already noticed in (2.13)
— to apply the following version of the Jensen inequality for random elements taking values in
(M(QY), I-lltv), the Banach space of signed measures with finite total variation on Q:

f(fwdn) < [fopan, (69)
Q

QO

where y € P, (_5), ¥ is an integrable random element on (Q, ), p-a.s. taking values in a convex
subset K C M(Q) x M(Q)), and f : K - R is a measurable convex function.

Now setting f = W% and ¢(x) = (H;6,,d,) in (6.9) and using the fact that the 2-Wasserstein distance
to a Dirac measure can be expressed explicitly, implies the desired inequality

W2, 1) = W3 ([ Bopdp(), [0, duo) < [ W(HS,, ) dp(x) < (6.10.)
Q Q Q

< ch j ly — x* hy(y — x) dy dp(x) = ch f tz2hy (z) dzdp(x) = C2t (6.10.b)

O R O R
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with a constant C% =cr [ x%hy (x) dx for all t € [0, T].

Let  : [0,1] —» §2,(Q) be a geodesic connecting 1 to 4 with corresponding Borel vector fields
v, € 7)) such that [ [04]}2,,0,
of distributions. Then (o5 4, V; 1)1e(0,1) With pg ; = H,pu(t) and V, , = H,(vp(t)) provides a solution
to the following variant of the continuity equation:

dt < +o0 and the continuity equation (2.9) holds in the sense

%ps,t + diV‘/S,t = 0 VS Z O

This follows directly from
divV, , = div(hs * (v(1))) = hs * div(vpu(t)) = Hdiv(vpu(t))

in the sense of distributions.

If in addition the vector fields v; archive the minimum in the Benamou-Brennier formula (2.10),
then we have the following inequality which — despite being less sharp than the corresponding
counterpart in [35] — is sufficient for our purpose:

1 Vszt(x)
ff’—dxdt < ¢, W2(pg, ) ®6.11)
i Ps,¢ (%)
Q
To see this, we use the convexity of the mapping f (z,a) := z2/a on R x R* to invoke the Jensen

inequality with respect to the measure dy;(y) = h;(x — y) dp; () in the computation

VZ,(x)
ps,t (x)

< [f@m, Ddnw) = [0, -y dinw).
R R

=f(f oY) dm<y>,f 1dm<y)) <
R R

Now an integration with respect to x over () in the inequality above, followed by an application of
Fubini’s theorem leads to the following estimate

J

[e)

Vsz,t<x)
ps,t(x)

dx < fv?(y) f he(x —y) dxdp(y) < ¢y, f o7 () dpe ().
R a R

Finally, another integration with respect to t over [0,1] and using the fact that v; archives the
minimum in the Benamou-Brennier formula (2.10) establish the sought inequality.

In addition to the rescaled heat semigroup (H;);>(, we also introduce its discrete counterpart on
(P",RQ,h"): The discrete heat semigroup acting on functions { : X*' — R is defined by

0= exp(t)ijng, (6.12)
j=1

where we assume that i — exp(tQ);, is extended periodically to Z. Let us collect some facts about
the discrete heat semigroup (#");50-

Facts (Discrete heat semigroup)

It can be shown that the eigenvalues and the corresponding eigenvectors of the infinitesimal gen-
erator & are given by

. k(ji—1/2) .
Ak = 2p2 <cos( krt ) —1) and wk = {sm( n ) ik <n,
n+1/2 T ifk=1,
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respectively. As a result, we may express the the matrix exponential in (6.12) more concisely as
n
exp(tR);, = Z etk
=1
Simple consequences of this representation are the Lipschitz estimates
n n Ct : : n n n
#lpi—#lp| < li—jl and o= Mol <loi—p|  VpeEP

for a constant C; > 0.

It is possible to obtain a discrete counterpart to the estimate in (6.11). For a probability density
p € P" and a momentum vector field V'* : X*' x X" — R define the following action functional:

vif

A, V) = ) —— M. 6.13

o 2y (6.13)

Now using how the semigroup (#/");>¢ acts on V", namely
#nvznwl Zexp(ta)l kn kk+1’

yields the inequality
Mo, VT < P (p, V) VE>0. (6.14)

Indeed, the infinitesimal generator Q;; vanishes except for i = j + 1. Therefore, the Jensen inequal-
ity for the 1-homogeneous convex mappmg (x,a,b) = x?/60;(a,b) on R x R* x R+ implies

> exp(ta)i—k,nvl?,kil‘z 01 (Z exp(tQ) it upr 1/1 ) eXP(t‘Q)z‘il—k,nPk)_l =
7 %

Vel
L)
Z91<Pk1Pk+1) X i

Then, using that the Markov semigroup satisfies Z exp(t);_r, = 1, the inequality in (6.14) is
immanent.

The facts stated above provide all the tools necessary to carry out the proof of Theorem 6.2.1 in
our setting adapted from the original argument for convergence of transportation metrics on the
discrete torus. We will give only a condensed sketch thereafter; the reader may consult [35] for
further details.

Sketch of proof of Theorem 6.2.1  To be in line with the notation used in [35], we write
P,(w); == nu(w})
for the discrete approximation of a probability measure € P (Q)), whereas
Q) (x) = p; forx € wi

denotes the piecewise constant interpolant of a discrete probability density p € P".

In order to proof convergence of the spaces (P",#/) to the 2-Wasserstein space over () in the sense
of Gromov-Hausdorff, we will compare the 2-Wasserstein distance with the discrete transportation
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distance W/ on P”. To this aim, we will collect some useful estimates in the first part of the sketch,
before we are going to show that the mapping (6.6) is an e-isometry in the second part.

Estimates for the transportation distances: First, we need a suitable upper bound for #/ in terms of
the 2-Wasserstein distance. Indeed, a rather straightforward argument shows that there exists a
constant C; > 0 such that

Cs —
W (P, (Hpio), Py (Hipi1)) < ¢sWa (o, 1) + & VHon € Dy (), (6.15)

with the constant ¢, > 0 coming from (6.11). In fact, the most involving part of the proof is to
establish a converse bound of W, by means of #/. To this aim, it is convenient to work instead
with the harmonic mean

2st
0_1(s,t) = s+t

being related to 6; by the elementary inequalities

O_1(s,t) _ s =t

015 <0sh  and 1 U AE < Sy

Using these relations between those two weight functions, one can establish the following estimate
as an intermediate step: For all densities pg, p; in

Pli={po€P":p;=band |o,—p;| = Gm)l}i—j| Vije X/"}
we have the inequality
1 \-12
Wa(Quteo), Quten)) < (1= 555 ) Wstpos o). (6.16)
Here the distance function #/; on 7;' is defined by the Benamou-Brenier formula

1
Wiy, p1) = inf{ [ 2% (p(t), V(1)) dt|
0

with the infimum being taken amongst all pairs of continuous curves p : [0,1] - 2; connecting pj
to p; and integrable momentum fields t — V" (t) = Vv,bi/-(t) / pl-/-(t), being distributional solutions
to the discrete continuity equation in the form of

%pi(t) + Z VIBR; =0 Ve (O,1). (6.17)
]

Finally, a comparison of the distances #/; and #/ ,, — the most involved part of the argument — yields
that given gy, 6 > 0, there exists 6 > 0 such that

W5(po, p1) < W (po, 1) + €o- (6.18)

Constructing the e-isometry: Having collected all the estimates necessary, we are in the position
to sketch that the mapping given in (6.6), namely  — P, (H, ) is an e-isometry from £, (Q) to P"":
Note that we may combine the inequalities in (6.16) and (6.18) to obtain

1

-1/2
_— W (o, + , 6.19
5(30,5)4;12) (& (po.p) + 20) (619)

W5(Q,(p0), Qn(p1)) < (1 -

which is valid only for probability densities in po, p; € 2;'. Here the regularising properties of the
rescaled heat semigroup (#,);>o come into play. Moreover, both (6.7) and (6.8) are preserved by the
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discretisation mappings P,;; thus, ensuring that the probability densities py = P, (o) and p; =
P, (H,p1) belong to 25’ without need for further assumptions on the measures g, j1; € P, Q).
In addition, Proposition 2.2.4.ii allows us to control the error of the approximation Q,, o P,, in terms
of the 2-Wasserstein distance, to wit

W2(Qy o Py (B, Hopt) < Y Huptg (@) diam ! < %2 Vk € (0,1}, (6.20)
i=1

where we used that |H;u; — p|(w]') < Hp;(w]), due to the fact that both measures agree for each

control volume w?'.

Combining this inequality with (6.19) and the Holder estimate in (6.10) for our particular choices
for pg and p;, we arrive at

1

-1/2 N 2 _
_—) (W(Pn(ﬁsﬂo),Pn(ﬁ’sﬂl))+€O)+2CT\/§+— Vﬂo,ﬂl S pQ(Q)
5(80/5)4712 n

621)

W (o, 1) < (1 -

Now using the fact that the diameter of the spaces (P",#/) is uniformly bounded for alln € N,
both (6.15) and (6.21) yield for every ¢ > 0 the desired estimate

|Wa (), py) — W (P (Hopio), P(Hopy))| S € Vg, py € Po(Q)

for n € N > 0 sufficiently large and ¢y > 0 sufficiently small.

It remains to show that given ¢ > 0, for every p € P there exists u € 2, (Q) such that

In order to see this, set u = Q,,(p). Then we may use the fact that P,,0Q,, = Id on 2" together with
Proposition 3.1.8 to obtain the following bound in terms of the 2-Wasserstein distance with respect
to |-| on X' for some constant C > 0:

C

W (p,Py(Hg)) = W (P o Qu(p), Py(Byp)) < —WE (P, 0 Qu(p), Py (Hopn)).

To proceed, we need to compare the right-hand side of this estimate with the 2-Wasserstein dis-
tance on 2, (Q): Define a mapping T,, : Q@ — X" by setting T,,(x) := i whenever x € w. Then we
have the obvious inequality

IT,(0) =T, <nlx—y|+1  Vxye.

Now we may fix an optimal plan ¢ € I1,,(Q, (p), Hpt) with respect to the 2-Wasserstein distance
on L, (Q) to infer that (T,, T,)40 is an admissible plan in H(Pn o Qn(p),Pn(Hs‘u)). As a conse-
quence, the triangle inequality in L2(c") implies

WE™(P,y 0 Qu(p), Pu(H0))” < [ [Ty (x) = T, () dor(x,y) <
QxQ
< nZJ Ix — y|2 do(x,y) +1=n?W,(Q,(0), )% + 1.
axQ
Using this estimate and (6.10), we conclude that

¢
n

W (o, Py (H)) < CWo(Q,(0), i) + = < C (?:TJE+ %) <e (6.22)

for n € N > 0 sufficiently large and s > 0 sufficiently small. ]
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Note that the maps in (6.6) are defined from Pg (Q) to P, whereas in order to apply Proposition
4.2.2, we require e-isometries from 2" to P,(Q). This leads to the following concept of almost
inverse mappings.

Definition Let:: Y — X be an e-isometry between metric spaces (Y,dy) and (X,dx). Then a
mapping /' : X — Y is called an e-inverse of 1 if

dx(1or(x),x)<e VxeX and dy(/' o1(y),y) <3¢ VyeYy.

It follows directly from the definitions above that every e-inverse is a 4e-isometry as well.

The next corollary shows that it is straightforward to obtain an e-inverse of (6.6) with Theorem 6.2.1
already being established.

Corollary Let (X", Q, 1) be an irreducible continuous-time Markov chain with infinitesimal generator
& of the form (6.3) and weight function 0, for 0 < m < 2. Then there exist n € N and s > 0 such that the
map

(0i)i<y = U", (6.23)

where U" : () — R is the piecewise constant interpolant of p; as in (5.12), defines an e-inverse of (6.6). In
particular, (6.23) is a 4e-isometry from P" to P, (Q)).

Proof For every given ¢ > 0, we have to verify that both inequalities in Definition 6.2.4 hold: The
first inequality takes the form

W(P,(BQu(p)),p) <e  VpeEP"

for n € N > 0 sufficiently large and s > 0 sufficiently small, which means that we can just follow
along the same lines we used to show (6.22).

On the other hand, in order to prove the second inequality
Wy (QuoPu(H), 1) S YueE P,

it is enough to invoke (6.20) and (6.10). [ ]

The Limit Passage in the EVI Case

Proposition (Geodesic convexity for tridiagonal generators) Provided that the discrete transportation
metric W is induced by the weight function 01 with an infinitesimal generator & of the form (6.3), the
discrete Shannon entropy 7=," is geodesically convex.

Proof The strategy of the proof is to show that Hess =" (p) is positive semidefinite for every point
p in the interior of 2". Then we can invoke Proposition 3.3.2 to deduce that /=" is geodesically
convex in (P",W). To this aim, we make use of the explicit expression of the Hessian of /’31” in
form of the quadratic form &; as given in Lemma 3.3.1.

To compute 8;, we use the symmetry of Q together with Fact 3.1.2.vii to arrive at

Sile V) =3 Y W= ii)? <3191(Pi+1f‘0i)p—2p1+2 0501 (014, ) P P > P +1> + (6.24.2)
i=1

1 n=1 A
+o Z Pir1i (Wi = $ix1)® + (Wi = i) W2 — P + i — $i-1)), (6.24.b)
i=1
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where we have to set py = p1, P41 = p, and Yy = 1, ¢¥,41 = P, to obtain correct boundary
terms.

It remains to show that B, (p, V) is non-negative for all p € int?" and V¢ € T,P": The only possi-
bly negative terms are the mixed products of discrete gradients in (6.24.b), which can be estimated
as

1 1
(Wi — Yi1) Wi — i1 + P — Pi1) = —(h; — Pi1)* — 5 Wi = Pi1)? - 5 Wi = i) (6.25)

by means of the AM-GM inequality. The first term on the right-hand side of this inequality cancels
out with the corresponding non-negative term in (6.24.b). To control the other two terms, we may
invoke Fact 3.1.2.viii to infer

0101 (0i11,0)0; + 9201 (011, 01)Pi—1 = Pi i1

and

09101 (0i41,01)Pir2 + 9201 (0i11, 0)Pig1 = Pi+1,i+2

which in turn, after some index shifts, imply for the terms in (6.24.a) the estimates
— )2 (9,0 it 4 3,0 Py s L — g 6.2
Wir1 = Yir2)” (91010012, 0ir1) 5~ + 0201 (0ir2, 0i41) 5 | 2 5 i1 — Pis2) Pig,i (6.26.2)
and
2 Pi+1 Oi 1 2 A
(P; — Pi_1)° | 9101 (pifpifl)T + 056, (pi/pifl)j Z 5@ — i 1) Piv1,i (6.26.b)

respectively. For the right-hand sides of (6.26) cancelling out with the remaining two terms on the
right-hand side of (6.25), we conclude. |

In Section 5.3 we already exploited I'-convergence of the discrete Rényi entropy to some extend.
More precisely, we showed that /| satisfies the lim inf-bound (5.17) for a specific sequence of
discrete measures u" given by the spatial finite-volume scheme. Indeed, it is not hard to establish
full-fledged I'-convergence of this functional as the following result shows.

Proposition (Sequential I'-convergence of the functionals) The discrete Shannon entropy 7" is sequen-
tinlly T-convergent to the continuous counterpart F1 as (n — o).

Proof In Proposition 2.4.3 we we showed that the functional F; is lower semicontinuous with re-
spect to the 2-Wasserstein distance; whereas we noticed in Fact 5.2.2.i that the interpolants are
chosen in such a way that 7~ (u") = F;(U"). Combining those two results immediately gives the
lim inf-bound in Definition 4.1.1.

On the other hand, by definition of the the continuous functional F;, it does not pose any restric-
tion to assume that a given probability measure on () is absolutely continuous with density U.
Therefore, we can use the elementary estimates (5.27) and (5.28) to obtain the bound

lim sup /=" (4") < F,,, (1)
n—-oo

for discretisations #] := [ , U (x) dx which are weakly convergent to U. [ ]

Theorem Let (u™),cy be a sequence of spatial finite-volume discretisations (u}')1<;<,, as in (6.2) such
that Assumptions 6.1.1 are satisfied. Let (U"),,cy be the corresponding piecewise constant interpolants given
by (6.4). Then there exists a subsequence (U")cy and a curve U € AC(RY, P,(Q))), independent of
T > 0, with initial value U(0) = Uy, such that the following statements hold:
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For all times t € (0, T) the interpolant U™k (t) converges weakly to U (t) as (k — oo);
for x = 0, the limit curve U is the unique gradient flow in the EV1 sense with respect to the Shannon entropy
functional Fy;
the limit curve U is a solution in the distributional sense to the linear heat equation with non-flux Neumann
boundary condition:

d

GU=AU  inR*xQ. (6.27)

Proof In the first part of the proof we show that the density p of each finite-volume discretisation
(u")1<i<y forms an EVI gradient flow in the space (P",#/): We already observed in Proposition
5.1.3 that the curve p is a gradient flow in the Riemannian sense for the discrete functional /"v'q”.
Now is enough to recall that we established geodesic convexity of 7~ q” in Proposition 6.3.1. There-
fore, Proposition 1.2.5 implies that p is a gradient flow in the EVI sense as well.

The existence of the limit curve U follows along the same lines of the previous chapter: We in-
voke Proposition 5.1.3 for increasing times T' > 0 to extract a suitable subsequence (U")cy being
pointwise weakly convergent to a continuous limit curve U : Rg - P, (Q). Note that pointwise
convergence of (U"k)cy to U can also be expressed in terms of the 2-Wasserstein distance since
() is bounded.

To check that the limit curve U is a gradient flow in the EVI sense for x = 0, we apply Proposi-
tion 4.2.2 with the following prerequisites: Corollary 6.2.5 ensures that the interpolation mappings
defined by (6.23) form 4e-isometries from (P",W/) to (P, (Q)), W,). Moreover, Proposition 6.3.2
guarantees that the sequence (7,")cy is sequentially -convergent to the continuous Shannon
entropy F;.

Finally, we already observed in Corollary 2.4.13 that the limit curve U may be identified as distri-
butional solution to the linear heat equation (6.27), in case m = 1. [ ]

Bibliographical Notes

Section 6.2, discussing the Gromov-Hausdorff convergence of the discrete transportation metrics
for Markov chains with nearest-neighbour transitions, is based on the work [35] of Gigli and Maas,
where a periodic setting is considered. Note that in this article the discrete Laplacian is induced
by a Markov kernel K, instead which is related to the infinitesimal generator in this thesis by the
identity Q = 2n%(K,, — Id). indexinequality+Jensen-+for locally convex real TVS The variant of
the Jensen inequality used in Fact 6.2.2.iii is due to Perlman [57] and holds in locally convex real
topological vector spaces. The spectral decomposition of the generator used in Fact 6.2.3.i was
obtained by Yueh [72].

Actually, the geodesic convexity of the discrete Shannon entropy 7, obtained Proposition 6.3.1
holds for more general tridiagonal generators than the Toeplitz-like structure in (6.3). See Mielke’s
article [50] for several results in this direction.

In order to extend the scope of this chapter a Fokker-Plank equation with drift, one may consider
a relative entropy functional of the form (5.39) as done by Disser and Liero [24]. With this approach,
the resulting infinitesimal generator is still of tridiagonal form but looses the structure of a Toeplitz
matrix needed to make the argument in [35] go through.

Fairly recently, Al Reda and Maury proposed in [I] a generalisation of the entropic gradient flow
structures induced by a finite-volume discretisation for Fokker-Plank equations to higher dimen-
sions. Indeed, this is in line with the Gromov-Hausdorff convergence result in [35] which consid-
ered higher dimensions as well. However, a convergence result still needs to be obtained for this
generalised setting.
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Appendix A

In this appendix we summarise some topics of probability theory which are needed in the main
text. The first section is devoted to results about weak convergence of Borel measures on metric
spaces. Essentially, we follow along the lines of section 5.1 of [4] by Ambrosio, Gigli, Savaré. A more
detailed account on this topic may be found in Billingsley’s classic text book [I1]. For a modern
approach of weak convergence of measures on general topological spaces see for instance chapter 8
in Bogachev’s text book [12].

In the second section we take a brief look at the disintegration of probability measures, where we
follow the brief overview given in section 5.3 of [4]. For the relation to conditional expectations
and conditional measures see sections 10.6 and 10.10(ii) in [12].

Weak Convergence of Borel Measures

A topological spaces carries a natural c-algebra which is closely related to the topology of the
space.

Definition The Borel o-algebra 3 (X) of a Hausdorff space (X, 7") is the smallest c-algebra which
contains all open sets of X. The elements of 83(X) are called the Borel sets in X.

A mapping f : X — Y between topological spaces (X,7) and (Y, Q) is called Borel measurable or
simply Borel if f~1(B(Y)) C B.(X). For instance, every continuous function f : X — Y is Borel.
A countably additive signed measure on the Borel c-algebra 43 (X) is called a Borel measure on X.

From now on we restrict ourselves to the case where the Borel c-algebra 3 (X) is generated by
a metric space (X,d). Recall that the weak-* topology on the continuous dual space C (X) is the
weak topology o (Cg(X ), Cp (X)), i.e. the initial topology on Cy (X) with respect to :(Cy, (X)), where
: Gp(X) = G (X) is the canonical embedding of Cy, (X) into the bidual space C{*(X).

Denote by M, (X) the linear space of all Borel measures on (X, 7 ) with finite variation. Then we
can identify M, (X) with a subspace of C, (X) by means of functionals of the form

Lify:= [fdp  Vf€Gp(X)
X

for all y € M,,(X). Hence, we may consider convergence of Borel measures on X with respect to
o (C(X), Cp(X)).

Definition Let (X, d) be ametricspace. A sequence (y,,),cn of Borel measures in M, (X) is called
weakly convergent to a measure yu € M, (X) if (y;);c; converges to p with respect to the weak-*
topology ¢ (Cy,(X), Cp,(X)). In this case we write j,, <5 .

Facts Let (X, d) be a metric space and consider a sequence (,,) ,en Of Borel measures in M, (X).

A more concise characterisation of weak convergence can be given as follows: For every u &
M, (X) we have

po < i Jim [ fdp = [ fdp v € G0, A
X X

A stronger notion of convergence of measures is given by the total variation ||(X) of a measure
uon X. Indeed, the space of all signed measures on X with finite variation forms a Banach space
with respect to |-[(X).

If (#1,),en converges in the total variation to a measure y € M, (X), then (j,,),cn converges
weakly to u as well.

The following elementary example shows that weak convergence is actually a weaker notion than
convergence in total variation.
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Example Letp € L'(R,R) be a probability density and define probability measures v,, with
densities p,, := np(nt), n € N. Then we infer that (v,,) is weakly convergent to the Dirac measure
0o by means of dominated convergence applied to

lim [ fBpah dL(t) = lim [ f(s/bp(s)dLis) =f(0) = [fdéy  Vf € Cu(R).
R R R

On the other hand, we have |v,, — §y|(R) = 2 for all n € N. Hence, (v,,),cn does not converge in
total variation. q

In case, a given function on X is only semicontinuous, (A.l) need not hold any more. However, we
have the following result for weakly converging nets of probability measures.

Proposition Let (y;),cn be a sequence of Borel probability measures on a metric space (X, d), weakly
converging to a Borel probability measure y. Then for every bounded function f : X — R the following
statements hold:

If f is upper semicontinuous, then
lim sup J‘fdyn < ffdy.
X X
If f is lower semicontinuous, then

liminf [ fdp, > [ fdp.
X X

Supposed that a net (y,,),,cn of Borel measures is weakly convergent to some limit measure y, can
we find a suitable class of functions f such that the net (f - y,,),,cn is weakly convergent to f - u?
The answer is given by the notion of uniform integrability.

Definition Letlet N be a family of Borel probability measures on a metric space (X, d). Then we
say that a Borel functionf : X — R} U{= oo} is uniformly integrable with respect to N if for every
€ > 0 there exists an integer N € N such that

ffdy<e Ve N.
[f=N]

In particular, f is uniformly integrable with respect to N when there exists some p > 1 such that
the norm | f|| 1P o) is uniformly bounded for all € N. Indeed, this is immediately implied by

integration of the elementary inequality f (x)N”~! < fP(x) for all x € [f > N, which results in

[fdup<N'F [ frdp  VueN. (A2)
[F>N] X

Lemma For a sequence (y,,),en of Borel probability measures on a metric space (X,d), converging
weakly to a Borel probability measure y, the following statements hold:

Iff + X = R is a continuous function such that |f| is uniformly integrable with respect to (), en., then
Jim, ff dpy = ff dp.
X X

Ifg : X = R U {+0c0} is a lower semicontinuous function such that ()~ is uniformly integrable with
respect to (1) ,en, then
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h}r}l)glffgdy” > fgdy > —oo.
X X

Now we turn to one of the central results in the theory of weakly convergent measures, which
relates weak convergence of measures to the concept of uniformly tightness of measures.

Definition A family N of finite Borel measures on a metric space (X, 7") is called uniformly tight
if for every & > 0 there exists a compact set K, such that

(X \K,) <e Vu e N.

In particular, every finite family N of Borel measures is uniformly tight since the finite union of
compact sets is again compact in X.

Facts Let N be a family of finite Borel measures on a metric space (X, d).

The family N is uniformly tight, precisely, when there exists a nonnegative function ¢ : X —
Rg U {+oo} such that all sublevel sets {x € X : ¢(x) < ¢} are compact in X and

sup [ pdp < +c. (A3)
HeNx

Indeed, if N is uniformly tight, then there exists an exhaustion (K,,),,cn by compact sets K, such
that (X \ K,;) <27 foralln € N and all # € N. This means that the function
p(x):=inf{neN:xeK,} = Z Ix\k, ()
n=1

has compact sublevel sets and satisfies (A.3) by monotone convergence since we have the estimate
[edu=) nx\Kp=2
X n=1

Conversely, if there exists a nonnegative function ¢ such that (A.3) holds, then Chebyshev’s in-
equality implies

#[€0>C]S%fqody Vi e N.
X

Thus, the family N is uniformly tight, provided that all sublevel sets of ¢ are compact.

Assume that X is a product space of the form X = X; x X, where X; and X, are metric spaces.
Then for all compact sets K; C X; andK, C X, we have the estimate

]/l((Xl X Xz) \ (K] X Kz)) < ﬂ;y(Xl \ Kl) + ﬂﬁy(Xz \ Kz) V}l S N.

This means if both the marginal families (17} 1) en and (m2u) uen are uniformly tight, then N\ is
uniformly tight as well.

Now we are ready to formulate the aforementioned result which relates weak convergence to uni-
form tightness.

Theorem (Prokhorov) Let let N be a family of Borel measures on a Polish metric space (X,d). Then the
following conditions are equivalent:

Every sequence (i,,) ,en in N contains a weakly convergent subsequence.

The family N is uniformly tight and uniformly bounded in total variation norm |-|(X).
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Disintegration of Probability Measures

Let Y be a Polish space and let (y, ), cy be a family of Borel probability measures on another Polish
space X. Let us assume that the mapping y — 1, (A) is Borel measurable for each Borel set A C X.
Then every Borel probability measure # on Y induces a Borel probability measure y on X by the
formula

u(A) = fyy(A)dn(y) VA € B(X). (A4)
Y

The following theorem shows that for every Borel probability measure y on X, there exists a family
(#y)yey such that y is represented by (A.4), as long as 77 is a pushforward measure of y.

Theorem (Disintegration) Let m : X — Y be a Borel mapping between Polish spaces X and Y. For
every Borel probability measure p on X, there exists a myp-a.e. uniquely determined family () ey of
Borel probability measures p,, on X such that the following statements hold:

The function y — p, (A) is Borel measurable for each Borel set A C X.
Ty p-almost surely the measure i, is concentrated on the level set i), ie

p(X\1m7ly) =0  mypaeyey.

For every nonnegative Borel function f : Y — RJ U {+oo} the following identity holds:

ffdﬂ = f (ff(x) dyy<x)) drmyp(y).
X

X [m=y]

In particular, the measure y is given by
wA) = [ p A dmuy) VA€ BX). (A5)
Y

The measures y,, are called disintegration measures of j with respect to myp.

Typically, above theorem is applied to the case where X is a product space of the form X = X; x X,
and the the Borel mapping is given by the projection ! : X; x X, — X;. Then on the generator
{AxB:A e B(X), Be B(Y)} of the product c-algebra B3(X) ® B(Y), (A.5) takes the form

WAXB) = fy(Aml —ydmluy)  VAeBX), Be B(Y),
B

where p(-|m! = y) is the conditional measure of y under 1! = y.
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Appendix B

Here we provide some background material on smooth and Riemannian manifolds. In the first
section we recall the basic framework used in the main text. Amongst the abundance of literature
on manifold theory we just mention the classic text books [42] and [58] by J.M. Lee and Petersen,
respectively. More on the notion of smooth manifolds with corners may be found for instance in J.M.
Lee [43].

In the second section we summarise some existence results regarding flows on smooth manifolds.
We refer to Chapter 9 of [43] for a more detailed treatment of this topic.

The final section of this appendix is devoted to geodesics Riemannian manifolds. The results stated
there may be found in any standard reference on Riemannian geometry, a.e. Jost [37] or the already
mentioned reference [58].

Topological, Smooth, and Riemannian Manifolds
We start with definitions for various types of manifolds.

Definition An n-dimensional topological manifold is a second-countable Hausdorff space M
together with homeomorphisms ¢; : U; — V; for open sets V; C R" such that all U; provide an
open cover of M. The pairs (Uj, qo]-) are called local coordinate charts for M.

The definition of an n-dimensional topological manifold with boundary follows along the same
lines with the charts ¢ taking values in the n-dimensional closed upper half-space

H" := {(xq,...x,) € R" : x,, > 0}

instead. In this context, we call (LI]-, gaj) an interior chart if goj(U]-) is an open subset of R” or a
boundary chart if goj(llj) is an open subset of H" such that goj(ll]-) NOH" + (. We say that a point
x € M belongs to the boundary oM if there exists a chart (U]-, ®j) such thatx € U]- and o sends x to
oH". Otherwise, we say that the point x belong to the interior int M. One can show that oM and
int M are disjoint sets whose union is M.

We say that a topological manifold (with or without boundary) is smooth, provided that all the

mappings of the form g; o @71 are C*-smooth.

Geometric objects like simplices are topological manifolds with boundary which do not admit a
smooth structure, due to ‘having corners’. A remedy is provided by restricting the codomain of
the boundary charts to the subset

RZ = {(x1,...x,) e R":x; >0,...x,, > 0}.

Note that RZ is homeomorphic but not diffeomorphic to H"”. This leads to the following more
general notion: A chart with corners for a topological manifold with boundary M is a pair (U, ¢;)
such that ¢; : U; — V; is an homeomorphism for some relative open set V; C EZ. Now a smooth
manifolds with corners is a topological manifold with boundary M together with a collection of
interior and boundary charts (U;, ¢;) such that all composite mappings ¢; o ;! are C®-smooth.
Finally, we call a smooth symmetric covariant 2-tensor field ¢ : T,M x T,M — R Riemannian
metric for a smooth manifold M, provided that g is positive definite at each point. Then the pair
(M, g) is called Riemannian manifold.

Flows on Smooth Manifolds

In this section we give a brief review about flows on smooth manifolds. At the beginning we
consider only smooth manifolds without boundary.
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Definition Denote by I an interval in R. Given a vector field V on M, we call a differentiable
curve 7y : [ > M an integral curve of V if the velocity field of vy satisfies (t) = V.4 forall t € L.

The nice thing about integrals is that they always exist at least locally.

Proposition Let V be a smooth vector field on a smooth manifold M. Then for each point p € M, there
exists a smooth curve vy : (—e, €) — M that is an integral curve of V starting at y(0) = p.

Let us turn to flows on manifolds which is a concept closely related to integral curves.

Definition Let M be a smooth manifold. A flow domain for M is an open subset & C R xM such
that for each point p € M, the set oW = {t e R: (t,p) € £} is an interval containing 0. A (local)
flow on M is a continuous mapping » : & — M such that & is a flow domain and »,(x) := x(t, x)
satisfies the following group laws for all points p € M:

no(p) =p and 1 (s (D) = ey (p) Vs€DP, te P s4te Db, (B.1)

Provided that 27’ = R for all p € M, « is called global flow on M.

Proposition If the flow » : & — M is smooth, then each curve x(-,p) is an integral curve of the smooth
vector field

. d
ko(p) = 3P,

The vector field 5 is called the infinitesimal generator of x.

The next theorem represents the central result of this section. To formulate the statement, we intro-
duce the following notion: An integral curve is called maximal if it does not admit any extension
to an integral curve on a larger open interval. Likewise, a flow is maximal if there does not exist
any extension to a flow on a larger flow domain.

Theorem (Fundamental theorem on flows)  Let V' be a smooth vector field on a smooth manifold M. There
exists a unique smooth maximal flow x : & — M whose infinitesimal generator is given by V. This flow
satisfies the following properties:

For each point p € M the curve x(-,p) : &P — M is the unique maximal integral curve of V starting at

Ko(p) = p;
ifsed P then £ %P is the shifted interval oW —s:
foreach t € R, the set

M, ={peM:(p ed}

is open in M and the mapping », : M; — M_, is a diffeomorphism with inverse given by »_;.

Above theorem does not give answer to the question whether a vector field gives rise to a global
flow; such vector fields are called complete. In case the smooth manifold (without boundary) is
compact, the answer is positive.

Proposition On a compact smooth manifold every smooth vector field is complete. In particular, each of
its maximal integral curves is defined for all times t € R.

For smooth manifolds with corners the existence of global flows is a more delicate issue. Indeed, if
asmooth vector field is not tangent to the boundary, then some integral curves starting at boundary
points may not exist at all.

However, it is still possible to state some existence results for the weaker notion of semiflows.
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Definition Let M be a smooth manifold with corners. A global semiflow on M is a continuous
mapping x : Rf x M - M with the properties that the group laws in (B.1) are satisfied for all
peEMand 2V = R¢.

Contrary to flows on manifolds without boundary;, it is not enough to assume that a smooth man-
ifold with corners is compact, in order to ensure existence of a global semiflow. In addition, we
need to make sure that the vector field is nowhere outward pointing on the boundary. Recall that
for a smooth manifold with corners M and a point p € 0M, a vector v € T,M \ T,,0M is said to be
outward pointing if there exists a smooth curve 7y : (—¢,0] — M such that y(0) = pand 4(0) = v.
Proposition Let M be a compact smooth manifold with corners and let V be a smooth vector field on M
that is nowhere outward pointing on the boundary oM. Then there exists a unique smooth global semiflow
on M, whose infinitesimal generator is given by V. In particular, each of its integral curves is defined for all
timest € RY.

Geodesics on Riemannian manifolds

In this section we will only consider a Riemannian manifold (M, g) without boundary. With the
Levi-Civita connection V at hand, we may introduce geodesics in a notion slightly different from the
the definition of metric geometry given in Section 1.2.

Definition A smooth curve p on a Riemannian manifold (M, g) is called geodesic if Vpp =0at
each point along the curve p. In local coordinates the condition is equivalent to the system of
geodesic equations (cf. a.e. Theorem 2.2.3 in [37])

pr=28";=0,
]
.o 1 9
Pt 5 2 g PP =0,
Js

where g denote the local coordinates of the inverse metric of g.

We remark that a geodesic in this sense need not be be a shortest path; i.e. a geodesic joining points
p,q € M may have length more than d(p, q). Here the metric d, (p, ), called Riemannian distance
function between points p,q € M, is given by the infimum of the length functional

1
Ly = [ 17(b], dt
0

over all piecewise smooth curves v : [0,1] — M connecting p to 4. Nevertheless, sufficiently short
curve segments of geodesics are minimisers for the length functional L. Equivalently, one may
consider the following energy functional instead of L, in order to overcome smoothness issues:

E(p) =5 | [y®f dt.

N —
O

Lety : (—¢,¢) x [0,1] = M be a smooth mapping and introduce for ;(s) := (t,s) the notation
ey . O ey .. O
Fe(s) = &’Yt(s) and Vi (8) = §7t(5)~

Then the energy functional E satisfies the first variation formula



B.3.2

B.3.3

B.3.4

@)
(i)
(iii)
(iv)

GEODESICS ON RIEMANNIAN MANIFOLDS 90

d ‘ . , : , : ,
g =~ ! (Vi 1), 719) ds + (1D, 7)) = (11(0),7(0) . (B2)

One can show that for any two points p,q € M, every local minimum of the energy functional E
(or equivalently of the length functional L) over all smooth curves 7 : [0,1] - M between p and g
is a geodesic in M. Indeed, this follows from the fact that any stationary point 7, of E, i.e.

d
amf)\t:o =0

for some smooth mapping 7 : (—¢,¢) x [0,1] - M with 9,(0) = p and 7,(1) = g, turns out to be a
geodesic connecting p to q.

The following result shows that a geodesic are already uniquely determined by an initial point
together with an initial tangent vector.

Proposition Let (M, g) be a Riemannian manifold. Then for every choice of p € M and v € T,M, there
exists a unigue geodesic p : [0,e] — M with p(0) = p and p(0) = v. This curve p depends smoothly on p
and v.

This proposition justifies the following definition.

Definition For every tangent vectorv € TpM, let p,, the unique geodesic p,,(0) = pand p,(0) = v.
Denote by Op - TpM be the set such that p,, is defined on at least the interval [0,1]. Now the
exponential map at p is a function exp, : O, — M defined by exp,,(v) = Pu(1).

Note that the uniqueness of o, implies the following homogeneity property for the exponential
map:

expp(tv) =c, (1) Vt>0:tv e Op.

Moreover, it can be shown that the exponential map is a local diffeomorphism around the origin,
Le. exp, maps a neighbourhood of 0 € T,,M diffeomorphically onto a neighbourhood of p € M.

At the end of this brief section, we state one of the foundational centrepieces of Riemannian geom-
etry.

Theorem (Hopf-Rinow)  For a connected Riemannian manifold (M, g) the following statements a equiv-
alent:

M is a complete metric space;
M satisfies the Heine-Borel property, i.e. every closed bounded set in M is compact;
M is geodesically compete, i.e. for every point p € M, exp,, s defined on the entire tangent space T,M;

there exists a point p € M where exp_ is defined on the entire tangent space T,,M.
p p Py g P p

In particular, any of the above statements implies that (M, d,;) is a geodesic space, i.e. any two points p,q €
M can be joined by a geodesic of length do (p, q).
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